CHAPTER 1

INTRODUCTION

By L. J. HaworTH

The cathode-ray tube is a form of visual indicator that permits an
interpretation of electrical phenomena in terms of a picture painted on a
phosphorescent screen by a sharply focused beam of electrons which is
controlled in position and intensity by electrical signals. Under the
proper conditions it paints this picture in an extremely facile way, being
capable of utilizing many millions of separate data per second. Because
of this facility and the ease and accuracy with which observations and
measurements can be made, the device has had great importance in
many diverse applications. As a laboratory and factory instrument,
it is widely used for both qualitative and quantitative studies of electrical
phenomena and of other phenomena that can be reduced to electrical
terms. The geometrical picture that it presents makes it peculiarly
appropriate as an indicator for television and radar.

The picture seen on the phosphorescent screen is called the ““display,”
the ‘“‘indication” or the ‘‘presentation.” The tube itself is referred to
as the “indicator,” “indicator tube,” “display tube,” “CRT " or ‘“scope.”

Often when a tube presenting a particular form of display is to be
identified, a descriptive adjective or code designation is prefixed to
“‘scope.”” The words ‘“‘indicator” and ‘“‘scope’ are often extended to
include devices and circuits auxiliary to the cathode-ray tube proper.

This volume will describe displays and techniques of display pro-
duction which were developed to provide indicators primarily for radar
applications and secondarily for use in the electronics laboratory, although
their usefulness is by no means confined to these fields. The cathode-ray
tubes themselves will be discussed more from the functional than from
the developmental standpoint although the latter will receive some
emphasis in connection with screens and screen materials. A rather
full account will be given of the methods of combining vacuum-tube
circuits and other devices that provide the necessary voltages and cur-
rents for producing the displays. Other volumes of this series give more
detailed descriptions of the component parts (Vol. 17) and of the funda-
mentals of the basic cireuits (Vols. 18, 19, 20, 21). The application of the

displays to operational radar is discussed in Vol. 1.
1
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1.1, The Cathode-ray Tube.—A cathode-ray tube is an elongated
vacuum tube with a cylindrical neck and an enlarged section or bulb
that has a flattened front surface, containing or having associated with
it as external components an electron gun, an electron-beam-deflecting
system, and a phosphorescent screen (Fig. 1-1).

The electron gun comprises those electrodes that create, control, and
focus the beam of electrons. It is placed axially within the neck of the
tube, and consists of a heated cathode as the source of electrons, and one
or more electrodes that form these electrons into a beam that travels
axially down the tube at high velocity. The beam is controlled in
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Fia. 1-1.—FElements of cathode-ray tubes.

intensity by a negative confrol grid consisting of a pierced diaphragm
immediately in front of the cathode. Immediately in front of this grid
may be an accelerating grid (sometimes called the second grid), which is
either at a potential of several hundred volts positive with respect to
the cathode or at full anode potential. If present, this electrode serves
to make the beam current independent, of variations in the potentials of
subsequent electrodes. The electron beam is given its final high velocity
by virtue of a potential difference of from 500 volts to several thousand
volts maintained between the cathode and an anode formed by a con-
ducting coating (usually Aquadag or Dixonite) on the inner glass surface
over the region indicated. An additional element of the gun consists
of a focusing electron lens, which makes this beam converge to a small
area or spot at the front of the bulb. This electron lens may be either
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electrostatic or magnelostatic. 1f it is electrostatic, it is formed by the
electric field distribution between the focus electrode (or first anode),
which is maintained at an intermediate potential, and the high-voltage
second anode. Adjustment of focus i8 made by controlling the potential
of the focus electrode. If the focusing lens is magnetostatic, it is formed
by the magnetic-field distribution along the axis of the tube set up by a
focus coil or permanent magnet external to the tube. In this case, focus
adjustment is provided by varying either the current through the coil,
or the position of a shunt in the case of a permanent-magnet focusing
device.

Deflection is produced by transverse electric or magnetie fields in the
region indicated in Fig. 1-1. The same type of field is usually used for
both deflection and focus; although electrostatic focus sometimes is
combined with magnetic deflection. In any case tubes are classified
as ‘“‘electrostatic’”” or ‘““magnetic” in accordance with the method of
deflection.

Electrostatic deflection is accomplished by passing the beam between
each of two orthogonal pairs of deflecting elecirodes or plates mounted in
succession in the neck of the tube. The deflection due to each pair is
accurately proportional te the potential difference between them, and
the two orthogonal deflections add vectorially. If the deflections are to
be large, best focal conditions are achieved by applying equal and
opposite deflecting potentials to the two members of a pair so that the
mean potential between them is independent of the deflection, and the
electrons experience a minimum of longitudinal acceleration in passing
through.

Magnetic deflection is accomplished by passing currents of the
desired waveforms through & coil or a combination of coils surrounding
the tube neck. Permanent magnets are sometimes used to provide fixed
deflections. The deflection due to each coil is proportional to the cur-
rent through it, and the individual deflections add vectorially. Good
focal conditions demand that all of the deflecting fields occupy the same
axial region in the tube.

A single deflection coil! can be used to provide a polar display by
mounting it on bearings so that a radial deflection in any desired direction
can be produced.

Multiple eoils are used in many different ways, Often two are
arranged orthogonally either to produce entirely independent deflections
in a rectangular display or to provide the two cartesian components of
the radial deflection in a polar display. Occasionally two coils are used

1 A “coil” usually consists of at least two separate windings that are symmetrically
placed with respect to the tube and are connected either in series or in paraliel.
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to provide additive deflections in the same direction, especially if the
frequencies involved are widely different.

A rotatable coil is frequently surrounded by an orthogonal pair of
fixed coils or by a separately orientable single coil or magnet in order to
provide a displacement of the origin of the polar display.

The design of deflection coils that can produce displays accurate in
geometry and of good resolution is an exacting task, especially when
this design must also incorporate maximum efficiency in driving power.
Hand in hand with the design of the coils must go a consideration of the
associated vacuum-tube or other electrical circuits that must acecurately
provide the necessary currents with a minimum of cost in size, weight,
and power. A number of advances in both ceil and circuit design,
which have been made in connection with radar indicator develop-
ment, will be described in later chapters.

Comparison of Tube Types.—At the present state of development,
magnetic tubes produce sharper images than do electrostatic tubes of
the same screen diameter. This fact is especially true at the higher
electron beam currents.

Electrostatic tubes are far easier and cheaper to deflect than mag-
netic tubes at any except the lowest frequencies because of the induced
voltages in the deflection coils of the latter.

The weight and size of an indicator are greater with a magnetic than
with an electrostatic tube, partly because of the weight of magnetic-
focusing and deflecting systems themselves and partly because of the
power they require.

The particular size of tube to be used in a given application depends
principally upon the conditions under which it is to be viewed and the
requirements for despersion of the picture, especially when measure-
ments are to be made. The relative spot size, which determines the
attainable resolution, is relatively independent of the size for each of
the two varieties. Furthermore the operating cost is the same for all
magnetic tubes and has no systematic dependence on size for electro-
static tubes.

The Screen.—The important characteristics of the screen are its
efficiency, its color, its decay properties and the manner in which it
“integrates” or ‘“‘builds up’’ the effects of repeated signals.

Since the strength of the electron beam has definite upper limits set
by a tendency to defocus at high intensities, and since the focal properties
are seldom all that ecould be desired, it is important that the excitation
efficiency of the screen should be as high as possible. This requirement
is particularly vital when a given spot is being excited only a small
fraction of the time as in many cases of complex or interrupted displays.
It is important, of course, that the emitted light be in a spectral region
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of high visual efficiency or, if the screen is to be photographed, that it
be proper for that purpose.

The screen must have sufficient persistence (“‘afterglow’’) to permit
observations and measurements and, in the usual case of a repeating
picture, to make the picture as nearly continuous as possible. On the
other hand the image must not persist so long as to cause confusion if
the picture is a changing one. For photographic purposes a ‘“‘fast,”
high-intensity blue screen is best. For visual observations three cases
may be considered.

1. Those in which little or no persistence is needed, either because
the picture repeats itself in a time less than the retentivity time
of the eye (about g% sec), or because the spot moves so slowly
that ample time is afforded for observation without persistence.
Screens incorporating the famil- 108
iar green willemite phosphor
used in ordinary oscilloscopes  1¢* \\

and known astype P1 (phosphor N
number one) are widely used in  g10° N
such applications. This mater- g \\
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tence is needed to smooth out Fre. 1-2.—Cathode-ray tube screen
the effects of flicker. As will be characteristics.

seen in Sec. 18-8, a recently developed screen of zine-magnesium
fluoride with an exponential decay time of between 60 and 100
milliseconds (Fig. 1-2) and designated P12 serves quite well for
this purpose except that its efficiency leaves something to be
desired.

3. Applications in which the picture repeats itself so infrequently
that considerable persistence is needed to afford viewing time and,
in so far as possible, to provide a composite picture. This classi-
fication is especlally important in radar applications where scanning
periods may be as long as 20 or 30 sec. Exceedingly long persist-
ence screens were developed for this purpose during the recent war.
They incorporate the ‘“cascade” principle in which the persistent
phosphor, placed next to the glass, is principally excited by the
light from a coating of a blue-emitting phosphor that receives its
excitation directly from the electrons. For reasons to be explained
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in Chap. 18 persistent phosphors excited in this way have much
better ‘‘buildup’’ and decay properties for the uses intended than
they would have if directly excited by the electrons. Two such
screens‘are commercially available—the P14, which is suitable for
frame times up to a very few seconds, and the P7, which has a
much longer persistence (Fig. 1-2). Since the decay of these
cascade screens is an inverse-power rather than an exponential
function of the time, the disappearance of old signals is less clean-
cut than with the P1 and P12 types. Unfortunately no satis-
factory phosphors with exponential decays of more than about
100 milliseconds have as yet been developed.

The problem of obtaining sufficient light from these long-persistence
screens is a serious one, partly because the screens are not so very efficient
and partly because they are usually excited only an extremely small
fraction of the time.

The influence of the buildup and decay properties of the screens on
the visibility of repeated signals, especially in the presence of disturbing
interferences, can best be discussed after some of the applications involved
have been more fully described.

A special type of persistent screen, known as the ‘‘skiatron” or
“‘dark trace’’ screen, which has the property of darkening under electron
excitation and is used principally for projection purposes, will be described
in Chap. 18.

1.2. The Geometry of Displays.—In a majority of cathode-ray-tube
applications one particular quantity, the signal, is to be studied as a
function of one or more independent variables. The signal may repre-
sent a voltage or current in an electrical circuit, an audio signal detected
by a microphone, the * video” signals of television, the “‘echo’ signals
of radar, or almost any quantity that can be represented electrically.
The independent variables may be any quantities, including time, on
which the signals explicitly or implicitly depend. In forming the dis-
plays the signal is used either to displace (deflection-modulate) or intensify
(intensity-modulate) the electron beam (Fig. 1-3). Independent variables
are in general used only to displace the beam. The motion resulting
from one such variable is referred to as a “sweep.” The tracing of the
pattern in response to all of the variables is called “scanning,” and a
pattern applied once is called a ‘““single scan’ or a “frame.” A par-
ticular method of scanning is often designated by prefixing a descriptive
or a coded expression to the word scan (B-scan, PPI-scan).

In a deflection-modulated display the signal deflection is applied at
right angles to an axis or baseline, determined by a sweep. The result
is a graphical representation that affords precise information on the
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Fia. 1:3.—Typical cathode-ray tube displays.

strength and character of the signals in terms of a single variable. In
an intensity-modulated display each of the two coordinates of the tube
face (cartesian or polar) represents an independent variable and the
signals are applied to intensify the spot so that the display resembles a
picture or a map. Outstanding characteristics of the signals can be
accurately located with respect to the independent variables but infor-
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mation on their strength and character is only qualitative. In most
laboratory applications, the display is deflection-modulated, the inde-
pendent variable usually being time. In television, intensity modulation
provides a *‘ picture” in the ordinary sense. Both deflection and intensity
modulation are used in radar, the echo signals being displayed in terms
of one or two geometrical coordinates.

A sweep may be continuously controlled by information or data pro-
vided by an external source, or it may be an explicit function of time,
with or without dependence on external parameters. The data pertinent
to a controlled sweep may consist of voltages that are utilized, directly
or through amplifiers, to deflect the beam proportionally; alternatively
they may consist of means for controlling the orientation of a deflection
coil used in a polar display.

A motion that is an explicit function of time is called a ‘‘time-base
sweep.”” Such sweeps are of great importance in two ways. In many
cases time itself is one of the desired display coordinates as, for example,
when observing waveforms. In other applications a time base can be
used to represent some other variable whose time dependence is known.
For example, in radar a linear-time-base sweep is linear in radar range
and is usually spoken of as a “range sweep.” Similarly, in television,
time serves as the connecting link between the linear scanning of the
image tube in the ‘‘camera’ and the identical scanning of the cathode-
ray (‘“picture’) tube in the receiver. The waveforms required to pro-
vide a time-base sweep are generated by some sort of electrical network in
the indicator circuits. When the displacement represents some quantity
other than time the initiation of the waveform must usually be *‘ synchro-
nized”’ with some external sequence of events in order that the zero of
the coordinate be properly fixed. Often when time itself is the coordinate
a similar synchronization with the signals must be provided.

Sometimes the characteristics of a time-base sweep are made respon-
sive to the values of external parameters. Such a sweep is said to be
modulated by the pertinent external data.

In a majority of applications continuity is supplied to the displayby
repeating the scan at more or less regular intervals. In many applica-
tions, such as radar and television, the repetition results from periodicities
in the independent variables; in others, involving a time-base coordinate,
repetition is ‘‘synchronized” with an explicit periodicity of the signals in
time. If, in either case, the signals are identical from cycle to cycle the
display pattern is stationary (‘‘frozen’’) as in a photograph or a drawing
(Fig. 1-3a) and observations and measurements can be easily and accu-
rately made. If the pattern is a changing one, its progress can be
readily followed unless the changes are of a random nature. Even if
the signal is a transient one it is frequently possible to excite it again
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and again in order to provide time for study. Often the exciting stimulus
is provided or initiated by a signal from the indieator itself.

In a deflection-modulated display the periodicity of the scan and of
the sweep are the same. A two-dimensional intensity-modulated dis-
play involves two sweep periodicities, the one of lower frequency deter-
mining the periodicity of the scan. The appearance of the pattern
depends upon the coordinates of the display, the periodicities involved,
the relative time occupied by each sweep, and the form of the explicit
or implicit dependence of the sweep speeds on time. Consider, for
example, the important case in which both sweeps are linear and the
period of the faster sweep is short compared to the tatal frame period.
A cartesian display will then consist of a set of parallel straight lines
with a slope determined by the relative sweep speeds and a spacing
determined by the ratio of the fast-sweep period to the total-frame
period. A polar display will consist of a set of radial but slightly spiraled
‘‘spokes’ if the angular sweep period is the longer, or a continuously
expanding spiral if the reverse is true. In any of these cases successive
scans will exactly superpose only if the two frequencies are commensurate.
In a vast majority of cases, however, the ratio between the sweep perio-
dicities is so great that neighboring traces overlap, giving a solid pattern
that approximately superposes regardless of the exact frequency ratio.

1.3. Laboratory Instruments.—The nature of most laboratory appli-
cations is such that the most useful displays are deflection-modulated.
Electrostatic tubes are invariably used for this purpose because they are
far easier to deflect than magnetic tubes and because the nature of the
display is such that low electron-beam intensities with their attendant
good focus can usually be used.

The Synchroscope.—Although special equipments are frequently used,
most of the requirements for a laboratory instrument can be illustrated
by the so-called “‘synchroscope.” This instrument consists of an electro-
static cathode-ray tube in a case that also encloses a variety of electronic
circuits and power supplies for operating both the tube and the circuits.

Included in the circuits are means for providing a linear range sweep
whose speed can be adjusted (usually in steps) over a wide range of
values. The sweep circuit is so arranged that the electron beam rests,
with zero intensity, at one side of the tube until the receipt of a ‘“trigger
pulse,” at which time the sweep begins and the beam is intensified by a
square voltage wave applied to the control grid. After passing across
the tube the electron beam is cut off in intensity and is then quickly
returned to the origin where it remains until the next trigger pulse.
The trigger pulses may be supplied externally or they may be derived
from an internal oscillator of variable frequency. Pulses from the
internal oscillator can be brought out of the synchroscope through an
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external connection. The circuit that derives pulses from the internal
oscillation can perform the same function for sinusoids or other regular or
random external waveforms. Usually, means are provided for “scaling
down” the pulses in a regular way so that only a fraction are used to
trigger the sweep. When desired, the sweep can be triggered by a
delayed pulse derived from a variable-time-delay circuit. Often the
instrument contains sources of precise timing indices, which consist of
very short pulses used to produce sharp pips at right angles to the base
line of the sweep. These may consist of a set of discrete, uniformly
spaced (in time) indices, or a continuously variable index, or both. The
delay circuit and the time indices are not available in all synchroscopes.

Signals may be applied directly or through an amplifier to the
deflecting plates orthogonal to those used by the sweep.

By means of these facilities the instrument can be used to study the
sequence of signals following any regular or random external trigger pulse
or following any particular phase of a more complex waveform. Several
cycles of the signals may be viewed along the sweep by making use of
the scaling cireuit. If the delay circuit is available, any desired time
interval can be examined in detail by using a fast, delayed sweep.

The internally derived trigger can be used to initiate any desired
external sequence of events, the scaling and delay circuits serving the
same roles as before. By means of a switeh it is possible to interchange
the role of the delayed and the undelayed triggers so that the sweep
begins before a trigger is delivered to the outside. In this way it is
possible to obtain a clear view of the initial stages of the signal resulting
from the externally delivered trigger.

This device is much more flexible than the oscilloscope so familiar
before the recent war. By comparison the latter suffers from the facts
that it can be used only for regularly spaced signals, that it is difficult
and often impossible to view a selected time interval on a fast sweep,
and that there is no way of viewing a ‘““single sweep.” The presence of
these features on the synchroscope render the oscilloscope obsolete except
for very limited applications.

The J-scope—A second extremely useful laboratory instrument, the
J-scope, is used principally when very precise time measurements are
desired. In this device the time base sweep is “wrapped” into a circle
and the signal deflections are applied radially by means of a central
electrode (Fig. 1-3c). The sweep is derived by applying a properly
phased precision sinusoid applied in quadrature to the two pairs of
deflecting plates. The frequency of the oscillation is made very high,
but lower frequencies are made available through frequency-reducing
circuits. For each signal sequence the tube is blanked on all but one
sweep cycle so that a delayed sweep is effectively produced. Measure-
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ments are made with the aid of fixed indices or by shifting the phase of
the oscillation with respect to the signal sequence and using a single
fixed index. In either case the control knob must determine the phase
(in whole and part cycles) at which the tube must be brightened.

RADAR DISPLAYS

1.4. Digression on Puised Radar.—Since most of the displays to be
described in this volume were originally developed for radar use, they
can most easily be classified in that connection. A brief deseription of
the operation of pulsed radar will therefore be helpful.!

Radar operates on the echo principle. Short, regularly spaced bursts
(pulses) of radio-frequency waves are generated by an oscillator (mag-
netron) excited by a short pulse of d-¢ power from a modulator (Fig. 1-8).
These are transmitted into space in a more or less narrow bzam from a
directional antenna. An object (farget) in the path of the beam scatters
the radiation and some of it is returned to the antenna whence it is
directed to a sensitive receiver and finally to an indicator such as a
cathode-ray tube. Since the radiation has a known veloeity, equal to
that of light, the range to a given target can be determined by measuring
the time elapsing between the transmission of a pulse and the receipt of
the corresponding echo. The elapsed time and the range are related
by the factor 10.8 usec/statute mile, or 12.2 psec/nautical mile; or, put
in another way, R/t = 167 yd/usec. In order to avoid confusion, the
time between pulses is made greater than that required for receipt of an
echo from the maximum expected range. The direction of the target is
also known from the orientation of the antenna when the echo is received.
Thus by “scanning’’ the beam about, it is possible to observe each target
within range and, in principle, to plot its position.

Since maximum ranges lie between approximately 20 and 200 miles,
depending upon the application, the range of pulse-repetition frequencies
(PRF) is from a few hundred to a few thousand per second. Pulse
lengths vary from 0.1 to 5.0 psec, 0.5 and 1.0 usec being the most common.
The range resolution, that is, the minimum distinguishable separation of
targets in range is 167r yd where 7 is the pulse length in microseconds.
The range of a resolvable target can be determined to a small fraction of
this value, however, by timing some particular part of the echo pulse
such as its leading edge.

The duration of the echo pulses range from the value 7 in the case
of & point target to much greater values for extended targets. Thus the
frequencies involved in the demodulated signals are in the range from a
few times 1/r down to very low values.

! The principles and design of radar are described in Vol. 1 of this series.



12 INTRODUCTION [Sue. 1-4

Resolution in angle depends upon the width of the r-f beam. In
microwave radar this varies from 0.5° to 10°.

Scanning is usually accomplished by rotating the antenna mount or
scanner about one or two axes, although in some cases limited angles
are scanned by mechanical or by electrical means internal to the antenna.
During most operations, scanning proceeds continuously but in some
circumstances the motion is stopped and the beam points (searchlights)
in a manually controlled direction.

Many different scanning motions are used. The most commonly
used scan is a rotation about a vertical axis. The r-f beam is made
narrow in azimuth and has a vertical extension sufficient to cover the
required sector in elevation. The latter may vary from a few degrees
when observing the earth’s surface from a low level, to 45° or more when
observing the surface from a high level, or aircraft from any location.
A bhuge antenna used for long-range aircraft detection may rotate con-
tinuously through 360° as slowly as 2 rpm; a small one used at close
range may rotate as rapidly as 100 rpm. Smaller sectors can be covered
in osecillatory fashion at approximately the same angular velocities.
“Electrical” scanners cover a few degrees at rates as high as 10 or 20
scans per second.

With such antennas it is possible to obtain the azimuth angle (bearing)
of each target.

Often elevation as well as azimuthal information is needed. In one
widely used method of acquiring this, a vertically narrow beam, fanned
horizontally through a limited angle, is scanned rapidly about a horizontal
axis. In some cases the antenna is manually oriented in azimuth to
point at the target, using informatioh from a second radar set that is
scanning horizontally. In other cases a continuous azimuthal rotation
is provided so that the beam executes a ‘‘ vertical sawtooth'’ type of scan.

Other types of two-dimensional seanning include:

1. The “spiral scan,” in which a limited sector is covered by slowly
tilting the antenna beam through an angle about a rapidly rotating
axis;

2. The ““helical scan,” a special case of the spiral scan in which the
axis of rotation is vertical;

3. The “horizontal sawtooth’ in which the rapid azimuthal rotation
of the helical scan is replaced by a rapid oscillation; and

4, The “V-beam scan” in which a V-shaped beam with apex at the
ground and one leg vertical is rotated in azimuth. The azimuthal
position of targets can be determined from the vertical lobe and
the height from a combination of the range and the relative
scanner orientations at which the target is detected by the two
beams.
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Those characteristics that concern the displays are given in Table 1'1
for a few typical radar sets.

TaBLE 1-1.—CHaRrAcCTERISTICS OF SOME TyPEs ofF Rapar SeTs

Airborne
. L. Ground- Airborne Shipborne | high-resolu-|{ Height
Characteristic 'based sea search | sea search tion finder
air search
(over land)
Wavelength........ 10 cm 3cm 3 em lem 10 cm
Pulse length........ 1 psec 0.5 and 0.5 usec 0.25 and 1 usec
1.0 usec 1.0 usec
Repetition rate..... 300 /sec 1200 and 800 /sec 2000 and | 600/sec
600 /sec 500/sec
Horizontal-beam
width. .. ........ 0.5° 2° 1° 0.6° 5°
Vertical-beam width. * * 6° * 1.3°
Scanning rate. .. ... 2 to 4 rpm 30 rpm 10 rpm |20 to 60 rpm| 4 /sec
2/min
Maximum range. . ..| 200 miles on | 75 miles on | Horizon on {25 miles and| 50 miles
aircraft ship ships 40 miles
100 miles on | 80 miles on
land mountains

* The beam in these cases ig ‘' fanned” vertically and is “shaped’ in such a way that the energy is
more concentrated in the horizontal direction where it is most needed.

1-6. General Features of Radar Displays.—The information avail-
able from a radar receiver may contain as many as several million sepa-
rate data per second. From these and other data, such as the orientation
of the antenna, the indicator should present to the observer a continuous,
easily understandable, geometrical picture of the radar targets under
study, giving the size, shape, and, in so far as possible, the nature of
each to any desired degree of accuracy. A cathode-ray tube, the only
available device that can begin to fulfill these requirements, does so to
an astonishing degree. Its principal shortcoming is that it cannot pre-
sent a true three-dimensional picture. Under very simple conditions it
is possible to present a third dimension in an understandable, though
unnatural way, but in any complicated three-dimensional situation, more
than one display must be used.

The fundamental geometrical quantities involved in radar displays
are the spherical coordinates—range, azimuth angle (or bearing), and
elevation angle—relating the position of the target to the origin at the
antenna. Almost every radar display includes one or two of these
quantities directly as coordinates of the tube face or is a simple modifi-
cation of a display that does.

A vast majority of displays use as one coordinate the value of slant
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range, its horizontal projection (ground range), or its vertical projection
(altitude). Since slant range is involved in every radar situation, it
inevitably appears in at least one display on every set. It is the coordi-
nate that is duplicated most often when more than one type of display
is used, partly because displays presenting range have the highest
signal-to-noise discrimination (Sec. 1-11) and partly for geometrical
reasons.

Range is displayed by means of a linear!-time-base sweep starting
from a given point or line at a definite time in each pulse cyele. Thus
distances along this range sweep are proportional to increments of slant
range. The sweep speed determines the scale factor, relating distance on
the tube to actual range, and the sweep length, or total distance repre-
sented. Distances are expressed in miles (statute or nautical) or yards.
The origin of range may be on or off the tube face. Sometimes it is
made virtual by delaying the start of the sweep for some time after the
instant of transmission.

An angle at which the scanner is pointing, either in azimuth or
elevation, may enter into a display (1) directly as a polar angle, (2)
directly as a cartesian coordinate, or (3) as a basis for resolving a range
sweep in a particular direction. These various methods will be better
understood in connection with the specific display types.

Many considerations enter into the choice of the display geometry.
In a three-dimensional problem the designer must decide how to divide
the coordinates between two displays or how to arrange them in a single
display, if this method is feasible. Even when reduced to two dimen-
sions the problem is a complicated one, often involving conflicting require-
ments, such as the need for high resolution and dispersion without
sacrificing the field of view. In some cases the needs can best be met
by deliberately deforming the picture; in others it becomes necessary to
use more than one display, either alternately on a single tube orsimul-
taneously on different ones.

Many different display schemes have been employed to resolve these
questions. The following summary includes the important geometries
that have actually been used. (Many more permutations and combi-
nations are possible but they have had little or no practical application
todate. The various types will be described in detail in the next section.)

1. One-dimensional Deflection-modulated Displays. The independent,
variable is always range (type A, type J, etc.). Two such dis-
plays on a single tube are sometimes compared to obtain directional

1 The range sweep must be nonlinear when range is to be projected in a plane not
containing the radar set as, for example, in the case of true ground mapping on the
indicator of an airborne radar.
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information by comparing signal intensities from two different
antenna-beam lobes (types K and L.).

2. Two-dimensional Intensity-modulaied Displays. The signals appear
as bright spots or patches against a background that is usually
partially illuminated by the receiver noise. These may be classi-
fied as follows:

a. The representation of a horizontal or vertical plane.
(1) True plots of a plane surface in which range and an angle
are combined as polar coordinates (PPI).
(2) Deformed displays.
{a) Radial deformation of a polar plot, created by a shift of
the range origin (open-center PPI, delayed PPI).
(b) Linear deformation created by ‘‘stretching’’ a polar plot
along one rectangular axis (‘‘stretched”” PPI, the RHI).
(¢) Rectangular plots of the polar coordinates range and
angle (type B, type E, V-beam display).
b. Rectangular plots of azimuth and elevation.
(1) True displays that follow the antenna orientation (type C).
(2) Error indicator (type F. Such displays are not always
intensity-modulated.)

3. Three-dimensional Intensity-modulated Displays. These are all
modifications of two-dimensional displays in which one or more
coordinates of the tube face present, in a formalized way, infor~
mation about the third dimension being displayed.

Indices.—It is always desirable and usually mandatory to provide
some form of index or marker for making geometrical measurements on
the display. Often these consist simply of a gridwork of regularly
spaced lines from which fairly accurate values can be read at a glance.
If high precision is required these are supplemented by a continuously
movable interpolating index in each coordinate. Often their controls
are connected to devices providing remote data transmission, and
movable markers are sometimes used for this reason alone.

The indices may be provided either by placing a transparent surface
containing them as nearly as possible in optical superposition on the dis-
play or by modulating the electron beam in such a way that the marks
appear as part of the display itself.

Lines ruled on a fixed transparency over the tube face are the simplest
to provide but their use results in errors due to display inaceuracies and
to parallax as well as to faulty interpolation. Furthermore, in general,
they do not lend themselves to changes in the origin of the scale factors
of the display unless they are discrete and few enough in number sc
that multiple scales are not confusing. Mechanical motions can be
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introduced to provide for interpolation and for a moving display, but
this method is usually cumbersome. Parallax may be largely overcome
by methods of optical superposition (Chap. 16) but in their simplest
form these indices are likely to be confusing, and the more elegant ones
are bulky. Their principal usefulness is in connection with plotting and
with superposing maps or charts on the display.

Electronic markers, produced by modulating the electron beam,
reduce or eliminate most of these difficulties. They completely elimi-
nate parallax and, because they can be generated by precision means
that are independent of the sweeps, they automatically fall in their
proper place on the display regardless of its position, its scale factor,
or any deliberate or unintended distortion. In general the methods of
producing interpolation indices are far less curnbersome than the mechani-
cal methods but in many cases, especially on slow scans, the intermittency
with which the display is ““painted in”’ hinders the process of setting the
index on the echo unless rather complicated switching methods are intro-
duced to provide the markers at more frequent intervals.

Electronic indices are invariably used in range determinations. They
consist of sharp pulses, generated by a precision timing circuit, that are
introduced into the display along with the echo signals at the proper
times on each pulse cycle. Almost every display entails a set of discrete
markers derived from a precision oscillator that is properly phased with
respect to the transmission of the r-f pulse. Since the radar data are
inherently capable of providing very great accuracy in range determi-
nations, and since fixed markers must be rather few in number to avoid
confusion, an interpolating index is very often used. Fairly simple
circuits providing an amazing degree of precision have been developed
for this purpase.

In the case of angle determinations, the fundamental data are not so
precise as in range determinations, and, in general, inaccuracies intro-
duced by the display are less. For these reasons and in the interests of
simplicity it has been most usual in the past to use a set of fixed indices
engraved on a transparent overlay. In the particular case of a polar
display (PPI) concentric with the tube face, these indices are often
supplemented by a rotatable cursor. More recently, as the inherent
accuracy of the data and the accuracy requirements have increased,
electronic indices have been replacing mechanical angle markers. These
can be produced most simply by brightening a few range sweep traces
by means of a signal generated when the scanner passes through the
position in question. This method is satisfactory for fixed, discrete
indices and for a variable index on a fairly rapid scan. On slower scans
the intermittency makes adjustment so slow that the switching methods
alluded to above must be used. These are more costly and in the case
of a mechanically rotating coil they cannot be used at all.
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1.6. One-dimensional Deflection-modulated Displays.—Since one-
dimensional displays yield little geometrical information, their only
justification in radar is that they permit the use of deflection modulation,
thereby yielding a maximum of information about the intensity and form
of the echo signals. For this purpose it is best to display the signals as a
function of time or range; therefore, the only radar displays using deflec-
tion modulation are those in which the deflections are applied perpen-
dicular to a range sweep (Fig. 1-3b). As in the synchroscope, the sweep
may represent part, or nearly all, of the period between pulses. In the
former case the particular interval appearing on the display is deter-
mined by the delay elapsing between transmission of the outgoing pulse
and the starting of the range sweep.

The A-scope.—The general classification type A is applied to describe
such displays. An ‘‘A-scope’ is universally used for observing the radar
signals and the various circuit waveforms in a radar set during test and
alignment. For this reason an A-scope is an indispensable adjunct to
every radar set, either as a part of the permanent installation or as a
piece of portable test equipment.

As an operational radar indicator the A-scope is, with modern narrow
beam sets, used only when ‘‘searchlighting” and then chiefly as an
instrument on which to make accurate range determinations or occa-
sionally for decoding IFF or beacon signals.

Range Scopes.—The generic name ‘‘R-(for range) scope” is applied
to several forms of modified A-scope used for accurate ranging. In all
of them a greatly expanded display is combined with a precision timing
device. In some cases the delay is only crudely calibrated, the entire
precision being incorporated in a marker timing circuit. In others the
delay circuit itself is a precision device and forms part of the complete
timing equipment. The displays used are sometimes subclassified in
terms of the particular type of electronic marker used (Sec. 6-3).

Sometimes an R-sweep and an A-sweep are shown simultaneously on
the same tube by switching between them on alternate pulses. The
A-sweep is used for general utility and for determining the proper delay
for the R-sweep, either by inspection of the range scale or by displaying
on the A-sweep an electronic marker that indicates the setting of the
R-sweep delay. Such an indicator is called an ‘‘ A-and R-scope” or an
“A/R-scope” (Sec. 7-6).

A ““J-scope” or a combination of a fast and a slow J-scope is often
used for extremely accurate range determinations.

1.7. Two-dimensional Intensity-modulated Displays.—Most radar
sets use a simple azimuth scan and present their data on an intensity-
modulated display of the horizontal plane. Even when height (or ele-
vation angle) is important some sort of range-azimuth display is usually
basic to the indication system. The third coordinate usually appears in
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a separate display on another tube, most {requently in a presentation
of a vertical plane into which all the targets in a given azimuthal sector
are projected. Thus intensity-modulated displays of plane surfaces,
particularly the horizontal one, are the most important of those used in
radar. Several such displays are diagrammed in Fig. 1-4.

The Plan-position Indicator—If the ground range and azimuth angle
of each target are represented respectively by the distance from a fixed,
origin and by azimuth angle on the tube face the result is a map with
the radar site at the origin. Ixcept when aircraft targets are observed
at large elevation angles or when ground mapping is done from a very-
high-flying aircraft, the difference between ground range and slant range
is small and slant range is therefore usually used in the display.

An indicator used for such a display is known as a ‘“plan-position
indicator’ or “PPI’"! (Figs. 1-3e, 1-4d and 1-4¢). It is achieved by
rotating a range sweep about the range origin in synchronism with the
azimuthal scanning of the antenna. The various targets then appear in
the proper directions as well as at the proper relative distance from this
origin and the result is a map.

The origin of the PPI may be at the center of the cathode-ray tube
giving an equal field of view in all directions. Frequently, however,
it is displaced, sometimes far off the tube face, in order to give a maxi-
mum expansion to a given region (Fig. 1-4f). Such a display is called
an ‘“off-center PP1.”” If the displacement is extreme it is frequently
called a ‘““sector’” display.

The PPI is the most widely used and versatile of all displays. In
presenting the information with which it deals, its only fundamental
shortcoming is that, in common with all maps or charts, it cannot simul-
taneously possess a highly expanded scale and a large field of view.

The vertical analogue of the PPI may, of course, be formed by sub-
stituting elevation for azimuth angle but it is more customary to use
deformed displays for this purpose.

In spite of the usefulness of a true display such as the PPI, occasions
arise in which it is not ideal. These occasions usually involve the need
for providing high resolution or dispersion in some particular coordinate
without restricting the field of view too severely in other dimensions. A
number of types of deformed displays have been devised for such pur-
poses; they are particularly useful when dealing with point targets.

Radial Deformation.—Two types of radial deformation of the PPI
have been widely used. In the open-center PPI (Fig. 1-4¢), the origin is
expanded into a circle in order that more accurate bearing determinations

! The abbreviation “PPI” is used interchangeably to represent both the indicator
and the indication. The same double usage applies to abbreviations used for other
types of indicators,
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may be made on a nearby target, as, for example, when ‘““homing.”
Range and bearing scales remain linear but relative target positions and
the shapes of extended targets are deformed, especially near the origin.
The delayed PPI (Fig. 1.4g), so-called because of the technique used,
collapses an annulus ring into a solid cirele. By this means, high reso-
lution and dispersion can be provided on distant targets without sacri-
ficing an all-around view as an off-center PPT would do. The extent of
the resulting deformation depends upon the amount of the delay relative
to the range interval covered by the display. It is most serious near the
center of the display.

Linear Deformation (the ‘‘Stretched” PPI, the RHI).— A deformed
display of considerable utility, especially in the vertical plane, can be
formed by ‘“stretching” a polar plot in one rectangular dimension as
though it were on a sheet of rubber.
On such a display the cartesian coor-
dinates parallel and perpendicular to
the axis of stretch retain their original

25°

3

S

8

s meaning and their linearity but they

2 -~ have different scale factors. Straight

< '-% lines remain straight but, except for

z Aircraft  those parallel to the coordinate axes,

2 10 20 30 echoes  their directions are changed. Circles
2;%%22 Ground range in miles of equal range appear as ellipses with

their major axes in the direction of the
stretching.

This technique finds its greatest use in the determination of the
height of aircraft. For this purpose the display, known as ‘‘range-
height indication” (RHI) (Fig. 1-5) represents a vertical plane on which
all of the aircraft in any desired azimuthal sector are shown. Because
the maximum height of aircraft is much less than the range interval
usually of interest, and because it is usually required that height be
measured to a high degree of accuracy, a vertically stretched display is
extremely desirable. The amount of stretching which may be effectively
used is determined by the ground-range interval portrayed as compared
to the airplane ceiling. The RHI is always used in conjunction with a
PPI or other horizontal display, which often obtains its data from
another radar set. Correlation of the echoes between the displays is
made partly by azimuthal position and partly by range. If the height-
finding antenna scans rather than searchlights in azimuth, the RHI is
usually blanked except during a narrow azimuthal interval that may be
chosen at will.

The horizontal counterpart of the RHI, sometimes called the
““stretched’ PPI (Fig. 1-4b), is used principally in connection with the

Fia. 1-5.—Range-height indication.
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ground control of aircraft approaching a landing. The stretching is done
perpendicularly to the landing strip and aids greatly in detecting slight
deviations from the proper course.

Rectangular Presentation of Range and Angle (Type B, Type E).—A
plane surface is often represented in a deformed manner by combining
range and angle in cartesian rather than polar coordinates. This dis-
play is obtained by moving a range sweep laterally across the tube face
in synchronism with the antenna motion so that the origin is stretched
out into a straight line.

In range and azimuth these rectangular displays, known as “Type B,”
are of two different sorts.

1. Displaysin which no attempt is made to minimize the deformation,
either because it is unimportant in the particular circumstances or
because certain advantages can be gained by neglecting it (Figs.
1-3d and 1-4h). Any desired range interval and azimuthal sector
may be covered, although in practice more than 180° is rarely used.
The display is normalized to make optimum use of the tube face.
At short range the angular resolution and dispersion are far greater
than in the PPI. The display is used in situations in which the
chief considerations are the range and bearing of point targets or
groups of targets with little or no importance attached to the
shapes of extended targets or the relative locations of widely
separated targets. It is of special usefulness in homing operations,
and in determining range and bearing.

2. Displays in which the desired angular field of view is so small that
the distortion can be made negligible by properly normalizing the
range and angle scales (Fig. 1-47). Such a display, known as a
“micro-B,” is simply a substitute for a PPI sector and is used
either because it is technically easier to attain or because the same
indicator is alternately used for a regular B display. Proper
normalization requires that the angular dispersion be kept pro-
portional to the range to the center of the display.

The vertical analogue of these displays, known as “type E,” is used
instead of the RHI when elevation angle rather than height is desired.
In some older sets, it is also used to determine height by means of an
engraved hyperbolic scale, but in modern practice the RHI is used for
this purpose. The analogue of the micro-B is never used because defor-
mation does no particular harm in this case and its use permits both a
large field of view in range and a high dispersion in angle. A modifica-
tion of the type E display, which is used with the V-beam antenna, is
described in Sec. 15-5.



22 INTRODUCTION [Sec. 1-8

Azimuth-elevation (T'ype C) Indication—Azimuth and elevation angle
are used as rectangular coordinates of the tube face in the type C indi-
cation (Fig. 1-6). The electron beam scans the tube face in synchronism
with the two-dimensional antenna motion and the video signals are
applied as intensity modulation in the usual way. This display has the

great disadvantage that the signal

A ™~ discrimination is very poor if an
§+20 appreciable fraction of the pulse
5+10 Erar[get cycle is used for the reception of
= signal'f! signals. For this reason the
£ 0 cathode-ray tube is activated
'é -10 during only the short time interval
(-]

w

that includes the signal. The

=20 gégg:sd proper delay is determined from
-60 -30 0 +30 +60 another display thatinvolvesrange.
Azimuth in degrees The C-scope is used principally in

Fre. 1-6.—Type C indication. connection with homing or firing on

a point target.

1.8. Three-dimensional Displays.—Two conventionalized three-
dimensional displays have been successfully used in situations involving
relatively few targets.

The ‘““ Double Dot” Display.—This is a modified type B presentation
on which the elevation angle is roughly indicated. On alternate range
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Fig. 1.7—Three-dimensional displays. 4, B and C are targets. (a) Double-dot display.
(b) Spiral scan. (¢) Radial-time-base indicator.
sweeps the origin of the pattern is moved to the right and left respec-
tively by a fixed amount (Fig. 1-7a). On the sweeps corresponding to
the right-hand position, the origin is simultaneously shifted vertically
by an amount proportional to the sine of the elevation angle. Any
single echo therefore appears in two neighboring positions, and the slope
of the line joining the two ‘““dots’ is a rough measure of clevation angle
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which 1s accurate to two or three degrees under the usual circumstances
of use. This diaplay has been used in alr-to-air homing.

Chree-dimensional ** Radial Time Base.”’——A radial time bhase can be
used as a three-dimensionsal display, most easily with a spiral scan. A
range sweep moves from the center of the tube in a direction correspond-
ing to the prajection of the antenna beam on a plane perpendicular to
the axis of scanning (Fig. 1-7¢). The echoes therefore appear at radial
distances corresponding to their range. 1f the target is on the symmetry
axis of the sean, it is equally illuminated at all “‘spin™ angles and the
echo appears as a full circle (Target 4). If it is far off axis it is Mlumi-
nated only through a narrow spin angle (Target B) and the arc on the
display is short. Target C indicates an intermediate case. The display
is surprisingly easy to interpret after s shart period of ohservation. The
technique of providing this display is exactly the same as that for one
PP, the spin angle taking the place of azimuth angle.

1-9. Error Indicators.—A cathode-ray tube mayv be used as a radar
indieator in & very different way from these so far deseribed, that is,
as a meter on which to display various forms of intelligence. One
common apphcation of this type s its use to indicate aceurscy of point-
ing int connection with a comical scan. The signal intensity is combined
lecurically wWith the scanning information to provide voltages propor-
tional to (or at least increasing with) the painting error in hath azimuth
and elevation, and these voltages ave used to deflect the spot. A depar-
ture of the spot from the tube center indicates the direstion and, to a
qualitative degree at least, the magnitude of the pointing error. The
radar signal is sometimes used to Intensify the spot in order $o be able to
distinguish between perfect pointing and no target. Range can be indi-
cated by eaunsing the spot 1o grow “wings” whose length is some rough
iaverse measure of the range. In this form the indication gives to a
surprising degree the illuston of an actual siceraft that apparently grows
larger as it approaches.

1-10. The Fiements of Complete Indicators.—The equipment aux-
iliary to the cathode-ray tube varieg widely with different situations but
a few general statements can be made. Those parts concerned with the
pulse repetition cycle are collectively called the “timer” (Fig. 1-8). The
timer provides synchronization with the modulator, sweeps, and markers
for the display and measurement of range, blanking of the cathode-ray
tube during unused portions of the pulse eyele, and other related oper-
ations that may arise in special cases. The remaining equipment, other
than the necessary power supplies, is matuly concerned with the display
and measurement of geometrical quantities other than range.

Because time is always measured with respect to the instant at which
the modulator fires, synchronization between the madulater and the
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timer is of basic importance. In some cases, the timer exerts precise
control of the exact firing time of the modulator by sending it a trigger
pulse; in others, it responds to a trigger from the modulator. In the
latter case, the system is said to be ‘‘self-synchronous.”! Although
certain advantages can often be derived by giving control to the timer,
this method cannot always be used,? and it is sometimes inconvenient
in a multiple-display system. Figure 1'8 illustrates a self-synchronous
system. Some of the departures possible when the timer does the syn-
chronizing will be pointed out later.

The cathode-ray tube must be turned on only during the fraction of
the pulse cycle in which it is used. One portion of the timer generates
a square wave (Waveform b, Fig. 1-8) that perforins this function and
usually finds other applications within the timer.

If the display includes a range sweep, as is nearly always the case,
the timer generates the waveform that ultimately produces it. This
waveform usually consists of a linearly increasing voltage wave that
begins at the initiation of the sweep and returns to the initial condition
at its end (Waveform ¢, Fig. 1-8). This method of operation involves a
switching action, which (as indicated in Fig. 1-8) is usually provided by
the same square wave that turns on the cathode-ray tube.

The timer generates a set of discrete range markers: sharp video
pulses occurring at regular, precisely known intervals. In a self-syn-
chronous system, the markers must be recycled on each transmitter
pulse; a transient oscillator is therefore required. In the simple example
illustrated, the square wave b provides the necessary switching voltage.
Often the discrete range markers are supplemented by a continuously
variable range marker that may be generated in any of several ways.
As indicated in Fig. 1-8, the markers are usually mixed with the radar
video signals and the combination applied to the cathode-ray tube. In
some cases, however, the signals and the markers are applied separately
to different electrodes of the cathode-ray tube.

The equipment illustrated does not provide for the use of a delayed
sweep. If one is to be used, separate square-wave generators are neces-
sary to switch the range-marker circuit and to perform the other func-
tions. The generator used to switch the range-marker circuit must be
triggered directly as before. The other generator must be provided with

LA trigger generator for the modulator is sometimes housed with the indicator
equipment for convenience, but the actual synchronization is accomplished by trans-
mitting the modulator pulse to the timer proper. This case is functionslly identical
with that in which the trigger source is physically part of the modulator.

? Certain modulators, such as the rotary gap, cannot be triggered at all. Other
types can be triggered, but have so variable a response time that the modulator pulse
itself must be used for synchronization in order to provide the necessary prevision.
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a delayed trigger that may come from a continuously variable timing
circuit or may be one pulse of a discrete set, often the range-marker
pulses themselves. The continuous type of delay is frequently associated
with a continuous precision range marker.

Many deviations from Fig. 1-8 are possible if the timer provides the
synchronizing pulse. In particular, the discrete range markers can then
be derived from a high-precision c-w oscillator, one of the marker pulses
being selected as the modulator trigger by a scaling-down process. A
continuous marker may also be provided from this oscillator by means
of a continuous phase-shifting device. Other advantages of the timer-
controlled synchronization entail the use of a ‘pretrigger”’ by means of
which the actions of certain circuits can be initiated somewhat in advance
of the firing of the modulator.

Many other functions, some of which will appear in later sections,
are performed by the timer in complex situations.

Before proceeding farther in the discussion of the indicating equip-
ment, it is necessary to specify the type of display. For illustrative
purposes, Fig. 1-8 has been arranged to illustrate a simple A-scope or,
alternatively, a simple B-scope. The former requires no equipment
beyond that already described. The connections to the cathode-ray
tube are shown as position A of the switch. The range-sweep voltage
is applied to one pair of deflecting plates and the signal- and range-mark
voltages to the other. The square wave controlling the cathode-ray-
tube intensity is applied to the cathode in proper polarity to brighten
the tube during the range sweep. The same arrangement forms the
basis of most synchroscopes.

In the B-scope display, the range sweep is applied to a deflection
plate just as before. Signal modulation is applied to the control grid,
and the second set of deflecting plates receives a voltage that produces
the azimuthal deflection. This voltage may be furnished, in simple
cases, by a linear potentiometer geared to the scan axis. Amplification
may sometimes be necessary before applying the azimuth sweep voltage
to the cathode-ray tube. The circuits shown are equally applicable to a
magnetic tube, the only appreciable changes being in the deflection
amplifiers.

The timer of Fig. 1-8 can be used in the production of many other
types of indication. For example, Fig. 1-9 shows the additional parts
necessary to generate one type of PPI, and Fig. 1-10 those necessary for a
(technically) different PPI or, alternatively, for one form of RHI.

The PPI of Fig. 1-9 is of the so-called “rotating coil”” type. A single
deflection coil driven by the range-sweep amplifier produces a radial
range sweep. By means of some form of electro-mechanical repeater,
this sweep is made to take the direction on the tube face which corre-
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sponds to the instantaneous antenna orientation. Ixcept for this modi-
fication in the deflection system, the display circuits may be identical to
that of the B-scope of Fig. 1-8.

Trigger Range

sweep Rotating
/| 4 defiection
. coil
Antenna Timer %
9 ! Gear
|
[
}
) |
Data | Mechanical
transmitter repeater

F1a. 1-9.—Rotating-coil PPI.

Figure 1-10 shows the parts necessary to convert Fig. 1-8 to an
“electronic” PPI without moving parts, or, by a slight variation, to
an RHI. The range sweep of a PPI can be considered to be made up
of two orthogonal sweeps with speads proportional to sin ¢ and cos ¢
(see sketch in Fig. 1-10). In this particular form of PPI, these sweep
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Fig. 1-10.—Electronic PPI and RHI.

components are formed by passing a sawtooth waveform through a sine-
cosine resolver on the scanner. The resolver is a variocoupler or a sine-
cosine potentiometer that, when excited by a given waveform, produces
two components of the same waveform but proportional respectively to
the sine and the cosine of the orientation angle of the resolver. Proper
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amplifiers are provided for driving either a pair of orthogonal coils
(as indicated in Fig. 1-10) or the deflecting plates of an electrostatic tube.

If elevation angle is substituted for azimuth angle, the device becomes
an RHI. Usually, in this case, the gain of the vertical amplifier is made
greater than that of the horizontal amplifier, and the display is therefore
‘““stretched”” in the vertical direction. Since direct-coupled push-pull
sweep amplifiers are usually used, they can be biased in such a way as
to produce the off-centering shown.

SIGNAL DISCERNIBILITY AND RESOLUTION

In order that the radar operator may obtain a maximum of infor-
mation, it is essential that the display aid in every possible way his
ability to detect weak echoes and to distinguish details when the echo
pattern is a complex one. These problems, which are closely related,
involve principally such display characteristics as the type of display,
the spot size, the sweep speed, and the properties of the screen.

1-11. Signal Discrimination.—The ultimate limitation in detecting
weak echo signals is nearly always set by the inherent noise of the radar
receiver. The noise energy, which is generated in the input circuits of
the receiver, is distributed uniformly throughout the whole frequency
spectrum. One of the major problems of radar-set design is to maximize
the discernibility of weak signals in the presence of this noise. The
broad aspects of this problem are discussed elsewhere in these volumes.!
Those factors that concern the display will be considered briefly here
and in Chap. 18. The signal discernibility depends on a great number
of intimately related factors involving almost all of the components and
many of the design parameters of the radar set. One of the most
important of these factors is the signal-fo-noise ratio, that is, the ratio
of the power contained in the video signal to the average noise power.
Within the radar set this ratio is determined by the power delivered to
the antenna by the transmitter, the antenna characteristics, the losses
in the various r-f components, the noise generated in the receiver, and
the frequency response of the receiver and the video amplifier. Of
these, only the frequency response needs to be discussed here. Both
theory and experiment have shown that for this type of signal, the
maximum signal-to-noise ratio is attained when the i-f bandwidth ® is
approximately 1.2 times the reciprocal of the pulse length r; that is,
when ® = 1.2/r, where ® is in Mc/sec if 7 is in usec. If ® is appreciably
less than this optimum value, the loss in signal energy through rejection
of its higher-frequency components is proportionally greater than the
accompanying rejection of noise. For ® greater than the optimum
value the energy contained in the frequency spectrum of the signal is

1 Chap. 2, Vol. 1 and Chaps. 8 and 9, Vol. 24 of the Radiation Laboratory Series.
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not sufficiently great to compensate for the linear increase in the noise
energy passed when the bandwidth is increased. However, the maxi-
mum 1s a rather broad one and therefore little sacrifice is made in signal-
to-noise ratio if the bandwidth is made, for example, twice as great as
the optimum value. This, then, is the bandwidth usually chosen in
order to make the receiver tuning less critical and to preserve the pulse
shape in the interests of good range resolution.

Thus in the signals delivered to the detector and video ampilifier,
appreciable energy is contained in frequency components as high as two
or three times the reciprocal of the pulse length. In the case of a 1-usec
pulse, these frequency components are 2 or 3 Me/sec. It is the function
of the video amplifier and the display proper to so treat these signals
that the signal-to-noise discernibility is as great as possible within the
limits set by other requirements.

An extremely important aspect of this problem is the fact that the
receiver noise is entirely random in character; therefore the problem is a
statistical one. Since, as in all such cases, the ability to draw a correct
conclusion is enhanced by making a large number of observations, it is
desirable to average or sum measurements over as many pulse eycles as
possible. Before the implications of this fact are examined in detail,
another consideration arising from the random nature of the noise will
be discussed.

Because in pulsed radar the echo from a small target lasts for only a
very small fraction of the pulse repetition cycle, it is obvious that the
greatest signal discernibility will be achieved if the observatious can be
made in such a way that the output signal of the receiver is examined
not in terms of the average power over the entire pulse cycle, but rather
in terms of the average power during time intervals comparable with the
pulse length.

Fortunately, a cathode-ray-tube display that includes a range sweep
provides an excellent means for making these observations. Compari-
sons are made in terms of elementary units of the tube face, the size of
which is determined by the spot size of the tube or the visual acuity
of the observer. The time interval included in each observational ele-
ment is, of course, inversely proportional to the speed of the sweep. If
the latter is low the data are integrated over a time interval that is long
compared to the pulse length, and the signal must compete against an
unnecessary amount of noise. For very slow sweeps, the power neces-
sary for the signal to be discernible is inversely proportional to the square
root of the sweep speed. As the speed is increased, further changes
become less and less important and an optimum condition is reached
when the speed is such that the beam moves approximately 1 mm (or
one spot size if it is greater than 1 mm) during the duration of the signal.
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Beyond this point the discernibility slowly decreases although not enough
to be of practical importance. The reasons for this behavior are not
clearly understood but they are probably connected with the fact that,
as the signal is smeared out on the display, the contrast gradient between
it and its surroundings 18 lessened, and with the fact that the randomness
of the data results in graininess in the display.

An idea of the magnitude of the above effects can be gathered from
the fact that if a 1-usec signal is displayed on a 7-in. PPI tube the mini-
mum discernible signal power must be approximately 2 db (60 per cent)
higher on a 50-mile sweep than under the optimum conditions of an
8- or 10-mile sweep.

It is clear from this discussion that a type C display provides
extremely poor discernibility because the receiver output signal is inte-
grated over the entire pulse cycle. Since there is no range sweep the
motion that determines the observational interval is the much slower
one provided by the antenna scan, although this interval is determined
in a somewhat different way than in the case of the range sweep.

Considerations such as the preceding ones place requirements on the
bandwidth of the video amplifier. If its bandwidth is too small, it
effectively integrates the data over an unnecessarily long time interval
with much the same effect as that produced by a slow sweep. For this
reason and for the sake of good range resolution, the bandwidth of the
video amplifier in a well-designed set is always made appreciably higher
than half the i-f bandwidth.

It has been stated earlier that the signal discernibility depends upon
the number of pulse cycles included in the observation. Statistical con-
siderations predict and experiment has proved that the power necessary
in a ‘““minimum detectable’’ signal is inversely proportional to the square
root of the number of pulses included in the observation, provided that
all of the elements concerned in the integration are linear. The number
of pulses included is proportional to the pulse-repetition rate of the
transmitter and to the time over which evidence accumulates. The
factors determining the latter depend upon the particular situation
involved.

In the case of a deflection-modulated display with the antenna
stationary, the integration time is determined by the eye and mind of
the operator or by the cathode-ray-tube screen, depending upon which
can average the signals over the longer interval. Experiments testing
the operator’s memory have been performed by applying the signals at a
fixed PRF for a definite time interval to an A-scope with a short per-
sistence (P1) screen. For reasons of simplicity of analysis the signal
was confined to some one of six known positions on the sweep. It was
found that as the time interval was increased the inverse-square-root law
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was obeyed up to almost 10 sec and even then broke down only slowly.
This “memory time’’ may well be somewhat shorter in the practical case
where the whole trace must be considered. On the other hand it is

200 Sweens

F16. 1-11.—Effects of pulse repetition on signal visibility. In this series of photographs
the number of A-scope sweeps recorded during each exposure was varied from 12 to 4v00.
Artificial signals were injected at the locations marked, with the following strength relative
to average noise power: S;: +10 db; S2: +5 db; Ss: 0 db; 84: ~5 db.
usually true that in the final stages of an observation the operator con-
centrates on a region where he suspects that a signal is manifesting itself.
The effect of increasing the number of pulses is clearly shown in Fig. 1-11
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where the camera has been substituted for the eye and mind of the
observer.

Since the memory time of the observer is so long, it can be aided
appreciably only by a very long persistence screen. The preceding
experiments, repeated with a P7 screen, indicated a decrease of about
1.5 db (40 per cent) in the necessary signal power as compared to the
P1 screen when the signals were applied indefinitely.! This rather small
improvement is offset by the poorer resolution of the cascade screen
(Sec. 18-9) and by the confusion resulting if the picture is changing.
For this reason and because signal discernibility is not, in the case of
modern radar sets, of very great importance on type A displays, per-
sistent screens have not been widely used for this purpose in the United
States.

It should be pointed out that when certain forms of man-made inter-
ference are present, the improvement obtained by using a long-persistent
screen is much greater than when the random receiver noise is the
limiting factor. Indeed, it was for this application that the cascade
screen was originally developed in England.

In an intensity-modulated display the number of integrated pulses is
determined by the PRF and by the method and rate of scanning, the
memory of the observer, the screen characteristics, or some combination
of these factors. From this standpoint alone the ideal screen would be
one on which the intensity of each spot would represent the average of
all the excitations received over a very long time in the past. The
limits within which this requirement can be met are set by (1) the
achievable properties of the screen and (2) the degree to which past
information can be retained without causing confusion as the picture
changes.

The screen properties of importance in this connection are the type
of decay and the manner in which the light intensity ‘““builds up”’ under
successive excitations.

In order to examine these effects, consider first a scan that is so slow
that either the limitations of achievable persistence or the requirements
of freedom from confusion prevent appreciable storage of information
from one scan to the next. In such a case the averaging is to be done
over a single pulse group occurring in a time that, with modern narrow
antenna beams and customary scanning rates, is always short compared
to the total scanning time and to the achievable decay times. In order,
then, to give the operator a composite picture and time to make obser-
vations, the screen chosen will have sufficient persistence so that there

t Experiments in England showed somewhat greater improvement with a small
fraction of the tubes used.
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is no appreciable decay' during the process of scanning across the target,
and the entire echo arc will be observable at one time. In order, how-
ever, that the average intensity of this arc shall represent all of the data,
it is essential that the screen integrate the effects of all the pulses that
overlap on a given focal spot; that is, it should not saturate too quickly.
The number of overlapping pulses, which is often large, is given for a
PPI by the expression NS/wr at the center of the arc, where N is the
PRF, 8§ is the spot size, w is the angular velocity of the scan and r is
the distance from the origin of the display to the echo spot. For example,
with a 30-sec scan and a PRF of 300 there are about 7 overlapping
pulses at ‘‘ranges” corresponding to the tube radius, R (assuming
S/R = 1i5). The number increases with decreased distance until the
entire pulse group, consisting in this case of 25 pulses, is included.
The property of buildup in intensity from the excitation by such a group
of successive pulses is possessed to an adequate degree by all cascade
screens if the excitation is not at too high a level.

At faster scanning rates it becomes possible to provide screens having
carry-over from one scan to the next. Within the requirements set by
clarity on a changing picture the longest obtainable persistence should,
in general, be used in order to average over the largest possible number
of pulses. If, however, the permissible decay time is so short that the
operator and not the screen has the longer memory, the persistence
should be determined entirely by the requirements of freedom from
flicker on the one hand and freedom from blurring due to motion on the
other. This condition usually obtains with very rapid scans because
their use implies rapid relative motion.? If a set has several indicators
involving different scale factors their persistences should theoretically be
graded, fast screens being used on the expanded displays where the
picture changes rapidly and slower ones being used on those displays
covering large areas. Fortunately, it is usually the latter on which the
signal-to-noise discernibility is of most importance because the expanded
displays are usually confined to near-by regions.

In connection with excitation by successive scans, a peculiar property
of certain cascade screens becomes involved. If the scanning is not too
slow (that is, if it is approximately one scan per second) many screens
will, if initially unexcited, display more than twice as much intensity

1 Except for that involved in the disappearance of the so-called ‘‘flash,” which
occurs within a very short time interval during and immediately after each excitation.

2 When extended observations are to be made on a single target or region, the dis-
play is frequently ‘‘frozen’’; that is, the relative motion is removed so that the picture
remains stationary. It is then, of course, possible to use longer persistences without
blurring. Since, however, observation of the frozen display is usually part of the
“tracking”’ operation that controls the removal of the motion, the persistence must
not be so long as to inhibit the ability to detect small changes.
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after two scans than after one, and so on even though, in the time
between seans, the intensity may have decayed many fold. This
property of “‘supernormal’ buildup was at one time believed by many
to be very desirable from the signal-discernibility standpoint on the
hypothesis that it would enhance the brightness of the repeating signal
as compared to the random noise. However, the property is most
exaggerated on an initially unexcited screen, whereas in actual cases of
successive scan integration the screen is initially excited by previous
scans. Furthermore, it is not evident a priori that the readjustment in
the weighting of the successive pulse groups which the phenomenon
introduces is a desirable one. In any case careful observation has not
detected any appreciable advantage in this respect for screens with very
high super-normal buildup. This fact does not imply, of course, that
this property is not connected with other definitely desirable ones.
Indeed, those screens with highest buildup are in general those with the
longest persistence.

1-12. Resolution.—In order to distinguish between objects or between
parts of the same object, it is necessary that they be resolved. The
characteristics of the receiving equipment which influence resolution
most importantly are the bandwidth of the signal channel, which affects
range resolution, and the spot size and scale factor of the display, which
also affect range resolution and to a lesser extent angular resolution as
well.

The ““spot size” of a cathode-ray tube depends upon the tube type,
the individual tube, the voltages employed, the design of focus and
deflection coils, and the intensity level at which the tube is operated.
In the series of magnetic tubes used for radar it is roughly proportional
to the tube radius and is usually such that from 150 to 200 spots can
be resolved along the display radius. As a convenient figure in this dis-
cussion, the number will be taken as 180. Now, on a range sweep of
length R in nautical miles, the number of radar pulse lengths is 12.2E /7,
where 1 is the pulse length in microseconds. Thus, on a centered PP1
the fundamental pulse-length resolution and the spot-size resolution are
equal when 12.2R/r = 180 or R = 15. Accordingly, on a set with a
1-usec pulse, a 15-mile centered PPI will halve the inherent range reso-
lution; a 100-mile PPI will reduce it approximately seven fold, and so on.
This disadvantage can be overcome by the use of expanded displays, but
the accompanying restriction in the field of view is often undesirable.
Fortunately, this is not the entire story. For one thing the operator
could not, except on the fastest sweeps, realize the fundamental range
resolution without optical aids, even if the display made it available; in
fact, on a 5-in. tube the spot-size resolution is nearly as good as the
visual acuity of the observer, although on a 12-in. tube it is three or
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four times worse. Secondly, range resolution alone is of limited useful-
ness if it is accompanied by poor angular resolution, and, in this regard,
the fundamental limitation is usually not the indicator but the r-f beam
width. The angular width of the cathode-ray-tube spot on any PPI is
given in radians by R/180r where R is the radius of the tube and 7 is
the distance from the range origin to the spot in question. Thebeam-
width A8, measured in degrees, is given by 57R/180r = Af or R/r =~ 3A4.
Thus, even for a 1° beam the display resolution exceeds the fundamental
resolution for all points further from the origin than one third of a tube
radius. Therefore, the cathode-ray tube is usually not the limiting
factor in over-all angular resolution. In ~ertain cases of accurate range
measurements or of observing groups of aircraft or ships, however, better
range resolution on long-range displays would be useful. Frequently,
the need for high dispersion requires expanded displays apart from
question of resolution.

This discussion shows that, in general, the cathode-ray tube imposes
a severe restriction in range resolution on any but the fastest sweeps.
It is therefore apparent that unless fast sweeps are to be used, there is
no point in going to extreme bandwidths in the receiver. Indeed, in
most cases the latter need not be so great as seriously to impair the
signal-to-noise discrimination. It should be borne in mind, however,
that with too small a bandwidth, a signal far in excess of the limit level
has a much greater length after imiting than would have been the case
had it been weak in the first place.

1-13. Contrast.—The contrast of the display depends upon the char-
acteristics of the screen and upon the way in which it is excited. Unfor-
tunately, present screens of the persistent type have serious shortcomings
in this respect. The screen material has a natural color not far from
that of the phosphorescent light so that contrast is reduced by reflected
light. The necessary thickness of the screen tends to blur the edges of
the signals, reducing contrast ‘““gradient’”’ as do also limitations in the
sharpness of focus of the electron beam. Many screens also have a
certain amount of graininess, which contributes to this effect.

Contrast between signals of different intensities is especially important
in overland flying where it is essential to be able to distinguish land from
water and at the same time to have good contrast between echoes from
ordinary terrain and the much stronger ones from built-up areas. Unfor-
tunately, the range of echo intensities is so great that, if the receiver has
gain high enough to render the terrain visible, the signals from built-up
urban areas must be drastically limited to avoid “blooming” of the
cathode-ray tube, and detail is destroyed. If the gain is low enough to
preserve detail in the strong signals, the land background is not visible.

This difficulty is made worse by the nonlinear response of the cathode-
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ray tube. Since the beam current in & magnetic tube is proportional to
the cube of the grid swing as measured from eutoff (which is near the
operating point in the ahsence of signal and noise), a signal of, for
example, half the voltage of s limited signal will, in principle, give only
one-eighth as much light intensity. In actual fact the difference is not
so great as this bhecause of the tendency of the screen to saturate on
strong signals. This nenlinearity reduces considerably the difference in
signal voltage between those signals that are just strong enough to pro-
duce a visible result and the level at which strong signals must be limited.
Thus the choice between a land background with no detail in built-up
areas and the reverse is an even more necessary one than ¥ the cathode-
ray-tube response were linear. It is possible, of course, to introduce a
nonlinear element in the video amplifier to compensate for the tube
characteristic. This method has been used with some success, but no
really satisfactory circuit has been devised, partly because the need was
not fully appreciated until comparatively recently.

The  Three Tone’” Method —~A simple but extremely effective method
of retaining detail on high-intensity echoes while still providing & land-
to-water contrast is illustrated in Figure 112, At some point in the
signal channel ahead of any saturation or limiting, the signals are split
" into two channels. In one of these they are araplified much more than
in the other, which may not contain any amplification at all. i the
signals are not already in video form, each channel includes a detector.
In any case each contains a limiter, the one in the fow-gain channel being
set at approximately twice the level of the other. Following the limiters,
the two sets of signals are mixed and passed tlirough a standard video
amplifier. As can be seen by the waveform diagrams the net result is to
enhanee the strength of the land echoes but without destroying the detail
in echoes from the built-up areas. A ‘“before and after” picture is shown
in Figure 1-13. The aptness of the name “three tone’ givenr to this
method is vividly shown by the three shades—black, gray, and white.?
The method can, of course, be extended to more than two channels.

Many variations of this technique are possible. One, which has been
applied to existing sets in which an additional channel is difficult to install,
consists of switching the gain up and the limit level down on alternate
pulse cycles by means of a scale-of-two multivibrator,? the signals being
added on the cathode-ray-tube screen. The results are almost indis-
tinguishable {rom those utilizing two channels.

*'The name ‘ Three-tone PPL” is frequently applied because of the type of indiea~

tion usually used.
2 Bee Sec, 4-4,



CHAPTER 2
CATHODE-RAY TUBES

By T. SoLrr

A very brief discussion of the elements of a cathrode-ray tube has been
given in Sec. 1-1. This chapter gives an clementary treatment of the
electron-optical principles involved in the formation of the focused spot
on the cathode-ray-tube screen, and of the effects on the electron beam of
the variation of certain parameters of the electron gun. Later sections
discuss more specifically the electrical characteristics of the electrostatic
and magnetic types of cathode-ray tubes, and the operating conditions
necessary to achieve optimum performance.

BEHAVIOR OF THE ELECTRON BEAM OF A CATHODE-RAY TUBE

2-1. Electron Optics.—The theory and design of electron guns used
in cathode-ray tubes are based on well-defined electron optical principles.
A field of research and development, designated as “electron optics,”
has arisen out of the analogy between the behavior of light rays in passing
through media of different indexes of refraction and that of the tra-
jectories of electrons in electric and magnetic fields. Although it is
beyond the scope of this volume to give a comprehensive résumé of elec-
tron-optical systems,! a brief discussion of a few electron-optical principles
is nevertheless needed for an understanding of the performance of
cathode-ray tubes.

The electron guns used in cathode-ray tubes always involve axial
symmetry, being composed of coaxial cylindrical elements or apertured
disks to which various electric potentials are applied. Figure 21
illustrates the construction of a typical gun. A series of equipotential
lines have been drawn for the specific potential distribution on the
electrodes as indicated by the figures. Any region of the gun in which an

! The reader interested in electron-optical design is referred to the following litera-
ture on the subject: L. M. Myers, Electron Optics, Theoretical and Practical, Van
Nostrand, New York, 1939; 1. G. Maloff and D. W. Epstein, Electron Optics in Tele-
vision, McGraw-Hill, New York, 1938; O. Klemperer, Eleciron Optics, University
Press, Cambridge, England, 1939; V. K. Zworykin and G. A. Morton, Television,
Wiley, New York, 1940; H. Moss, “The Electron Gun of the Cathode-ray Tube,
Part 1,” J. Brit. Inst. Rad. Eng., 5, 10-26 (1945); H. Moss, “The Electron Gun of the
Cathode-ray Tube, Part 2, J. Brit. Inst. Rad. Eng., 6 (1946).
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appreciable nonuniformity in the axial potential distribution occurs may
be considered to be an ‘“electron lens.” It is apparent that the gun
illustrated involves essentially two lenses: one near the cathode, the other
in the region of the junction of Anode No. 1 and Anode No. 2. This
latter lens, whose performance is less complicated than that of the
cathode lens, is the main focusing lens of the gun.

Grid No.2 at

100 volts
Grid No. 1 at

0 volts
Anode No. 1 at 1000 vol
Cathode - ks \\
at 0 volts Tube axis

lIIl
1

I
Anode No. 2 at 4600 volts J

S S== e
T L

Values given in volts coils besin here
Fia. 2-1.—Typical electron-gun diagram, beam outline, and equipotential line plot.

The action of all electrostatic electron lenses is based on the ele-
mentary fact that the force acting upon an electron traveling in an
electric field is in a direction normal to the lines of equal potential, and
has a magnitude proportional to the potential gradient. This fact may

be expressed as follows:

av.
dn

AB

F =

Region 1

potential V; The passage of anelectron through

a portion of the field, as indicated
in Fig. 22, will be considered in
Region 2 some detail. In this figure and in
p?;ﬁ"ia‘l,‘)/z the subsequent analysis, the
@ following simplifying assumptions
are made: A and B are two ad-
Fia. 2-2.—Refractio_n of electrons in an elec- jacent equipotential surfaces
tric field. . .
having the potentials V, and V.
respectively; the region 1 to the left of A is field-free, that is, at the
potential Vy; and the region 2 to the right of B is similarly field-free,
that is, at potential V.
The kinetic energy of an electron is proportional to the potential at
any given point, and is given by the equation

gm? =V -e. (1)
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Consequently, in Region 1,
e
vi=2_-Vy (2
and, in Region 2,
€
v§ =2 771 Vg. (3)

Since the only force acting on the electron as it crosses from Region 1 to
Region 2 is normal to the equipotential surfaces, only the r-component
of the velocity is affected, the y-component remaining constant, as
indicated by the equation

Uy = V. 4

Butv,, = vysin §;, and vy, = vesin ;. Hence, Eq. (4) becomes
vy Sin §; = vq sin 6, (4a)
and substituting for ; and v, their values from Egs. (2) and (3),

vV, sin 8; = v/V3 " sin 6, (5)

Snell’s law of optics for the bending of a ray of light traveling from a
region of index of refraction =, to one of index nq is

nysin 1 = ng sin 1, (6)

where ¢ is the angle of incidence and r is the angle of refraction. The
similarity between Kgs. (5) and (6) leads to the conclusion that the
behavior of an electron (originally starting from rest) in an electrostatic
field may be described in optical terms by assigning to every region in
the field an index of refraction n = +/V.

In the extended field region indicated in Fig. 2-1 the trajectory of each
electron will be a curved path, and it is apparent qualitatively that a
divergent bundle of electrons entering the focusing lens will be made con-
vergent, roughly as shown in the diagram. The region therefore acts
as a convergent lens.

The conditions in ordinary optics are somewhat different from those
in electron optics. In the case of optical image formation, the index of
refraction changes abruptly from one fixed value to another at the
boundaries of the lens surfaces; whereas, in the electron-optical case, no
such definite boundaries exist, and the index changes gradually over a
wide region. In order to calculate the electron trajectories, a knowledge
of the spatial distribution of the potential is therefore necessary. In
certain cases the potential distribution may be expressed mathematically
as a second-order differential equation, whose solutions determine the
trajectaories sought; in other cases, measurement of the equipotential
surfaces is done experimentally in an electrolytic tank, and approximate
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step-by-step methods of ray-~tracing are eraployed to vield the trajectories.
Fortunately, the solutions are simplified by the fact that in electron opties
the trajectories are never far removed from the axis, nor do they make
large angles with the axis. Therefore, only paraxial electrons need be
considered.

In degscribing the performance of electron lenses, it is convenient to
follow the analogy to ordinary optics, and to use the optical terminology.
Since electron lenses in general spread out over a considerable space, they
are most closely analogous to thick optical lenses. For the latter the
laws of iwage formation are most simply expressed In terms of distances
measured not from the lens surfaces but from what are known as the
“eardinal points” of the lens system. These are four in number: two
“focal points” F1 and Fu, and two “ principal points” H, and H,, whose
positions can be calculated from the radii and positions of the various
boundary surfaces and from the appropriate indexes of refraction. The
perfarmance of the entire lens system, regardless of the number and
lovation of the glass surfaces, may be determined from the equivalent
optical system as defined by these points.

In an analogous manner, the image-forming properties of an electron
lens may most simply be described in terms of its cardinal points. Tweo
forms of lens generally employed in cathode-ray tubes are those formed
by (1) two eylinders, either of the same diameter or of diameler ratios
between 1 and 3, with the larger cylinder at a higher potential than the
smaller; and (2) two adjacent apertured disks.

For an analysis of the problem of determination of the eardinal points
for various electron optical systems, the reader ig referred to the work of
Maloff and Epstein.t  Their caleulations show that, for coaxial eylinders,
the focal length of the lens decreases, that is, the “power™ of the lens
increases, with increasing voltage ratio, and that the inverse is true for an
increasing ratio of the diameters of the cylinders forming the lens. The
focal length in the image space f» is greater than that in the object space
fi when the electron is accelerated in going through the lens. In fact,
the ratio f/fi = /Va/V: Their apalysis also shows that the principal
points for the conditions illustrated in Fig. 2'1 are located at some dis-
tance inside the first-anode cylinder,

It is apparent that, in the case of the focusing lens here discussed,
both object and image are at relatively great distances from the principal
points. In this case the lens may be considered as a ““thin lens,” whose
center is midway between the principal paints, for which the familiar
LaGrange law of optics, illustrated in Fig. 2-3, states that

Tk sin 81 = nghy sin 8. 7Y

! Maloff and Epstein, op. aif.
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In the equation, the subscripts 1 and 2 refer to the object and image
space, respectively, n = index of refraction, A = object or image height,
and 6 refers to the semiangle subtended at the object or image by the
lens aperture.

In the case of electron-optical image formation, the angles 8, and 6,
are always so small that sin 6 may be replaced by tan 8, and Eq. (7) then
becomes

nihy tan 0; = ngh, tan 6,  (8) z

Lens aperture
m -
or h - R
R T - Y I3

~ T
07 \\
R 2
n;]ha = 7ok ?)‘7 (9) | i

| N
whence the magnification is o ‘__‘i;__\ v -——————{

ho v Ny v [V, F1G. 2-:3.—Geometry illustrating object-~
=3 = == = - Tf 10) . image relationship.
2

2-2. Focusing-lens Systems.—The lens system just described is
the main focusing system in the electrostatically focused cathode-ray
tubes. There are many variations of this electrostatic focusing system,
one of which comprises adjacent apertured disks instead of cylinders.
There are no simple formulas that represent the performance of a given
lens because its optical constants depend on the nature of the potential
distribution along the axis. This distribution, in turn, is a complicated
function of the shape and size of the various elements. In addition, the
various aberrations that afflict an optical system are also present in elec-
tron-optical systems. Some of these are the results of misalignment of
adjacent elements, or of asymmetry in the elements themselves. Others
arise from spherical aberration caused by the shape of the potential dis-
tribution. In order to obtain a completed design that gives satisfactory
performance, it is necessary to supplement theoretical design information
with a good deal of empirical data obtained from experimental guns.

In cathode-ray tubes of some types, the focusing is done by a magneto-
static lens rather than by an electrostatic lens. This magnetostatic lens
usually takes the form of a short coil surrounding the tube neck. The
coil itself is housed in a soft-iron shell having an air gap so located that
it produces a fairly localized axial magnetic field, through which the
electron beam must pass. The focal length of such a lens is given to a fair
approximation by the equation!

1 lel [*=

F=8mV —.,szz, (11)

i

—

where f is the focal length, e is the electronic charge, m is the electronic
1 Maloff and Epstein, op. cit.
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mass, V is the electrical potential (assumed to be uniform in the region
occupied by the lens), and H, is the axial component of the magnetic field
produced by the coll. The focal length of such a lens is easily adjusted
by varying the current through the coil, to which H is proportional.
The magnetic lens, as usually constructed, can be considered as a ‘‘thin
lens,” and Eq. (10) also holds for the magnetostatic focusing lens.

In order to reduce spherical aberration, the cross section of the elec-
tron bundle is usually limited by the introduction into the gun of aper-
tured disks that act as stops. This method is particularly applicable to
guns used in tubes in which both focusing and deflection are done by
electrostatic means. If the focus is to be electrostatic, aberration due to
the focusing lenses may also be reduced by making the geometrical size
of the lens larger, that is, by using a gun of larger diameter. 1In the case
of magnetic focusing, the size of the focus coil is usually adequate to
reduce the aberration to a satisfactory degree, because the coil itself is
external to the tube.!

Focusing of Ions.—The electrical particle of chief importance in the
operation of a cathode-ray tube is the electron. However, the presence
of even a minute percentage of heavy ions may affect the useful life of the
tube. Particularly, a focused beam of negative ions may produce a
localized screen deterioration or “ion spot’ at the center of the tube face.
In Eq. (11) the focal length of a magnetic lens is shown to be a function of
the mass as well as the charge of the particle, and hence, when electrons
are focused on the screen, ions will not be focused. On the other hand,
the trajectory of charged particles in an electrostatic field turns out to be
the same both for electrons and for singly charged ions provided that all
particles start with zero velocity. Hence, with electrostatic focusing,
ions which originate at or near cathode potential as well as electrons will
be brought to a focus at the screen. Magnetic focusing is therefore
superior to electrostatic focusing in this respect.

2-3. Cathode- or Immersion-lens System.—The bundle of electrons
focused on the fluorescent screen by the focusing lens originates from the
cathode and is controlled by a modulating or control grid. The emitting
surface of the cathode is usually a small plane area immediately behind
the central opening in the modulating grid. In the region just beyond
the modulating grid there is usually another electrode at a relatively high
positive potential. This electrode serves to draw the electrons from the
cathode and accelerate them along the axis, as indicated in Fig. 2-1. This
combination of electrodes forms the cathode-lens system. This is an
immersion-lens system because the object is not external to the lens, but
immersed in it, in a manner analogous to the case of the well-known
immersion objectives used in microscopes.

! See Sec. 3-1 for aberrations of focus coils.
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The electrical fields in this region are much more complicated than in
the region of the main focusing lens. Furthermore, they change when
the beam is controlled in intensity by varying the potential of the modu-
lating grid. For a typical gun this variation is indicated in Fig. 2-4 by
the series of equipotential plots in the region of the cathode for four values
of grid voltage between —10 and —165 volts, the latter corresponding
to beam cutoff.?

Cathode, 0 volts Cathode, 0 volts
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Fig. 2-4.—Equipotential plots of cathode lens, for several values of grid bias.

In addition to the changes in the constants of the cathode lens pro-
duced by the changes in the potential of the control grid, the cathode-
lens problem is further complicated by three facts.

1. The electrons may leave the cathode in any direction, and the
analysis of this region cannot therefore deal simply with paraxial elec-
trons (see Sec. 2-1).

2. Since the electrons are emitted from a hot cathode, they leave the
cathode with random speeds (a Maxwellian distribution). At any given
point, the index of refraction for electrons that enter the field with any
but zero velocity is determined by the variable velocity of the electron
at this point. Therefore, even in the case of paraxial electrons, there is
no single set of cardinal points for this lens for any given distribution of
equipotential surfaces.

3. Space-charge effects in this region are appreciable because the
current density may be fairly high, and the average velocity is usually low.

t These plots were obtained through the courtesy of Dr. L. B. Headrick, Lancaster
Engineering Department, RCA.
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Figure 2-5a shows in a schematic way the trajectories followed, under
the influence of field conditions such as are represented in the plot for
—80-volt grid bias in Fig. 2-4¢, by electrons leaving the cathode in various
directions from (1) a point on the axis, and (2) a point at some distance
from the axis. These trajectories cross the axis at a relatively short
distance from the cathode, in a region designated as the ‘‘crossover,”
and thereafter proceed to form an enlarged image of the cathode some
distance beyond. All the electrons leaving the cathode form a bundle of

variable cross section, which

E H reaches a minimum value at the
) crossover and thereafter expands,

2 & pd Cross over Cathodf "M as shown by the schematic beam
= envelope in Fig. 2-5b. The loca-

: tion of the cardinal points of the
immersion lens has been found by

a B (@) Maloff and Epstein.! For the
particular case considered it was
Beam envelope determined that the image of the
E cathode would be formed at a dis-
f tance of approximately 2 em from

the cathode, and that its mag-

nification would be approximately

5. This image, however, is of
ﬂ secondary importance, the chief

Cathode

Cathode

E function of the immersion lens

being to form a crossover of mini-

) mum size. Because of the change

Fie. 25, ~VYormation of crossover and beam  jn lens constants, the position of

envelope. the crossover moves away from

the cathode as the grid is made less negative, thereby increasing the
beam current.

2-4. The Complete Electron Gun.—The complete electron gun of
the cathode-ray tube embodies in various forms both electron lenses
described in Secs. 2-2 and 2:3. One of these has already been illustrated
in Fig. 2-1. Figure 2-6 illustrates two other gun types, more generally
used. Figure 2-6a shows an electrostatic-focus gun used in a typical
oscilloscope tube, in which the deflection is also produced by electric fields.
Figure 2:6b illustrates a typical gun used in an all-magnetic tube, in
which both focusing and deflection are produced magnetically. The
focusing lens in this case is physically placed outside the tube, but it
snould definitely be considered as part of the gun. In all types of tubes
tilustrated, the cathode lens is essentially the same.

} Maloff and Epstein, op. cit.
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The conventional analysis of the process of image formation in all
types of cathode-ray tubes is in terms of the action of two lenses and may
be summarized as follows. Electrons are emitted from the cathode in
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anode A i
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Cathode g . Control electrode G, Second
gri
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Fia. 2-6.—Two common forms of cathode-ray tubes. (a) Electrostatic deflection-type
cathode-ray tube with electron gun designed for zero current to focusing electrode (first
anode). (1) Magnetic deflection-type cathode-ray tube with tetrode electron gun.

an amount determined by the potential of the control grid G, and
accelerated by the field due to the positive potential applied to the
accelerating electrode (%z; the shape of the beam is controlled by the
constants of the cathode lens formed by these elements, resulting first
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in a constriction near the cathode, known as the ‘crossover,” and there-
after in a divergence of the beam; either the entire bundle (Fig. 2-6b) or
the central part of it (Fig. 2-6a) then passes through the region of a second
lens, called a ““focusing lens,” at a considerable distance from the cathode,
and is there made to converge toward the tube axis, reaching a focus at
the screen of the tube. Obviously the crossover deseribed in the previous
section cannot be observed directly, but from the constants of the focus-
ing lens and the size of the image formed on the screen, it can be shown
that the object that is imaged on the screen is very near the cathode, and
that its size is considerably smaller than that of the emitting area of the
cathode. It is much smaller than that which would result if the enlarged
image of the cathode were considered to be the ““object’ for the focusing
lens. Consequently it i8 concluded! that the object focused may be
considered to be the virtual image of this erossover, which also turns out
to be smaller than the emitting part of the cathode, and the position of
which is in the vicinity of the cathode, and slightly behind it.

A somewhat different analysis of the electron optical system involved
in the formation of the image has been made by Liebmann,? who considers
the image to be formed by three rather than two lenses. By replacing the
single cathode-lens field distribution mentioned in the previous paragraph
by two relatively closely spaced lenses, he arrives at the conclusion that
because of the combined action of these two lenses there is formed, not
far from the modulating grid, a virtual, reduced, inverted image of the
cathode. The main focusing lens then forms an image of this at the
screen (see also page 56).

The conditions existing in this region of the cathode-ray tube are so
complicated that the theoretical analyses necessarily employ greatly
oversimplified conditions. Further investigations toward a clearer
understanding of this complicated electron-optical problem are necessary
and important.

A discussion of (1) the effect of various parameters on the beam cur-
rent, (2) the area from which this current originates, (3) the angle that
this beam subtends at the cathode, and (4) the current density of the
beam at the screen will contribute to an understanding of the properties
of complete cathode-ray tubes.

Beam-current-grid-bias Relations.—The characteristics that an input
amplifier must have in order properly to drive the cathode-ray tube are
determined by the tube’s modulation or transfer characteristic, which is
the relation between the current to the screen of the cathode-ray tube and
the voltage applied to the control grid.

! Maloff and Epstein, op. cit.

* G. Liebmann, ‘““Image Formation in Cathode-ray Tubes,” Proc. I.R.E., 38, 381~
389 (1945).
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This relation is expressed by
t = A(E — Eo)» = AE}, (12)

in which 4,, = screen current, E.; = voltage of control grid (a negative
number), ., = voltage on control grid to produce tube cutoff (a negative
number), B; = “grid drive”” above cutoff, in volts (E; is positive, since
|E.| must be greater than |Ec1! in order to have any beam current), 4 =
grid-drive factor, a constant, and n = a constant (positive, and not neces-
sarily an integer). For constant tube geometry and anode voltage, A,
n, and E., will be constant. However, the value of E., is not specific
because cutoff may be defined in various ways. Since the value of grid
potential for which the screen current is judged to be zero depends upon
the sensitivity of the measuring instrument, this definition of cutoff is
not employed. Instead, the grid bias necessary to produce some arbi-
trary small current, for example, 0.5 or 1.0 pa, may be used to define E...
A much more commonly used definition for E.,, however, is that known as
the “visual cutoff”” voltage. Even this value is not too well defined since
it depends, for any given electron gun, on the condition of the eye of the
observer, the external illumination falling on the screen, the efficiency of
the phosphor, and the area of the screen being bombarded by electrons.
Thus the cutoff voltage for the visual extinction of a stationary, sharply
focused spot will be considerably greater than that corresponding to
extinction of the line pattern of a television raster.

Method 1 for Determination of Constants in Eq. (12).—One customary
method of determining the constants A and = in Eq. (12) involves plotting
i and E; on a log-log plot, with E; measured from the visual cutoff as
determined by some arbitrary criterion. The slope of the line best
fitting the experimental points then gives the value of the exponent n,
and the value of 4 can be determined by choosing some one point on the
line and substituting its coordinates in Eq. (12). Experimental data
compiled by Moss! and others indicates that the relation between cathode
current 4 and grid drive, determined by this method, is

iy = KE¥3, (13)

where K is a function of the visual cutoff of the tube, and is given approxi-
mately by the expression

K = 3E32 (14)
Thus, combining Eqgs. (13) and (14),
3.5
b = 35‘3*0 . (15)

1 H. Moss, “The Electron Gun of the Cathode-ray Tube, Part 1,”” J. Brif. Inst.
Rad. Eng., b, 10-26 (1945).
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At zero bias, the cathode current is
(8k)Eemo = BELP (16)

In Eqgs. (13), (14), and (15), 7 is measured in microamperes, E., and E4
in volts.

For many magnetic-focus guns, almost no current is intercepted by
apertures in the gun. Consequently Eq. (15) holds as the relation
between screen current and grid voltage as well, and indicates that the
value of the exponent n in Eq. (12) is 3.5. On the other hand, for tubes
employing electrostatic focusing, beam stops are almost universally
introduced. They take a considerable portion of the cathode current,
and the screen current is consequently considerably less than in the case
of magnetic focusing. The value of n is therefore less than 3.5. Moss
indicates that, over most of the characteristic, n has the value 1.5.

Method 2 for Determination of Constants in Eq. (12).—A second method
of determination of the constants in Eq. (12), which does not depend on
the determination of the visual cutoff, consists of considering n as a
parameter and plotting 7%/ as a function of E.; for several arbitrarily
chosen values of n.'! The correct value for n in Eq. (12) is the one that
gives the best straight line in these plots. The intercept on the E.; axis
then gives the value of E.,, which is called the ‘“ extrapolated cutoff,” and
which differs from the E., used in Method 1. The constant A is the slope
of the line raised to the nth power. For magnetic tubes not containing
limiting apertures, the value of n thus found is very near 3. Using this
method, Eq. (12) becomes

'iun = A(Ezl - lgco)3 = AEg' (17)

The value of A is found to vary with cutoff, but not so simply as expressed
by Eq. (14) (see also Sec. 2-12).

For tubes of the electrostatic focus and deflection type, in which the
masking of the beam is severe, this method indicates that the value of n
1s approximately 2, and the screen current is then given by

isn = A(Ecl - 00)2 = AE%' (18)

Because of variations in size, location, and alignment of apertures inthis
type of tube, wider variations result in n and especially in A than in the
case of magnetic tubes.

The exact evaluation of the values of » and A, and the reasons for
their variation, are of primary interest to the designer of the cathode-ray
tube. In using the tube, it is probably sufficient to know that in general
the screen-current vs. grid-drive curves are roughly cubic for magnetic

' W. B. Nottingham, RL Report No. 62-7, May 14, 1943.
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deflection-type tubes, and roughly square-law curves for electrostatic
deflection-type tubes. In some cases this is not true, since some magneto-
static focus tubes employ beam masking, and some electrostatic focus
tubes may have no masking of the beam.

Emitting Area of Cathode and Cathode Loading.—The area of the
cathode from which the current indicated by Eq. (12) originates is of
considerable interest. At cutoff, this area is zero, whereas for zero grid
voltage, Moss! has shown that the emitting diameter is equal to that of
the control-grid aperture D, regardless of the spacing between grid and
accelerating electrode (see Fig. 2-1) or of the voltage applied to this elec-
trode. For values of grid voltage between these extremes, Moss found
that the curve of emitting diameter d as a function of grid drive E; was
a somewhat S-shaped curve, which can, to a first approximation, be
considered linear, so that
— E'i .
K.,

d D. (19

Furthermore, the emission current density has been found to vary
over the emitting area in a manner roughly illustrated by Fig. 2:7. Both
the peak and the mean current density are seen to increase with increasing
grid drive. The ratio of peak density to mean density also increases with
increasing current. The cathode

. . 2= Distance
loading is defined as the cathode cur- from axis
rent per unit emitting area. A very y=Current

density

rough assessment of the cathode load-
ing for any value of grid drive E;

may be made as follows. From Eq. Grid
aperture
(13),
. 3E%5
=22 2-15 a
b E ( ) Cathode /
From Eq. (19),
E NN
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Therefore, the mean cathode loading is
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From experimental data, Moss arrives at a semiempirical relation for the

peak cathode loading p. as follows:
0.015
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1 Moss, op. cit. R
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in which p, is expressed in ma/mm?; D, the grid-hole diameter, in mm ;
and the drive E; in volts. This equation gives only an approximate
estimate of the peak loading. In practice, the diameter of the grid hole
of a cathode-ray tube is between 0.75 and 1.0 mm. From Eq. (22) the
estimated peak cathode loading for a 50-volt drive on a tube having a
1-mm grid hole is found to be approximately 5 ma/mm?2 For satis-
factory cathode life, couservative designers estimate that the maximum
peak loading should not be far above 10 ma/mm?2.

Beam Divergence.—The angle of divergence ¢ of the conical bundle of
electrons, after they have passed through the grid aperture, determines
the cross section of the beam at the focusing lens, and consequently it
affects the magnitude of spherical aberration in this lens as well as the
amount of deflection defocusing.

For a given geometry of gun,
the experimentally determined
relation between beam-divergence
angle ¢ and control-grid potential
E.; is illustrated in Fig. 2-8. 1In
this figure, each curve applies to a
specific value of E.,, the potential
applied to the accelerating grid,
with the further condition that all

E¢y (~volts) Scale arbitrary electrodes beyond the accelerating

F1a. 2-8.—Relationship between grid drive grid are maintained at the same

and beam divergence. N . A N

potential as this grid, that is, that

the region beyond the accelerating grid is equipotential. The cutoff of

the tube increases with increasing E.., but the interesting fact is evident

that at zero grid bias the beam-divergence angle is independent of E...

This fact is to be expected from the principle of voltage similitude, which

states that the trajectories are unaltered by multiplication of all electrode
potentials by a constant factor.! To a first approximation,

Sin ¢ (beam-divergence angle)
Scale arbitrary

Eq

Ew

where E4/E., is the voltage drive expressed as a fraction of the drive to
zero bias. The value of ¢o, however, varies with the gun geometry,
increasing with an increase in size of the grid aperture and with a decrease
in the distance between control and accelerating grids.

In a complete tube, under normal operating conditions, the region
beyond G- is generally not field-free, and hence the beam divergence will
be altered somewhat. For example, in the case of the magnetic gun

! Maloff and Epstein, op. cit., p. 187; H. Moss, J. Bril. Inst. Rad. Eng., 6,204 (1945);
8 (1946).

sin ¢ =

sin ¢, (23)
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illustrated in Fig. 2-6b, the potential difference between @, and the con-
ducting coating of the anode causes some electrostatic focusing and
thereby reduces the beam divergence (see also Sec. 2:13).

Whenever a gun contains beam-limiting apertures, as in Fig. 2-6a,
for example, a very small grid drive E; suffices to make the cone ¢ fill
the aperture. In practice, then, the values of grid drive employed are
considerably larger, with the result that the effective beam angle is
determined by the size and location of the masking aperture, and the
increase in beam current to the screen with grid drive is due to the increase
in current density from the cathode.

Effects of Beam Convergence on Image Current Density.—The problem
of the designer of a cathode-ray tube is to achieve as bright and as small
a spot as possible, with the use of a minimum of input power both to
create and to deflect the spot. This requirement necessitates the incor-
poration within the tube of a screen of maximum efficiency together with
an electron gun that can produce an electron beam that converges at
the screen into a minimum diameter. The two principal elements of this
gun have been briefly described. It is now of interest to consider the
effects of beam convergence on the current density.

A fundamental law, derived by Langmuir,! is that given by Eq. (24):

P = pe (icv—Te + 1) sin? 4, (24)

in which p. = current density at the cathode, p; = current density at
the image, V' = potential at the image, ¢ = electronic charge, ¥ = Boltz-
mann constant, 7 = temperature of cathode (degrees Kelvin), and 6 =
semiangle of convergence of the beam at the screen.

In order to consume a minimum of power, V should be kept as low
as possible. Also, to keep T as low as possible, oxide-coated cathodes are
used. The value of p. is not constant over the whole emitting area, but,
as was indicated in Fig. 2-7, decreases exponentially with the distance
from its center. The peak density at the center increases with increasing
total current. However, the maximum current density that can safely
be drawn from the cathode, the peak cathode loading previously dis-
cussed, is also subject to practical limitations.

Thus the only variable in Eq. (24) which is not essentially severely
restricted is 8. The current density at the image may therefore be
increased by making 0 larger. For a fixed location of gun and screen,
this increase can be attained by altering the gun so that the divergence
of the beam from the first lens is increased; and @ will then increase in

' D. B. Langmuir, “Theoretical Limitations of Cathode-ray Tubes,” Proc. I.R.E.,
22, 977 (1937).
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direct proportion to the diameter of the beam at the focusing lens.
Alternatively, with no changes in the gun, # may be increased by shorten-
ing the tube, that is, by decreasing the distance between focusing lens
and screen. This decrease must be accompanied by a simultaneous
increase in the power of the focusing lens. Obviously, the process of
shortening the tube means a loss in deflection sensitivity because the
distance from deflecting system to screen is also reduced.

The increase in current density obtained by increasing 6 has definite
limitations, which are intimately

FO(I:euns;ng Region of Screen associated with the mechanism
f d,ileflo"‘ /,> used to deflect the beam, and

! ! ! 00,// a’ Al which pertain specifically to the

N = - | problem of deflection défocusing.
= This deflection defocusing is a

| I ! function of the angle of deflection,

(a) the cross section of the electron

bundle in the region of deflection,
and the type of deflection system
used. A comparison may be
made between magnetic deflection
produced by coils of good form
external to the tube, and electric-
field deflection produced by care-
fully designed plates, with
identical distances between de-
flecting systems and screen, as
illustrated in Figs. 2:9a¢ and b.
For a deflecting angle a1, chosen
to be roughly the maximum angle
for good performance with electric-
field deflection, the deflection
defocusing becomes serious in the

Fi6. 2:9.—Comparison between deflec-
tion by electric and magnetic fields. (a) De- ;
flection by electric field. (b) Deflection by case of deflection produced by the

magnetic field.  (c) Shortened tube. action of deflection plates when

the beam diameter at the plates exceeds 2 or 3 mm; whereas, for magnetic
deflection with the same deflection angle, this diameter may be as large as
6 or 7 mm before it produces an equivalent amount of defocusing. Con-
sequently, the ratio between the maximum values of 8. and 6. is roughly
between 2/1 and 3/1. The ratio of current densities, which varies as 62,
then comes out to be roughly 6 to 1 in favor of magnetic deflection. The
reasons for this are (1) that the area of uniformity of field is considerably
greater in the magnetic case because the dimensions of the parts produc-
ing the field can be much greater and (2) that the energy of the electrons
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ig constant during the magnetic deflection, and is not constant for electric-
field deflection.

A further possible advantage of a tube of the magnetic-deflection
type, namely, a shorter over-all length, immediately becomes apparent;
for, keeping 0, constant, a decrease in the distance from focusing lens to
screen, illustrated in Fig. 2-9¢, results in a smaller beam diameter in the
deflecting region. Therefore, with the same over-all defocusing, a
greater deflecting angle «» may be used. The deflecting angle employed
in almost all magnetic tubes developed for radar use is 27°; and for the
most widely used screen size, namely 5 in., the ratio of the over-all
lengths of the electrostatic type to that of the magnetic type is approxi-
mately 1.5 to 1 (namely, 163 in. for the 5CP1 vs. 11 in. for the 5FP7).

The preceding discussion indicates the superiority of magnetic deflec-
tion over electric deflection in several respects, but it does not indicate
the degree to which experiment checks the Langmuir equation for cur-
rent density. KEven in the most carefully designed and constructed tubes,
the measured current density at the screen’ is roughly only 10 per cent of
that predicted by the Langmuir theory. The discrepancy between these
values is, without doubt, due to the combined effects, principally in the
region of the immersion lens, of space charge, the finite velocity of emis-
sion of electrons, and aberrations in the lens. The problem is by no
means completely understood.

Variation of Spot Size with Electrical Parameters E,, E., E;.—Since
the current distribution to the screen and, to a first approximation, the
luminance of the spot follow a Gaussian distribution, it becomes difficult
to define just what should be called the ““spot size.”” Thus the term ‘““spot
size’’ must be arbitrarily defined, and is taken to be the diameter of that
circle at which the luminance has reached some definite fraction of the
peak value at the center of the distribution curve. Because of the finite
thickness of the screen and the scattering of light therein, the light output
of the screen will have a somewhat broader distribution than that of the
beam current that strikes the screen. In the following paragraphs, this
difference is neglected, and *‘current density’’ and “spot-size’’ distribu-
tions will be considered as being identical.

In making an analysis of the effects of the various parameters on the

tIn order to avoid the difficulties that scattering of light in the phosphor and
possible nonlinearity between the current density and the resulting light output would
introduce, it is necessary in making measurements of current density to work directly
with the electron beam, rather than to observe the characteristics of the luminous spot
in & conventional cathode-ray tube. Therefore, the screen is replaced by a specially
designed electrode containing either a small circular aperture or a narrow slit in front
of a Faraday cage by means of which the current passing through the aperture may be
measured as the beam is moved across it by the deflecting system. For a discussion
of this method, see L. Jacob, Phil. Mag., 28, 81 (1939).
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experimentally determined current distribution using the Faraday cage
method, simplifying assumptions are made. These are

1. The focusing lens, and the immersion lens, are considered to be
free from aberrations.
2. The effects of space charge are neglected.

Under these conditions the measured current density distribution at
the screen, which appears as d; in Eq. (21), dy/dy = (v/u) A/ V./V,,
gives information of the conditions existing at the crossover, which is
assumed to be the “object’ whose ‘‘image”” is measured. Note that the
crossover cannot be measured directly. Under experimental conditions
in which the ‘effective area of the cathode is limited to avoid the intro-
duction of excessive aberrations, Moss! found (1) that the diameter of the
crossover is independent of E,, at least over a limited range, and (2)
that the diameter of the crossover is proportional to 1/+/V,, where V,
is the voltage at the crossover; that is,

(25)

Therefore it would seem that it would be advantageous to have the
crossover formed at as high a potential as possible. However, since, in
Eq. (23), A/V, appears in the numerator, the diameter of the image
should be independent of V. and, as is readily seen by combining Eqgs.
(23) and (25), should be inversely proportional to +/V,, where V, is
the final-anode potential; that is,

dy = ——- (26)

In reality, however, the simple conditions under which these results
obtain are not met in practice. Space charge in the cathode region is not
negligible, and neither lens is free from aberration, particularly in the
complicated cathode region. Therefore, the observed spot size increases
with increasing current. Also, the spot size decreases with increasing
voltage on the accelerating grid, probably because of (1) the reduction of
space-charge effects, and (2) the increase in the cathodeloading. Finally,
the observed variation of spot size with increasing anode voltage does not
uniformly agree with Eq. (26). This last fact has led Liebmann? to dis-
count this crossover theory, and to propose an analysis based on three
lenses rather than on two. This analysis results in a deemphasis of the
crossover as such and indicates that the spot size should be independent

1 Moss, op. cit.

3 Liebmann, lge. cit.
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of Vi. A complete understanding of the many factors entering into the
exact behavior of the cathode-ray-tube spot is thus not at hand.!

ELECTROSTATIC CATHODE-RAY TUBES?

Cathode ray tubes in which both the focusing and deflection are
electrostatic are the most common types of tubes. For brevity, these
will be designated in Secs. 2-5-2-9 simply as “electrostatic’’ cathode-ray
tubes. Several typical ones are illustrated in Fig. 2-10. The principal

Fia. 2:10.—Typical electrostatic cathode-ray tubes (a) 2AP1; (b) 3BP1; (c) BbPl (d) 5BP3-

advantages of these tubes employing deflection by electrostatic fields lie
in the high impedance of the deflection elements, the extremely fast
writing speeds that may bé obtained, and the linearity of the deflection
with respect to the voltages applied to the deflection elements.

2:5. Gun Types Used in Electrostatic Cathode-ray Tubes.—The
guns used in cathode-ray tubes of the electrostatic focus and deflection
type currently available in the United States are of three types. The
latest one of these to come into use has already been briefly described in

! Further experimental data in regard to ‘various methods of measurement of spot
size in complete cathode-ray tubes, and spot-size relationships for various conditions
of operation, are given in Chap. 17.

2 The assistance of A. Y. Bentley in the compilation of data and matenal for this
section is gratefully acknowledged.
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Sec. 2-4 and in Fig. 2-6a. The three guns differ principally in regard
to the arrangement of the focusing lens. These variations introduce
changes in the control characteristic, as well as in the total light output
available, and in the quality of the focus. Photographs of typical
samples of the three types of electron gun are shown in Fig. 2-11, with

[ P . . :

Frge. 2-11.—Photographs of typical electrostatic electron guns used in electrostatic

deflection cathode-ray tube. ~ (a) Triode type. (b) Accelerator type. (¢) Zero-first-anode-
current type.

cross sections as indicated in Fig. 2:12. In all these, the cathode and
control-grid construction are not essentially different.

Cathode.—The thermionic cathode of almost all cathode-ray tubes is a
nickel cylinder or cup, indirectly heated by an internal heater that is
electrically insulated from the cathode by a ceramic covering. The
emitting portion of the cathode is a small area on the closed end surface
of this cylinder which is coated with barium and strontium oxides. The
emitting surface is usually a plane perpendicular to the axis of the cup.
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The input power to the heater is customarily 4 watts, and most heaters
are designed for operation at 6.3 volts.

Control or Modulating Grid—The element controlling the flow of
electrons from the cathode is a nickel cylinder, usually § in. in diameter,
coaxial with the cathode cylinder. With the exception of an approxi-
mately 1-mm-diameter circular central opening immediately opposite the
emittiug portion of the cathode, the forward end of the eylinder is closed.
The spacing between cathode and grid is about 0.005 to 0.010 in. and
must be closely controlled.

Sometimes the grid cylinder
extends a short distance beyond the
plane containing the aperture.
This extension is known as the
“grid skirt” and is introduced to
effect the proper degree of control
of the beam. The grid skirt also
introduces some additional focusing
action. It is very important for
good image formation that the
planes of the cathode and grid aper-
ture be parallel, and that the grid
hole be truly circular and free from
burrs. If any cathode material
gets onto the grid aperture, the
elevated temperature of the grid
due to its proximity to the hot
cathode may result in emission of
electrons from the grid. These s’:;g"yEﬂ Ey En Ep=
electrons are accelerated toward the Fra. 2-12.—Typical electron guns used
screen by the high positive potential in _electrostatic cathode-ray tubes. (a)
on other electrodes and cause UD-  goo gt e deomrrens e VP ©
controllable stray light emission
known as a ““ghost.” To eliminate this effect, it is customary to reduce
the emissivity of the grid either by gold-plating it, or by adding radiating
fins to the grid cylinder to reduce its temperature, or both.

The rest of the gun structure is composed of an arrangement of
coaxial cylindrical and apertured disk elements that differ in the three
types of guns.

Triode Guns.—In the oldest type of gun, which is sometimes called a
“triode gun’’ although it contains four essential elements (see Fig. 2-12a),
the electrons after passing through the control-grid aperture enter the
first anode, or focusing electrode. This electrode is in the form of a long
cylinder containing one or more apertures of various sizes. The field
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between the first anode and control grid forms part of the immersion or
cathode lens discussed in Sec. 2-3, and is not considered to contribute
any focusing action. Because the region within the focusing electrode
is almost field-free, the electrons travel essentially in straight lines. The
purpose of the apertures is to mask off the outer portion of the conical
bundle of electrons. Immediately beyond the focusing electrode is the
second anode. This electrode usually consists of a short cylinder closed
at the far end by a disk containing a small central circular aperture.
This aperture further masks off part of the exterior portions of the elec-
tron bundle. The second anode is maintained at or near ground poten-
tial and is connected electrically to a conducting coating that lines the
inner wall and bulb of the cathode-ray tube to a point extending almost
up to the forward end, which contains the fluorescent screen. Thus, the
volume beyond the second anode forms an essentially field-free region.

The principal focusing action of the electron gun takes place in the
region between the focusing electrode and the second anode because of
the strong lens formed by the potential difference between these two
elements. As is indicated in the figure, the potential of the focusing
electrode is negative with respect to the second anode. For the con-
struction usually employed, the voltage needed on the focusing elec-
trode in order to bring the electron beam into focus at the screen is
roughly one-fourth the total voltage applied to the electrons. One
characteristic of a gun of this type is that the act of focusing the beam by
varying the potential of the focusing electrode simultaneously changes the
constants of the cathode lens and causes a change in the beam current.
This unwanted change in brightness of the trace must be corrected by a
manipulation of the control-grid potential, and the process of securing
proper adjustment of the beam is thus made more complex. The maxi-
mum beam current that reaches the screen is relatively low; hence,
although the focused spot has small size, the available brightness is only
moderate.

Accelerator Type of Electron Gun.—This electron gun type is a modifi-
cation of the one just described, containing an additional electrode that
is interposed between the control grid and the focusing electrode or first
anode (see Fig. 2-12b). This new electrode usually consists of an aper-
tured disk or a shallow cup, which is connected internally to the second
anode. This electrode accelerates the electrons in the region immedi-
ately in front of the grid to the velocity corresponding to second-anode
potential, increasing the maximum current that may be drawn at zero grid
bias. It further acts as a screen grid and prevents variation of the poten-
tial of the focusing electrode from affecting the constants of the
cathode lens, which now is formed between the control grid and the
accelerating electrode. Therefore the beam current is essentially
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unaffected by variations in focusing voltage. Thus two desirable
improvements have been effected by the introduction of the accelerator
electrode: (1) freedom from interaction between focusing voltage and
beam current, and (2) an appreciable increase in the modulation sensi-
tivity. The latter is desirable for intensity modulation applications
because the video amplifier may then have a lower gain, resulting in con-
siderable saving in power. It should be noted, however, that this
higher modulation sensitivity is obtained at the cost of some impairment
of focus.

In both types of electron gun described thus far, an appreciable
fraction of the total current is intercepted by the apertures in the focusing
electrode. In practically all electrostatic deflection tubes the second
anode also contains a masking aperture that collects a fraction of the
current. The purpose of the aperture in the second anode is to assure a
well-defined beam centrally located with respect to the deflection plates.
In both electron guns described, the current flowing to the focusing
electrode is usually considerably greater than that flowing to the second
anode. Hence, to secure reasonably good voltage regulation of the first
anode, it is necessary to make the resistance of the bleeder circuit rela-
tively low, thus wasting power in the bleeder. A small amount of regu-
lation of the first-anode voltage is desirable since the voltage of this
electrode should decrease somewhat with increasing beam current in order
to maintain focus (see Sec. 2-8). Such compensation by means of the
regulation afforded in the bleeder circuit is, however, complicated by
the fact that the variation in first-anode current existing from tube to
tube is considerable, and therefore no universal regulation can be applied
in this manner.

Zero-first-anode-current Type of Electron Gun.—In order to overcome
the focusing-electrode regulation difficulties, a further modification of the
gun has been made, in which the focusing electrode draws essentially no
current.! A gun of this type is sketched in Fig. 2-12¢. The accelerator
electrode is in the form of a long cylinder, with a masking aperture at its
forward end. As before, the focusing electrode is interposed between the
accelerator and the second anode. However, it is now relatively short,
and consists either of an open cylinder, as illustrated, or of an apertured
disk with aperture diameter greater than that of the apertures in the
adjacent parts of the accelerator and second anode. The electron lens
formed in the region of the focusing electrode then makes tlre beam
converge to a focus at the screen, as in the previous types. By masking
the beam in G, instead of in A, secondary electrons emitted from the

1 This type of gun structure was first produced by RCA. Its advantages
have been clearly demonstrated, so that the more recently designed tubes of practically
all manufacturers employ this type of gun.



62 CATHODE-RAY TUBES [Sec. 2-6

masking aperture are less apt to reach the screen. Also, the smaller diam-
eter of the beam in the focusing field is advantageous in that it reduces the
effects of spherical aberration in the focusing lens.

Cathode-ray tubes of a given type number may contain any of the
three types of guns. Specifications, particularly onolder tube types, have
been so lax that they could be met by any of the existing gun types.
Therefore, the gun type used was a matter of preference with individual
manufacturers. However, it is possible to identify tubes having their
electron guns changed to the zero-focus-current guns because these are
uniformly designated by the addition of the letter ““A”’ after the tube
type number. These and other newer zero-focus-current types which do
not have the A designation may be identified in table D-1 by reference
to the values pertaining to Anode No. 1 current.

The gun proper may be considered to end at the second anode. A
converging bundle of electrons, well defined by the aperture in the second
anode, and traveling with a speed that is determined by the total voltage
difference between cathode and second anode, then passes through the
region of two orthogonal sets of plates, where it is acted upon by the

deflecting electrostatic fields.
T 2.6. Theory of Deflection in an
y  Electrostatic Field.—The equa-
L tions for the deflection of the beam

Second anode

_— at the fluorescent screen due to the

/910 x screen electrostatic field between the

) uatleﬂ t . I plates between which the beam

a passes will now be derived. In

Fie. 2'13-“:11?3?;’(?::‘;&:2‘2113”'“0“ beam in an  thig derivation, the simplifying

assumptions are made that the

plates are parallel, that the electrostatic field between the plates is

uniform and normal to the plane of the plates, and that the field is
zero everywhere else; that is, fringing fields are neglected.

The origin of the coordinates may be taken to be at the point at
which the electron enters the field, with the x- and y-axes as indicated in
Fig. 2-13. In this figure, [ = length of plates (cm), d = separation of
plates (cm), L = distance from end of plates to screen, and ¥ = pdsition
of deflected spot on screen. Also, let

V = potential of second anode with respect to cathode,

V4 = potential of top plate,

Vs = potential of bottom plate (for the direction of deflection shown,

Va < V),
Vi = Vi — Vs = deflecting voltage,
e = electronic charge,
m = electronic mass.
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The kinetic energy of an electron as it enters the deflecting region will be
st =V -e. 27)

Therefore, its speed v is given by

v=\/?» (28)

and it is initially directed along the z-axis. Therefore, the initial con-
ditions existing at point O are t = 0,z = 0, y = 0, and v, = dy/dt = 0.

Because of the potential difference existing between the plates, an
electric field

=Y

E=3

volts/cm, (29)
which exerts a uniform force on the electron in the direction of the
~+y-axis, exists between the plates. By the time the electron reaches the
end of the plates, this force has displaced it from the axis by an amount
¥, and its path at this point is inclined at an angle o with respect to the
z-axis. The desired expression for the displacement is simply determined
from the geometry illustrated, because

Y =y, 4+ L tan a. (30)

The problem is to find y; and tan a.
The equation of motion for an electron in the electric field E is

LYY _p.

me o E -e. 31)
When Eq. (31) is integrated twice, and the initial conditions already
mentioned are used, both constants of integration are zero, and the
equation for the displacement y becomes

-t
- .,
y m 2

(32)
To a first approximation, the electrons travel at the uniform speed v.
The relation for the time ¢ required to travel a distance z is given by
t = z/v. FEquation (32) may therefore be written in terms of the
distance z rather than in terms of time.

e x?
y=2-8-2 (33)
Using Eq. (27), Eq. (33) reduces to
y = % IE, -2t (34
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At the end of the plates, ¥ = y; and « = [; hence
— 1 E . J2
Bn=3y 2 (35)

Also, from Eq. (32), the inclination of the beam at any point is

d 1E

d_:: = § T’ - X, (36)
In Fig. 2-13 the value of dy/dx at the end of the plates is represented as
tan a; therefore from Eq. (36)

1E
tan a = Ev‘l (37)

Substituting Egs. (35) and (37) into Eq. (30),

_IE.2 IE .
=3y Ptay il
1 El !
_§V(L+§)
1E

for the case where I << L. This condition exists in most cathode-ray
tubes.
Replacing the E in Eq. (38) by its constituent factors, from Eq. (29),

—_— 1 - Vd l .
The deflection sensitivity
_Y 111
DS=v.=za vl (40)

A more customary method of staving the deflection characteristics is in
terms of the deflection factor DF, which is the reciprocal of the deflection
sensitivity and is usually expressed in deflecting volts per inch of deflec-
tion; that is,

—I};i = 2%, =k-V (volts/inch). (41)
The more sensitive the tube, the smaller will be its deflection factor.
It is evident from Eq. (41) why short tubes, in which the plates are rela-
tively near the screen, have large deflection factors. The plates nearest
the screen are designated as D, and D,, and those nearer the base as D;
and D,. Genperally the deflection factor for plates Dy and D, is consider-
ably ereater than that for plates D; and D; because of the decreased

DF =
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value of L for the former set of plates. This difference can be partially
counteracted by a decrease in the spacing or an increase in length, or
both, for the set nearer the screen.

In practice, the deflecting plates used in cathode-ray tubes do not
consist of the straight parallel plates here described. Rather, they are
either curved or bent to improve the sensitivity and still prevent the beam
from striking the forward end of the plates.

In operation, the deflection factor of the cathode-ray tube is directly
proportional to the operating voltage V of the second anode. This
voltage is limited by thedifficulty in producing the peak deflecting voltage
needed to deflect the spot to the edge of the screen.

2-7. Postdeflection Acceleration.—The light output of a phosphor
increases roughly as the square of the voltage through which the electrons
striking the screen have been accelerated. Therefore it is advantageous
to use as high a total voltage as possible. However, doubling the total
voltage also doubles the deflection factor, as is evident from Eq. (38).
In order to secure the advantages of higher brightness without a corre-
sponding sacrifice in deflection sensitivity, the possibility of using post-
deflection acceleration has been introduced in several types of cathode-
ray tubes. In these tubes, the electrons may be accelerated through a
potential difference approximately equal to that existing between cathode
and second anode after they have passed the region of the deflection
plates. The required accelerating field is achieved by splitting the con-
ducting coating that usually extends almost to the screen. The annular
gap between the resulting two conducting sections is - to 3-in. wide, and
is located on the bulb a short distance beyond deflection plates D; and
D,. The section of the coating surrounding the deflection plates is
connected internally with the second anode, whose lead comes out
through one of the pins in the base of the tube. "Fhe conducting surface
between the annular gap and the screen is called the “third anode’” or
“intensifier,” to which electrical connection is made by means of a
separate contact on the bulb. In order to eliminate flashover between
the second and third anode due to sharp points that may exist in the
adjacent edges of the two coatings, the space between them is usually
bridged by a semicondueting coating having a high resistance. The
coating serves to insure a uniform field distribution in this region.

In order to accelerate the electrons after they leave the deflection
plates without affecting the deflection sensitivity of the tube, it would be
necessary that the equipotential surfaces of the accelerating field be
everywhere normal to the direction of the incident electrons. This
condition has not been achieved in practice, and the shape of the equi-
potential surfaces in the region between second and third anodes is such
as to alter the trajectories of the electrons. Consequently, for a voltage
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difference between second and third anodes (Ez — Ei2) equal to that
between cathode and second anode (Ey; — E), there is an increase in
deflection factor of approximately 20 per cent over that which would exist
if the third anode were connected directly to the second anode.

In addition to the effect of the postdeflection field on the deflection
sensitivity, this field introduces aberrations in the deflected spot, so that
the maximum useful ratio of Es; to Ej, is approximately 2 to 1.

With careful design, it should be possible to achieve the deflection
sensitivity and light output obtained when using postdeflection acceler-
ation in a conventional type of tube not employing this feature. How-
ever, the problem of obtaining voltage insulation through the base of
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Fra. 2-14.—Variation of deflection factors with second- and third-anode voltage, for
5CPl-type tube.

such a tube is considerable, and the postdeflection-acceleration principle
reduces these insulation difficulties very considerably. A further factor
in favor of the use of postdeflection acceleration is that the total acceler-
ating voltage may be applied half below ground potential and half above
ground potential, thus reducing the problem of insulation of all supply
voltages. Several 3-in., 5-in., and 12-in. electrostatic tubes employ the
postdeflection-acceleration principle.!

2.-8. Electrical Characteristics of Standard Cathode-ray Tubes.
Deflection Characteristics.—As indicated by Eq. (41), the deflection factor
of a tube is proportional to the accelerating voltage applied to the second
anode. Using the customary terminology for second anode voltage,
namely Ess,

DF = k N Ebz. (42)

! For further particulars consult Appendix D. This same principle, but applying

the total voltage in several steps, is used in the special type 5RP tube described in
Sec. 29.
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If allowance is made for the introduction of postdeflection acceleration
and its effect on the deflection factor, the deflection-factor equation is,
in the general case,

DF = kl(EbZ) + k2(Eb3 - Eb?)- (43)

Figure 2-14 illustrates the behavior of the deflection factor with variation
in the accelerating voltages for a common type of cathode-ray tube
(5CP1). For this tube type, the constants k, and k; in Eq. (43) have
the following values when E;, and
E,; are expressed in kilovolts, and
the deflection factor is in volts per
inch: for deflection by D; and
Dy, ki = 35, ks = 9; for deflection
by D3 and D4, ]Cx = 30, ’Cg = 10.1 1

Transfer Characteristics—From
Eq. (18) in Sec. 2-4, the relation
between screen current and grid 2
drive for electrostatic tubes is

im=A(Eoo"-Ecl)2=AE3

(2-18) / 3
As noted in Sec. 2-4, the method /
ECD
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of measurement adopted affects the
evaluati t
e (1) Figere 215 pre. " R @ 0
- . Eyin voits
sents data for tubes having the Fig. 2:15.—Transfer characteristics of
same cutoff bias, but which have various gun types used in electrostatic
cathode-ray tubes: (1) accelerator; (2)

electron guns of the three types gero-facus-current; and (3) triode type.
discussed in Sec. 2-5 but made by  Test conditions: Hz = 1500 volts, e
different manufacturers. Forelec- 2000 volts:
trostatic tubes made during the war years, those made with triode guns
generally had the lowest grid-drive factor A, whereas those made with
the accelerator type have the highest. This does not imply that the three
types of gun necessarily differ so widely in their transfer characteristics.
For any specific tube, the cutoff bias, as well as the transfer characteristic,
varies with changes in the operating voltages applied to the tube.

Figure 2-16 represents transfer characteristics for an accelerator-type
gun. The cutoff bias increases roughly linearly with increasing second-
anode voltage, and the grid-drive factor 4 decreases as the cutoff bias
inereases. This behavior is characteristic of all guns.

The variation in geometry from tube to tube makes it impossible to

0

1 For deflection factors of all common tubes, as well as tolerances in these factors,
see the table in Appendix D.
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express the grid-drive factor A specifically in terms of the cutoff bias
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Fie. 2-16.—Transfer characteristics as
a function of accelerating voltage, for type

5CP1 tube.
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measured under some standard
condition. In practice, the speci-
fication limits on transfer charac-
teristics are expressed in terms of
the maximum grid drive required
to produce a stated change in
sereen current. The transfer
characteristic is specified only for
a relatively restricted number of
tube types. Since many tube
types do not provide means for
measurement of the sereen current,
the more customary specification
is in terms of a ‘‘modulation
characteristic,”” which is the rela-
tion between grid drive and light
output.

Focus-voltage Characteristics.—
The guns used in all common types
of electrostatic cathode-ray tubes
are so designed that the voltage
needed on the focusing electrode,
the first anode, to focus the beam
at a specified grid drive is approxi-
mately one-fourth that applied to
the second anode. Specified

tolerances on this fraction are usually 420 per cent.
For any given tube, the focusing voltage varies with the grid drive.
A typical curve illustrating this variation is shown in Fig. 2:17. If
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Fra. 2-17.—Focusing-anode voltage for best focus as a function of grid drive from catoff,
Curve is typical of that obtained with 3BP1A tube.
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optimum focus is to be maintained
in the case of an intensity-modu-
lated display, the focusing voltage
must vary in the manner illus-
trated over the range of grid
voltages applied to the tube. As
briefly discussed in Sec. 2-5, this
variation may be obtained by pro-
viding a certain amount of regula-
tion in the bleeder supply, but
this method is not flexible enough
to compensate properly for varia-
tions from tube to tube. There-
fore, in critical applications, the
focusing voltage may be varied by
applying to the focusing electrode
a waveform similar to that intro-
duced upon the control grid, but
suitably amplified and inverted.
In some cases, itis practicaltousea
pulse transformer for this purpose.

ELECTRICAL CHARACTERISTICS
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Line-width Characteristics.—The spot size, or the width of the line
traced out on the screen of an electrostatic cathode-ray tube, increases
with increasing sereen current or light output, and decreases with increas-
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acreen-current curves for S5CP1 cathode-ray

tubes. Curves 1: Ej; = 1500 volts;
= 3000 volts. Curvea 2: Ep; = 2000 volts;
By = 4000 volts.
at Position 4, and dotted curve is

By,
Solid eurve is meaaured

at Position B.

ing over-all accelerating voltage.’
For a given beam current, with the
focusing voltage adjusted for best
focus at the center of the tube face,
the line width is found to increase
with inereasing distance from the
center of the tube. This increase
is, in general, different for orthog-
onal deflections produced by the
two sets of deflecting plates. The
gpecifications for line width are
based upon the “shrinking raster’’
method described in See. 17-4.
The ordinates of Figs. 2-18 and
219 refer to this method of

! Proper adjustments of operating
voltages and use of push-pull deflection
are Necessary for optimum spot size.
See Bec. 2:10.



70 CATHODE-RAY TUBES {Sec. 2.9

measurement. Fig. 2-18 illustrates the decrease in spot size with
increasing accelerating voltage, for two light-output levels. Figure 2-19
illustrates the variation of line width with sereen current for two values
of accelerating voltage.

2-9. Special Types of Cathode-ray Tubes. Central-electrode—radial-
deflection Type (3DFP1).—The purpose of this type of tube is to provide
an increased length of time base without increase in the tube size for
A-gcope applications. This condition is mef by making the time base a
large circle concentric with the tube axis instead of the customary
straight line across the diameter of the tube. When so used, the tube
is called a “J-scope.” The electron gun used in this tube is standard,
being identical to that used in the 3BP1 type. The circular time base
is produced by applyving voltages in quadrature to the two sets of deflec-
tion plates. The signal is applied to an electrode in the form of a tapered
rod sealed into the center of the tube face; the electrode extends axially
toward, but not as far as, the region of the deflection plates. Contact
to this electrode is made by a button that extends through the tube face.
A difference of potential between this central electrode and the conducting
coating on the bulb produces a radial electric field. Hence, signals
applied to the central electrode appear on the trace as inward or outward
deviations from the gircular trace.

A tube of this type is not adapted to the measurement of the strength
of the signal applied to the central electrode because the radial deflection
sensitivity is a function of the sign of the voltage applied to the central
electrode, the radius of the base ~ircle, and the instantanecus position
of the spot on this circle. The electric-field strength at any point in the
radial field between the central electrode and the second-anode coating
varies as the reciprocal of the distance of the point from the axis of the
tube. Hence, the deflection sensitivity decreases in the same manner.
Accordingly, the deflection factor, whieh is the reciprocal of the deflection
sensitivity, increases linearly with distance from the central electrode.
This behavior is illustrated in Fig. 2-20, which also illustrates that the
deflection factor is greater when the radial deflection occurs along the line
corresponding to the deflection produced by plates D; and D4 than when
it is along the line corresponding to the orthogonal set of plates Dy and D,.
Radial deflection along the line DD, results in a lower deflection factor
because, for unit deflection produced on the tube face by either set of
deflecting plates in the absence of any signal voltage on the central
electrode, the average position of the electron beam is nearer the central
electrode when deflected by plates D, and D, than when the deflection is
by the plates farther removed from the screen, D; and Dy. The radial
field distribution also accounts for the nonsymmetry between the curves
shown in Fig. 221 for radial deflection toward the center and those for
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radial deflection away from the center of the tube face, particularly for
the base circle of 15-mm radius. Because of the complications illustrated
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Frg. 2:20.—Variation of deflection factor for central electrode of type 3DP1 cathode-ray
tube, deflection produced by deflecting plates D1D: and DsD;.
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Fig. 2-21.—Radial deflection as a function of central-electrode potential for a type 3DP1
tube with E» = 2000 volts. Note asymmetry when base circle has a radius of 15 mm.

in Figs. 2-20 and 2-21, the use of the 3DP1 cathode-ray tube is restricted
to the measurement of time relationships.

Multigun Electrostatic Cathode-ray Tubes.—It is often desirable to
present simultaneously on a cathode-ray-tube screen either several related
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quantities, such as current and voltage, as a function of time, or two
sweeps of different speeds, displaced vertically. Cathode-ray tubes
incorporating more than one electron gun and deflecting system have
been designed for these applications.

The 58P1, a tube of the two-gun type, consists essentially of two
complete 5CP1 electrical systems in one envelope. All elements of each
gun and deflecting system are completely independent and have separate
pins. The eight leads to the deflection plates and two to the second
anodes are brought out through the glass neck. The two gun structures
are so mounted that their axes intersect at the screen. FElectrostatic
shielding of the two deflection systems from one another is provided,
so that there is practically no interaction between them. The maximum
coupling between any two plates, one in each system, is approximately
0.03 uuf. The capacitance between the two modulating grids is approxi-
mately 0.075 uuf. The two traces may be shifted at will by separate
centering controls; only the results of deviation from perfect parallelism
of the two sets of corresponding deflection plates cannot conveniently be
compensated. This deviation may amount to as much as 3°.

More than two guns may be mounted in a single tube. Also, some
corresponding elements must usually be connected internally, in order to
reduce the number of leads through the base.

The multiple-gun tubes are particularly useful when the phenomena
to be observed are nonrecurrent. If the phenomena recur at regular
intervals, and if the conditions of writing speed and recurrence rate are
not extreme, conventional single-gun tubes may be used for the observa-
tion of two phenomena by employing electronic switching of the two
waveforms, each of which is presented on alternate sweeps. Usually the
use of a multiple-gun tube is to be preferred to the added circuit com-
plexities necessary for the electronic switching.

High-intensity Cathode-ray Tubes.—In order to obtain a useful inten-
sity of trace when very fast single sweeps are to be observed, the energy
of the cathode-ray beam must be considerably higher than in the custom-
ary tube types. This increase in energy is obtained by raising the
voltage rather than the current since a high current usually makes the
spot size too large.

The best method of achieving the desired result is by extending the
postdeflection-acceleration principle discussed in Sec. 2-7. It was there
pointed out that the voltage on the third anode eould not be increased
more than a limited amount if excessive deflection defocusing was to be
avoided. A much higher ratio of total accelerating voltage to that
existing in the region of deflection has been made possible by controlling
the shape of the equipotential surfaces, by altering the shape of the bulb
from the curved wall of the 5CP1 type to a cylindrical section of the



Src. 29] SPECIAL TYPES OF CATHODE-RAY TUBES 73

same diameter as the face, and by introducing into this eylindrical
section three intensifier bands held at specific voltages. The type 5RP
tube incorporates this feature, and, with it, a ratio for Eys/Ep (with
respect to the cathode) of 10/1 is possible with a final voltage of 25 kv.
Under these conditions, it is possible to photograph traces for which the
maximum writing speed is approximately 250 cm/usec.!
Ultrahigh-frequency Cathode-ray tubes.—The amplitude 4 of the deflec-
tion produced by a parallel-plate type of deflecting system varies with
the frequency of an applied sinusoidal voltage of constant peak amplitude
according to the relation
sin wt/2
wt/2

where A, is the amplitude of deflection for frequencies approaching zero,
w is the angular frequency of the applied deflecting voltage in radians
per second, and ¢ is the transit time of the electron through the deflecting
field in seconds. Accordingly, as the frequency increases, 4 will be
reduced to 50 per cent of A, when wt/2 = 2, will be zero when wf{/2 = ,
and thereafter will alternate in sign in the manner of a damped oscillation.

For nonmsinusoidsl transient phenomena containing very-high-fre-
quency components, serious distortion may take place because the sensi-
tnnty will be different for the various harmonics, and some components
may even produce reversed deflections. Hence, in order to reproduce
an exponential waveform without appreciable distortion, the time con-
stant of the exponential should be at least five times the electron transit
time.

From these considerations, it is evident that the transit time of the
electrons through the deflecting region of the cathode-ray tube should be
reduced to & minimum when observations of phenomena involving ultra-
high frequencies, such ag oscillations in the microwave region, or transient
phenomena containing ultrahigh-frequency components, are to be made.

Lee? has constructed an oscillograph using very short deflection plates
(5 mm) and a high accelerating voltage (50 kv). If an effective plate
length of 7 mmm is allowed for, the transit time under these conditions is
5.5 X 10~ gec and the reduction of deflection sensitivity is therefore
only 4 per cent at 3000 Mc/sec and 40 per cent at 10,000 Mc/sec. Lee's
oscillograph requires continuous pumping, and records the trace by means
of direct electron impact on a photographic plate. Optical enlargement
of 100 times of these minute traces is possible, and, at this magnification,
the sensitivity of the oscillograph at 50 kv is 0.1 mm per volt. This
sensitivity corresponds to a deflection factor of 250 volts per inch.

1 Additional information on the SRP type will be found in Appendix D.
3 G. M. Lee, **A Three-Beam Microoscillograph for Recording et Frequencies up
to 10,000 Mo/sec,” Proc. I.R.E., 34, 121W (1946).

A=Ao

(44)



74 CATHODE-RAY TUBES [SEc. 2-9

About 10 min are required for changing the photographic plate and for
reestablishment of operating vacuum; eight sets of three oscillograms
may be recorded on a single plate.

The desire for a sealed-off tube of reasonable deflection sensitivity
suitable either for direct viewing or for photography at high writing

o

Fra. 2-22.—Special cathode-ray tube, Du Mont type K1017. (Courtesy of Du Mont
Laboratories.)

speeds, to be incorporated into a high-speed oscilloscope developed at
the Radiation Laboratory (see Sec. 7-7), led to the development by
Du Mont of the type K-1017 ultrahigh-frequency cathode-ray tube.
This tube has two orthogonal sets of deflection plates 8 mm long,
each set enclosed in a shielding structure to prevent electrostatic coupling,
with plates directly connected to coaxial-type fittings attached to the
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glass tube neck. The speed of the electron beam as it passes through
the deflecting region is limited for continuous operation to that corre-
sponding to an accelerating potential of 4.5 kv. For pulsed operation,
a somewhat higher potential may be used. After deflection, the beam
is accelerated by a series of five intensifying bands. With E,; = 3kv,
the calculated transit time through one set of plates is 3 X 10~!0 sec, for
which 2000-Mc/sec sine waves will be recorded at half amplitude. With
Ey» = 3 kv, and Ey3 = 25 kv, the deflection factor is approximately 125
volts per inch. The screen normally used is the P11, and with this
screen and the above voltages applied to the tube, sufficient light inten-
sity is available to enable photographic recording of single-trace writing
speeds up to 300 in./usec with orthochromatic film (Eastman 5211) and
a coated lens of aperture f/1.5.

Figure 2-22 shows several views of the tube. Additional electrical
and mechanical details will be found in Table D-1.

2-10. Remarks Concerning Operating Conditions for Electrostatic
CRT’s. Adjustment of Mean Potential of Deflection Plates—The mean
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Fig. 2-23.—S8pot area as a function of the mean potential of the deflection plates with
respect to that of the second anode.
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potential of the two pairs of deflection plates with respect to the potential
of the second anode must be properly adjusted if optimum spot size is
required. Normally one would expect that the optimum results would
be obtained when the mean potential of these plates is the same as that
of the second anode. In practice it is found that values other than zero
are often necessary in order to obtain good focus. The reason is that
misalignments in the deflection-plate structures often introduce into the
electric fields asymmetries that can be at least partially compensated by
proper adjustment of the mean potentials. Figure 2-23 gives experi-
mental results for a particular cathode-ray tube. Each of the series of
curves here represented gives the area of the spot, measured in square
millimeters, for a fixed value of the mean potential 3 ,; of plates 1 and 2,
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when the mean potential M, of the other set iz allowed to take on
various values. For each value of M, there corresponds a specific value
of Ma which produces a spot of minimum area, and the minimum area
of apot is not sensitive to the exact values of the set of potentials chosen.
The minima of the curves of Fig. 2-23 are indicated as circles in Fig. 2-24.
There is considerable variation in the optimum value of My, and M,
from tube to tube of a given type, as well as a systematic difference
between specific tube types. The lines plotted in Fig. 2-24 indicate
averaged data for a large number of tubes for three typical tube types.
From these curves, it is apparent that provision should be made for
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Fra. 2-24,—Average value af tesn potentials M1, and M.« of deflecting plates for optimum
focus. Potentials are measured with respect to that of the second anode.

adjustment of the mean potential of at least one set of deflection plates,
and that its range of operating values will depend upon the mean potential
of the other “fixed” set. One method of making this adjustment is to
set the mean potential of Plates D and D; at the second-anode potential,
and to provide means for the adjustment of the mean potential of Dy
and D, between 0 and 50 volts below the second-anode potential. For
any given tube, the adjustment of mean potential for optimum foeus
should be made when the tube is installed; it will usually not require
further adjustment. This control, often called an “astigmatism control”
does not therefore need to appear on the panel countaining operating
adjustments.

Push-pull Deflection.—As the spot is deflected from the center of the
tube face by the action of one pair of deflection plates, it is subject to
deflection defocusing, in which a round spot is distorted into an elliptical
shape with the major axis of the ellipse along the direction of deflection.
Because the electron beam has an appreciable cross section, the portion
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of the beam that is nearer the positive deflection plate is traveling at a
higher speed than that portion on the opposite side, and it is therefore
deflected less by the electric field. In addition, the fringing fields around
the deflection plates contribute an appreciable focusing action. For
least disturbance of the focus, this fringing field should be as symmetrical
as possible.! In order to insure symmetry, and thus to minimize deflec-
tion defocusing, the deflecting field should be produced in such a way
that the mean potential of the pair of plates remains constant. Push-
pull driver tubes, which provide symmetrical voltage swings of the two
deflection plates, may be used. In fact, for cathode-ray tubes having a
high deflection factor, the method of driving a single plate of a pair with
an ordinary receiving-type tube, besides causing serious defocusing, would
require operating the tube beyond the voltage limit for a tube of this type.

For optimum performance both the sweep and the signal plates
should have push-pull drive. However, if the amplitude of the signal is
restricted to a small fraction of the screen radius, single-sided drive for
the signal will give reasonably satisfactory results.

Push-pull Centering.—For the same reasons discussed in the preced-
ing paragraph, the centering controls for the two pairs of deflection
plates should apply symmetrical voltages, so as to maintain a constant
mean potential.?

. Choice of Operating-voltage Levels—For maximum light output and
sharpness of trace, the cathode-ray tube should be operated at as high
an accelerating voltage as possible, consistent with power-supply and
driving-circuit limitations.

In Fig. 7-17 the cathode is at a negative potential, the second anode
at, or slightly above, ground potential, and the third anode at a high
positive potential (42000 volts). The ground of the system could be
at the cathode or at the third anode without altering its performance.
However, it is desirable to have the greatest possible number of the
electrodes that must accept signals near ground potential. Therefore,
the second anode and the deflection plates are kept near ground, as shown.

Shielding.—Magnetic shielding of electrostatic cathode-ray tubes is
almost a necessity in order to reduce the effect on the pattern of small
alternating magnetic fields.?

MAGNETIC CATHODE-RAY TUBES

The principal advantages of tubes of the magnetic-deflection type as
compared with those of the electrostatic-deflection type are their better

1 For an extensive discussion, see I. G. Maloff and D. W. Epstein, Eleciron Optics in
Television, McGraw-Hill, New York, 1938.

2 A typical circuit illustrating both push-pull centering and deflection is given in
Fig. 7-17.

3 For a discussion of magnetic shields, see Sce. 16-4.
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spot size at high luminance levels and their shorter length. The shorter
length is primarily due to the greater practicable deflection angle. The
reduction in length is greatest for medium-sized tubes, and becomes
relatively small for tubes with very large face diameters. Several
typical magnetic cathode-ray tubes are illustrated in Fig. 2-25.

In order to attain these advantages, external focus and deflection
coils must be introduced. The use of these coils involves greater com-
plexity of both deflection and focus control circuits than in the case of
electrostatic deflection and focusing, with consequent increases in weight
both in the tube mount and in the larger power supplies required. It

Frc. 2:25.—Typical magnetic cathode-ray tubes. (a) 3HP7; (b) 4AP10; (c) SFPT;
(@) 7BP7; (¢) 12DP7.

should also be pointed out that the cost in driving power could be con-
siderably reduced if the advantage of short over-all length were sacrificed
to some extent. If the beam deflection angle of 55° commonly used for
military-type tubes could be decreased to 35° to 40° a significant saving
in power, as well as a reduction in the deflection defocusing, could be
attained.

Magnetic cathode-ray tubes are the logical choice for bhigh perform-
ance only when the display involves intensity modulation of the traces.
For oscilloscopes, the use of an electrastatic tube is far less cumbersome,
and, in general, gives just as satisfactory performance.

2-11. Triode Gun.—This simplest of all gun types consists of cathode,
control grid, and high-voltage anode. It has been used extensively in
British cathode-ray tubes during the war, and is capable of giving
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excellent performance. Its chief disadvantages are a considerable vari-
ation in cutoff bias and transfer characteristie, both of which are functions
of the accelerating voltage. It is not a common gun type in the United
States; therefore it will not be discussed further.

2-12. Tetrode Gun.—The tetrode gun, sketched in Fig. 2:6b, is the
basie type used in cathode-ray tubes manufactured in the United States.
It has an extra electrode, known as the ‘“‘second grid, G»” (sometimes
also called a ‘““first anode’’), located immediately in front of the modu-
lating grid G;. This grid is usually in the form of a shallow cylinder
with a relatively small aperture at the end nearest the control grid, and

Fia. 2-26.—Several versions of guns used in magnetic tu

with its forward end either wide open or with an outwardly rolled edge.
The chief purpose of this electrode is to act as a screen grid, and thus
make the cutoff voltage independent of the anode voltage. It is also
possible to utilize this electrode for blanking the trace. Although the
normal operating voltage on @, is E,s = +250 volts, an improvement in
spot size results if this grid is made more positive (see Sec. 17-8). It
should therefore be operated at as high a voltage as possible, but the
changes in cutoff bias and modulating characteristics which occur with
changing E., must be considered.!

Figures 2-26a to d illustrates several versions of this type of gun as
made by various manufacturers.

1 The increase in cathode loading which results when E.; is raised will shorten the
life of the cathode. Whether this will be significant or not depends upon the specific
conditions of operation, such as the average operating current, etc.
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Transfer Characteristic of Tetrode Gun Type.—As stated in Sec. 2+4,
the beam-current—grid-bias relation for a magnetic tube, as obtained by
the “extrapolated cutoff”” method, is

T = A(Eo — E,)* = AR} (2:17)

A condition for Eq. (2-17) is that all potentials except E,, be held con-
stant. From Fig. 2-27, which gives experimental data on three tubes
differing in cutoff voltage, it is evident that the cubic law holds closely,
and also that the grid-drive factor A, which is determined from the slope
of curves, decreases with increasing E.,. Measurements of the transfer
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characteristic of a large number of tubes of various manufacturcrs give
the distribution of points shown in Fig. 2:28, in which the factor A is
plotted against the extrapolated cutoff voltage E... A mean-value
curve has been drawn through these points, but this curve follows no
simple mathematical relationship. Very roughly,

4 = 1.5E7%3. (45)

This curve indicates (1) a wide range of E,, for production tubes, (2)
considerable scattering in the value of A for a given E,,, and (3) a factor
of approximately 5 in the range of values of A to be expected in pro-
duction tubes. Accordingly, the grid drive required to produce a given
beam current may vary by a factor of /5, or 1.7. This fact must be
considered in the design of amplifiers to drive the tube. .
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Factors that affect the cutoff bias and transfer characteristic are the
size of the G, aperture, the spacing between cathode and grid, and the
effects of the field distribution immediately in front of the Gy aperture.
In the case of a simple triode gun, this distribution is determined by
the value of Ej; for the tetrode guns, it is determined by the shape,
location, and potential of the screen grid Gy, and is almost independent of
the value of E,. Once a choice in cutoff, normal operating value of E.,
etc., has been decided upon, the spread in cutoff values illustrated in
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Fic. 2:28.—Variation of grid-drive factor A with extrapolated cutoff voltage.

Fig. 2-28 results primarily from variations (0.001 in. to 0.002 in.) in the
normal cathode-to-grid spacing, which normally is about 0.005 in.

The variation in 4 for a given E., for tubes of the same manufac-
turer is caused by variations in cathode emissivity. For any given tube,
a value of A far below the line indicated in Fig. 2-28 indicates an unsatis-
factory cathode. Usually such a tube will be found to have the central
part of the cathode inactive because of gas in the tube, which causes
positive-ion bombardment of the cathode. Such a tube will almost
always be unsatisfactory in operation because of aberrations in the
focused spot.

For a given tube, both the cutofl and transfer characteristic are
affected by the value of E,,. Figure 2-29 illustrates this behavior for a
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single tube. For comparison, the dashed line in this figure refers to one

of the tubes whose data are given in Fig. 2-27.
Measurements on a series of

10 %00 different tubes indicate that a linear
9 800 relation exists between cutoff bias
/ / / /‘ (7588 (E..) and the second-grid voltage
8 [ 500 (E.»), as illustrated in Fig. 2-30.2
€4 / [ 1400 The curves intersect the E.» axis at
§ / / 1390 §  approximately —75 volts, indicating
E 6 / / / 4200 € that this negative value is required
§ 5 / g on the second grid if the tube is to
< o7 . N 1100 8 be cut off with zero volts on the
s 4~,§ “‘§ g?v / 150 § control grid. Care must therefore
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N / “7[ 12 level on the grid in order to secure
2 / / 1 tl-,o blanking of the return trace by gating
1 y 1 the second grid. If the second grid
/ / goes only to zero potential, the curves
~100-80 60 =40 =20 0 indicate the necessary negative
Control-grid bias £, in volts potential of the control grid to obtain

-FI.G. 2-_29.—\'ariatv1_0n of static ‘charac- cutoff.
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operated at any arbitrary vulue of £, the corresponding value of cutolf

L A relationship of this form, derived from the principle of voltage similitude, is
given by H. Moss, J. Brit. Inst. Radio Eng., b, 204 (1945).
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voltage (F..).2 can be found from the empirical equation

(Foez + 75)

(En-o>t=2 = (Fn) m'

(46)
where (E.,), is the valuc of cutoff voltage when E.. has the standard
value of E,.

The figure also indicates that if the tubes are to be operated at a
high value of E.., the actual tolerance limits on cutoff bias are increased
greatly above those that exist under normal specification conditions, and
adequate bias-voltage control must be provided.

The strong similarity between the family of plots of Fig. 2-29 and
Fig. 2-27 suggests that any given tube may be caused to have any
specified E., with a corresponding specific slope, by suitable control of
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Fig. 2-31.—Typical increase in beam divergence with grid drive.

the parameter E., and therefore that the operation of all tubes may be
‘“normalized” by this procedure. This process can be carried out as far
as E,, and slope are concerned, but the beam-divergence angle will not
thereby be normalized.

Beam-divergence Angle of Tetrode Gun.—The parameters E,; and E,
affect the strength of the electron-optical lenses in the gun, which deter-
mine the cone angle ¢ of the electron bundle passing down the tube axis.

The beam angle can be determined experimentally by measuring the
diameter of the unfocused beam at the screen. Since the edges of the
spot are relatively well defined, reasonably accurate measurements are
possible. The diameter at the screen divided by the distance from the
control grid to the screen gives to a first approximation the cone angle ¢
of the beam as it leaves the gun. Figure 2-31 illustrates the variation of
the unfocused-spot diameter with grid drive for a typical 7BP7 tube.
The similarity between this curve and that of Fig. 2-8 is apparent,
although the region beyond the accelerating grid in the case here described
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is not field-free. The curves of Fig. 2:32 are obtained when a log-log
plot of the beam angle ¢ as a function of beam current rather than
control-grid voltage is made for a series of values of the accelerating grid
voltage E., and of the total final voltage E,. The points fall on reason-
ably straight lines, whose slopes are almost independent of the values of
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Fi1a. 2:32.—Beam angle as a function of beam current, for various values of E, and £.o, for a
type 7TBP7 cathode-ray tuhe.
E,, and of E,, and have a value of approximately 0.2; therefore, the
relation
¢ =kt (47)
over the range of screcn currents éncountered in actual operation of the
tubes is indicatzd.? This relation may be put in terms of the grid drive
E, because, if the fifth root of Eq. (17) is taken,
= KBS, (48)
whence
¢ = k'EYS (49)
A curve of the form of Eq. (49) will fit the experimental curve shown in
Fig. 2-31 up to a point represented by a drive of 70 per cent of cutoff
voltage, which is the region of interest.
The curves of Fig. 2:32 indicate that, for any given beam current at a
! Curves similar to those of Fig. 2-32, which have been obtained for several other

tubes of the same and other gun constructions, lcad to the following general
conclusions:

1. For the tetrode gun type used in 7BP7 tubes, variations in cutoff bias under
standard conditions affect the beam angle slightly, the beam being larger for
larger values of cutoff.

2. For triode-type guns, the logarithmic plot is a line concave upwards, indicat-
ing an increasing slope with increasing beam current. The average slope ‘v
the region 2 to 200 ra is, however, not far from 0.2 to 0.25.
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fixed total voltage, the beam-divergence angle increases with increasing -
voltage applied to the accelerating grid G». This action is the net result
of two opposing electron-optical effects arising from the change in acceler-
ating grid voltage E.; alone:

1. The strength of the lens formed by the field between G; and the
conducting anode coating in its vicinity decreases as E,; increases
because the ratio of I, to F,; is thereby decreased. Hence the
effect of the lens in decreasing the divergence of the electron
bundle as it passes through this region is diminished.

2. Increasing E., increases the cutoff bias and the cathode loading.
Therefore, for a given cathode current, the fractional drive to zero
bias is thereby decreased, and thus the initial beam-divergence
angle ¢ is decreased, as is evident from Fig. 2-8.

The experimental curves of Fig. 2-32 indicate that the first effect
predominates.

The spherical aberration in the focusing lens increases with the cross
section of the electron bundle that it is required to focus. Hence the
curves of Fig. 2-32 seem to indi-
cate that increasing F.,, for con- _ Glass neck of CRT ';g:gf‘agg
stant E;, would result in a cg";;a;;",f,:'
deterioration of the focused spot.
The reverse is actually true (see
Sec. 17-8). The improvement in
spot size is undoubtedly due
primarily to the very great reduc-
tion in the aberrations of the
cathode lens because of the pro-
gressive elimination of space-
charge effects.

2-13. Modified Tetrode.—A
modification of the tetrode gun
illustrated in Fig. 2:6b consists of
placing in front of the second grid
a cylinder of the same diameter as that of the second grid. 'This eylinder
is electrically connected to the anode coating by stiff spring clips, and it is
rigidly attached to the other parts of the gun by means of supports to
two or more insulating rods. Figuie 2-33 indicates the general arrange-
ment of this gun and a photograph of a gun of this type is given in
Fig. 2-26e.

This type of construction produces almost no change in the transfer
characteristic because the anode cylinder does not intercept any of the

i

Heater Cathode sieeve

Fig. 2:33.—Tetrode gun with anode cylinder.
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beam. The power of the (-fo-anode lens, which is formed by the G,
and anode cylinders, is increased by reducing the diameter of the anode
from that of the conducting coating (a3 in the common tetrode type pre-
viously described) to that of the anode cylinder having the same diameter
as the G, cylinder. Measurements of the type illustrated in Fig. 2-32
indicate that the beam angle is reduced by a small amount by this
change in gun construction, with a resultant improvement in spot size,
but extensive quantitative data are not available. The chief advantages
gained by this modification, however, are the possibility of a more
accurate alignment of the component parts of the gun (that is, better
centering of the electron axis of the gun in the tube neck) and much
greater rigidity. Both of these improvements result in better perform-
ance under operating conditions,

2-14. Magnetic Guns with Limiting Apertures.—A logical modifica~
tion of the gun described in Sec. 2:13 consists of the introduction of an
apertured disk into the anode cylinder, either at the emergent end or
within the cylinder. By proper choice of the size of aperture and its

10 15 8.0 25 location, any desired degree of
: masking of the beam is attainable.
é}l ; / \r The effects of increased masking
125 are (1) a reduction in spherical

_L aberration due to the focusing
l.* t:aa:{ 25 ~{ lens, (2) a reduction of deflection

09— (20 5 defocusing because of smaller
Frg. 2-34.—Typical ﬁry\itin_g—apgr;ure electron  beam cross section in the region

gun. All dimensions in millirueters. of the deflection coils, and 3) a
change in the transfer characteristic from a cubie law to one that ap-
proaches a square law, for reasonable amounts of masking. These
effects are desirable from the standpoint of improvement in spot size
and in the dynamic range of signals reproduced. Qualitatively, these
improvements have been noticed in operating systems utilizing limiting-
aperture guns having dimensions approximating those shown in Fig. 2-34.
A quantitative assessment of the improvement in performance requires
the development of better methods of measurement and many more
experimental data.

2-16. Electrostatic-focus Guns for Magnetic-deflection Cathode-ray
Tubes.—There are ample reasons, particularly in airborne radar appli-
cations, why a gun utilizing an electrostatic-focusing lens rather than a
magnetic lens is desirable. These are (1) a saving in weight sinee focus
coils weigh about 2 lb, (2) elimination of the power required to operate
the focusing coil, (3) elimination of defocusing caused by the changing
resistance of the focus coil with change in ambient teraperature, (4)
decrease in mechanical complexity and cost to provide means for neces-
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sary adjustments of the focusing coil, and (5) elimination of time-con-
suming adjustments.

The chief reason why electrostatic-focus tubes were not widely used
in the United States is that the design of such tubes was not sufficiently
advanced to give performance equal to that obtainable from magnetically
focused tubes, particularly at the low anode voltages normally used. In
order to get good spot size, it is necessary that the elements of the gun be
extremely well aligned. The
alignment achieved in experi- /

/|

300

mental tubes has not been ade- !
quate to produce spots free from >
excessive aberrations, especially :P
at the high deflection angles o8
customarily used. Progressin the
design of such tubes is encourag-
ing, and it i3 hoped that the per-
formance of this type of gun will
soon be comparable with that of
the magnetic-focus guns.

In guns of the electrostatic-

focus magnetic-deflection type, a
large fraction of the current leav-
ing the cathode is usually inter-
cepted by the apertures in the ~ I,'/
focusing element. At an operat- oLz
ing voltage of 4 to 6 kv, and for 0 é?d driv:gom cu:g' in voa'g 100
the range of normal operating Fig. 2-35.—Comparison between transfer
beam currents, most electrostatic- characteristics of typical magnetic- and elec-
focus guns deliver approximately ‘trostatic-focus guns.
25 per cent of the total cathode current to the screen. Hence the grid
drive necessary to achieve a given current to the screen is considerably
larger than that required for the magnetic-focus tetrode commonly used.
Figure 2-35 gives curves for the grid drive plotted against beam current
for the common magnetic-focus gun and for a typical electrostatic-focus
gun, for normal gun variations. The video amplifier required to drive
electrostatic-focus guns will therefore require roughly double the gain of
that required for magnetic-focus guns.

The efficacy of electrostatic-focus tubes for projection purposes, where
the accelerating voltage is very high, improves both because the relative
performance improves at higher voltage and because the power required
to focus magnetic tubes becomes considerable.

2-16. Special Types of Guns and Tubes. Ion-trap Guns.—Particu-
larly for television applications, it is desirable to eliminate negative ions
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from the beam that reaches the screen because these cause a dark spot
known as an “ion spot.” The effect of any ions present is less serious
when the focusing is magnetic rather than electrostatic, as discussed in
Sec. 2-2. The complete removal of the ions from the beam may be
accomplished by specially designed guns. In one of these a “bent"” gun
is used, in which the initial direction of the electron beam makes an
angle of roughly 30° with the tube axis. A localized magnetic field
normal to the tube axis then bends the electron beam until it travels
axially, but it has almost no effect on the ions which are intercepted by
the wall of the eylinder.

3
fb

Section CC'
Fia. 2-36.—Ion~trap gun.

A second form of gun, shown in Fig. 2-36, incorporates a different
kind of ion trap, involving both magnetic and electrostatic fields. The
paths of electrons and ions in this gun are indicated by the solid and
dotted lines, respectively, in Fig. 2-36a. The magnetic field in the
region of the second-grid cup is produced by an electromagnet 4 whose
pole pieces form arcs fitting closely around the tube neck, as shown in
Fig. 2-36c. Its field is directed to the proper region of the gun by the
two soft-iron lugs L welded to the second-grid cup by means of a non-
magnetic angle piece. The adjacent ends of the second-grid and anode
cylinders are cut at an angle ¢ with the normal and cause the axis of
the electric field between them to be similarly oriented with respect to
the tube axis. A second electromagnet, B, with pole pieces similar to
those of 4, is located over the midsection of the anode cylinder, as shown.
Soft-iron lugs are not used with this second magnet. It is not imperative
to use the lugs I associated with the first magpetic field. If used, they
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must be accurately located and of very good magnetic material, so as
not to cause an unsymmetrical field.

The action of the device is as follows. The magnetic field due to 4,
when the polarity is as indicated in Fig. 2-36c, will bend electrons as
indicated in Fig. 2-36a, but it will have little effect on the direction of
the ions. The subsequent electric field across the gap between the
cylinders bends both electrons and ions in the opposite direction, so that
both would strike the side wall of the anode cylinder. However, the
path of the electrons is bent in the reverse direction by the action of
the magnetic field due to B. This field does not so affect the ions,
which are trapped within the cylinder.

It is necessary that the electron beam emerging from the gun be
traveling along the axis of the gun. This positioning of the beam can
be accomplished by the proper adjustment of the field strengths of
magnets A and B. With slight redesign of the gun, it should be possible
to achieve trapping of the ions and an axial course for the electron beam
by making use of only a single magnetic field.

» Jon-trap guns may be used with either electrostatic or magnetic
focusing. The 7DP4 type uses the former, and the 10BP4, the latter.

Projection Cathode-ray Tubes.—Projection tubes have been designed
to be used with lens or reflective optical systems to provide large dis-
plays that are useful in radar as aids to plotting, and in television to
provide more comfortable viewing, or to enable many people to see a
single display. Tubes whose greatly magnified images are to be pro-
jected must have luminances many times those of conventional tubes
and should possess resolution at least as good as that of tubes used for
direct viewing.

To achieve high luminance it is necessary to apply much higher
accelerating voltages (10 to 70 kv) to the projection cathode-ray tube.
At relatively low voltages, the luminance of a phosphor, for constant
current density, increases as E}, where E, is the applied accelerating
voltage, and n varies between 1.5 and 2. As the applied voltage
approaches the limiting or “sticking” potential of the particular phos-
phor used, a further increase in applied potential results in little further
increase in luminance (see Sec. 18-6). Consequently, the development
of methods of eliminating this limitation is receiving much attention.
One method that has proved to be both practical and effective is that of
covering the phosphor on the vacuum side with a film of evaporated
aluminum, whose thickness is between 500 A and 5000 A. This film is
connected to the high-voltage source, and has good conductivity; there-
fore it effectively eliminates the sticking potential. If the phosphor is
first covered with an organic material to provide a smooth surface, the
evaporation of the aluminum film onto this material results in an efficient
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mirror that reflects toward the observer a large fraction of the light
that, in an unfilmed tube, would be directed backward into the bulb.
Relatively low velocity electrons will not penetrate such a film, but at
15 kv the efficiency of an Al-backed screen is approximately 4 cp/w,
which is roughly twice that of an unbacked screen at the same voltage.
A further advantage of the aluminum backing is the elimination of the
ion spot, for the thickness of film used completely stops any ions present
in the beam.!

The requirements of high beam currents with minimum spot size,
and the high potential differences in adjacent gun parts call for special
care in the design and construction of the electron guns used in pro-
jection tubes. These guns may have either magnetic or electrostatic
focusing. The former type allows the use of a larger-aperture beam
with less aberration than is possible with an electrostatic-focus gun.
However, the power required to focus a high-voltage beam by means of
a magnetostatic lens is considerable. This requirement and the added
complexity of the external focusing arrangement make an electrostatic-
focus gun desirable. In either case, the guns require an especially good
alignment and, if electrostatic focus is used, a focusing electrode of large
diameter and a high degree of symmetry, in order to minimize aber-
rations. High-voltage electrodes must have no sharp points, and their
edges should be rolled, in order to prevent corona.

A gun of the magnetic focus type for operation up to 10 kv has been
designed by R. R. Law.2 The only projection tube designed for radar
use, the 4AP10, also utilizes magnetic focusing. Since this tube is used
at 9 kv, the construction of the gun differs very little from that shown in
Fig. 2:34.3

An electrostatic focus gun is used in the 5TP4 tube, designed for the
projection of television images by means of a reflective optical system.
This tube is designed to operate at 27 kv. It utilizes a second grid
between the control grid and focusing electrode to prevent interaction
of the fields produced by these electrodes. The focusing electrode inter-
cepts a maximum of 27 per cent of the total current, at an Anode No. 2
current of 200 wa. In order to maintain focus, the regulation of the
supply to the foeusing electrode should be such that its voltage will drop
by about 125 volts in the range of Anode No. 2 current between 0 and
200 pa. This tube also contains the Al-backed screen previously
mentioned.

! For a more complete discussion, see D. W. Epstein and L. Pensak, “Improved
Cathode Ray Tubes with Metal-backed Luminescent Screens,” RCA Review, T, 5-10
(March 1946); C. H. Bachman, Gen. Elect. Rev., 48, 13-19 (Sept. 1945).

2R. R. Law, “High Current Electron Gun for Projection Kinescopes,” Proc.
I.R.E., 28, 954-976 (1937).

3 See Sec. 16-16 for a discussion of the use of this tube in a projection indicator.
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2-17. Remarks Concerning Operating Conditions for Magnetic
Cathode-ray Tubes.—Since it is desirable to have the maximum number
of signal-receiving electrodes near ground potential, magnetic tubes are
usually operated with the cathode near ground. The focus and deflec-
tion coils may be held at any convenient potential without affecting the
behavior of the tube because the internal conducting coating on the glass
of the tube neck provides electrostatic shielding.

This method of operation places the sereen of the tube at a high
positive potential, often greater than 5 kv. This sereen potential causes
no difficulty when the humidity is low, and good electrical insulation of
the tube face is maintained, and when the normal procedure requires
ondy visual observation of the display. When plotting must be done on
or near the tube face, or when a scale must be moved relative to it, a
local disturbance of the potential of the screen may be caused by contact
with the glass, or by the electric charge on the moving scale. This
disturbance will result in a shift or distortion of the pattern, unless
suitable precautions are taken (see Secs. 16:5 and 16-9).

The required range of bias voltage depends upon the choice of oper-
ating level of the second grid, as discussed in Sec. 2-12.  For the normal
value of E.., namely 250 volts, the normal value of cutoff bias is —45
volts. This value is subject to a tolerance of + 50 per cent, resulting in
cutoff limits for this value of E.; of —22} and —70 volts. Ontheother
hand, if a higher value of E.. is used in order to obtain better spot size,
the normal value of cutoff will be determined by Eq. (42). Thus if the
maximum allowable value of E.., namely 750 volts, is used, the normal
cutoff at this voltage will be —115 volts, which will result in cutoff
limits of —60 and —175 volts. For other values of E.;, corresponding
cutoff limits will be required.

The maximum signal voltage required will also depend upon the
choice of the operating level of E.,, and will increase with increasing
voltage on the second grid. For a given operating value of E.., the
maximum useful grid drive or signal level will depend upon the amount
of defocusing permissible in the display. Since this defocusing depends
upon the properties of both the tube itself and of the focus and deflec-
tion coils used with it, no specific numbers can be definitely stated.
However, a rough approximation can be made by an arbitrary assump-
tion of a maximum beam current of 200 pa. TUsing this value as a
basis for determining the maximum limited signal voltage required (see
Sec. 4-8), a high-cutoff-limit tube operating at E.. = 250 volts would
require approximately a 33-volt signal, whereas the same tube operated
at E,» = 750 volts would require a 50-volt signal. These figures then
give rough values for the signal output voltage required of the video
amplifier that drives the cathode-ray tube. In all cases, a smooth
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attenuation control, having good frequency-response characteristics, is
required to permit reducing to zero volts the actual voltage supplied to
the cathode-ray tube.

A blanking voltage sufficient to cut off all beam current during the
time interval between sweeps must be provided. This voltage may be
applied either to the cathode, the control grid, or the second grid. The
most common method consists of the application of a blanking gate to
the second grid. The upper limit of the voltage of such a blanking gate
is limited to that of the B+ supply voltage. The curves of Fig. 2-30
will be helpful in determining the actual voltage to which this blanking
gate must drive the second grid in order to ensure complete blanking,
when the limiting voltage of the signal actually appearing on the cathode
or grid during this blanking interval is known.

When the second grid is to be operated at a potential higher than
that of the normally available power-supply voltage, it is usually oper-
ated from a bleeder across the high-voltage supply. In this case, it is
advisable to apply the blanking voltage either to the cathode or to the
control grid, mixing the blanking voltage with the signals, if necessary.



CHAPTER 3

FOCUS COILS AND FOCUS MAGNETS

By R. D. RawcLirrr
FOCUS COILS

3-1. Focus-~coil Theory.—The theory of the focusing action of an
axially symmetrical magnetic field is discussed elsewhere' and only a
brief statement of the results needed for a discussion of the focus coils
and magnets used in practice will be given here. The focusing action is
much more complicated than that of an electrostatic field because the
electrons do not stay in one plane. The electron trajectories are ame-
nable to solution only in a few simple cases, one of which is that of the
“short”” field. In the solution of the “short’’ field, the following assump-
tions are made:

1. The field is negligible except within an interval, AB, which is small
compared with the object and image distances. If such is the case,
the radial distance of the electrons from the axis does not change
much within this interval, but the radial velocity does change.

2. Within the interval AB the electrostatic field is zero, that is, the
electrons have reached their final speed before entering the focusing
field.

3. The diameter of the electron beam is small. Therefore, if 9 is the
angle between an electron path and the axis, then sin 4 = ¢ and
cos & =~ 1, that is, only paraxial electrons are considered.

The short field, then, will behave as a “thin” optical lens (see also
Sec. 2-2) whose focal length is given by the following equation:

1 e ? H? dz 1)
f - SmEb A : ’

where f is the focal length, e is the electronic charge, m is the electronic
mass, Fy is the accelerating voltage applied to the tube, and f, is the
z component of the magnetic field on the z-axis, which is chosen to be
the axis of symmetry.

1V. K. Zworykin and G. A. Morton, Television, Wiley, New York, 1940, p. 117;
1. G. Maloff and D. W. Epstein, Electron Optics in Television, McGraw-Hill, New York,

1938, Chap. 8.
03
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The approximations that have been made in deriving Eq. (1) are
not, however, accurate for practical focus coils. The field-distribution
curves of Fig. 3-2 show that the field is considerable over a longer interval
than is justified under Assumption 1. Assumption 2 is usually fulfilled,
but, if the beam current is not small, Assumption 3 is not justified.
In light optics, if the diameter of the light beam striking an uncorrected
lens is large, aberrations result and the image “points” are distorted.
Similar defocusing occurs in electron optics if the electron beam is too
large. In this case, however, corrections to the lenses are extremely
difficult to apply. Enlarged or distorted images therefore occur if the
beam currents are too large.

In spite of the fact that the assumptions used in developing Eq. (1)
do not apply accurately to practical focus coils, the equation does indi-
cate several important facts that are borne gut by experiment:

1. As the field is everywhere proportional to the current I through the
coil, provided that any iron in the magnetic circuit is not operated

. B . .
near saturation, /A H?dzis proportional to I2.  Consequently, 7is

proportional to the square root of & if the focal length is constant
(as it would be for a fixed position of the focus ¢oil).

. The focal length is independent of the sign of H or of 1.

. If electrons are focused, heavy ions will not be focused. Hence
there will be no “ion spot” or small burned area near the center
of the screen, such as is formed with electrostatically focused
beams.

o

A second equation usually derived in connection with Eq. (1) gives
the rotation ¢ of the electron beam. It is

¢ = \/8;%‘, f H.dz. (2)

The rotation arises because the force on the electron is perpendicular
both to its velocity and to the magnetic field, and the electrons tend to
follow a helical path. Although a study of this rotation is sometimes
useful in studying the action of focus coils, it is of no significance in
most cathode-ray tubes because the image is a * point”” whose orientation
is of no interest. In other applications of magnetic focusing such as in
the electron microscape, the rotation is important.

A rotation of the pattern shown on a cathode-ray-tube screen exists,
however, and although it arises in a manner somewhat similar to that
of the spot rotation, these two rotations should be distinguished. Bath
the focusing and deflecting fields spread out along the z-axis, over-
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lapping each other over a large interval. The deflection starts before the
focusing is complete, but, as far as the focus field is concerned, deflected
electrons are the same as nonaxial electrons in an electron beam. The
focus field causes them to spiral around and the pattern is rotated.!

3:2. Types of Focus Coils.—A focus coil consists of a number of
turns of wire, wound into a cylindrical form. The winding is usually
mounted in an iron shield that concentrates the field. Cross-sectional
views of a few types of coils are shown in Fig. 3-1. These are repre-
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Fia. 3-1.—Cross-sectional views of several types of focus coils, showing magnetic-field
distributions (1) winding; (2) iron; (3) nonmagnetic material.
sentative of the varieties of winding and shield construction. The
general contours of the field distribution in a transverse plane are shown
on each drawing. Figures 3-1a, b, and ¢ consist of a simple coil with
different degrees of magnetic shielding. Figure 3-1d is a coil designed
for projection cathode-ray tubes used in television? in an attempt to
reduce spherical aberration. In order to control the field distribution,
the winding is placed on a form shaped to follow a parabolic curve.
Graphs of H, as a function of 2, for the coils shown in Fig. 3-1, are
3 Discussed in Chap. 9.

2R. R. Law, “Some Observations on the Spherical Aberiations of Magnetic
Final Focusing Lenses for Use with Cathode-ray Tubes,” RCA Report No. LR-34.
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shown in Fig. 3-2. The curves have been displaced slong the z-axis to
make their maxima coincide. It is evident that Coil ¢ gives the sharpest
field, and that the curve for type d is asymmetrical with g long tail in
the direction of the gun.

Coit (a)
= ——= Coil {b)
wemmmmnn Coil {2)
e Coil {d)

~-10 0 10
Zinem
Fie. 3-2~Intensity of axial component of focus field along axis for focus voils shown in
Fig. 3-1.

When used with magnetic cathode-ray tubes of the type considered
here, a type d coil wound according to the RCA specifications gives
slightly superior focus at high beam currents, but at medium or low
beam currents the focus is definitely poorer than that of the type ¢ coil.
Probably this characteristic is due

- B L to the longer field, which extends
Eia} c10b * back too far and interferes with
214l S0 S the electrostatic lenses in the
k- B ) electron gun. In radar equip-
812} § 0.8} o ment, type ¢ coils have been used
§ 18 with all magnetic cathode-ray
a Loz tubes except those in which per-

ot 06b—to 1 a0 manent-magnet focus units have

3
0 02 04 06 08 10 12
Gap, in inches
Fra. 3-3.—Spot size and foeus current for
various focus-coil gap widths; average for
seven 7TBP7 tubes; By = 5kv; I, = 250 ua.

been employed.!

3-3. Focus-coil Performance
Curves.—The performance of the
type ¢ focus coil is llustrated in

Figs. 3-3 to 3'7. Except where otherwise stated, the dimensions are those
given in Appendix A. Spot-size measurements have all been made with
the shrinking-polka-dot-raster method.?

! Details of the construction of a coil of this type are given in Appendix A.

* Described in Chap. 17.
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Figure 3:3 shows the effect of varying the width of the gap on the
average spot size and on the required current. Measurements were
made on type 7TBP7 tubes but the graph should apply to all tubes with
an appropriate change in the ordinate scales. (See Fig. 3-6.) The gap
width most commonly used is ¢ in. If the gap width is reduced, the
spot size can be improved a few —— . R
per cent at the expense of an
increase in the electric power re-
quired for focusing. Asthe gapis
narrowed, however, the alignment
" becomes more critical and the best
compromise value of gap width is
probably between 0.2 and 0.25 in.

Spot size is affected also by the
position of the focus coil on the

el . Fig. 3-4.—Focused spot on type 12DP7
tube neck. As the position i8S  tube for various coil positions. Nuabers

changed,two factors act to change indicate the distance from focus-coil gap to

. . the reference Jine.
the spot size. The spot is a mag-

nified image of the crossover (see Secs. 2-1 to 2-3) in the gun. The mag-
nification equals the ratio of the image to object distances; therefore, as
the coil is moved forward toward the screen the magnification decreases.
However, as the coil is moved forward, the diameter of the electron beam
entering the focus coil becomes larger. As the aberrations increase, distor-

tion of the spot occurs. The

357 optimum position of the focus coil
30} ° is the point at which the magni-
25 fication is as small as possible
E | without objectionable aberrations.
£ 20 The spot-size variation is illus-
5 s trated by the series of photo-
g graphs in Fig. 3-4. The “tails”
< 10} on the spots, presented when the
05 focus coil is too far forward of the
optimum position, are a character~
% 1 2 3 4 5 istic spat deformation. The loss
Distance from reference fine to in resolution caused by these tails
center of focus-coil gap in inches . .

- o is difficult to evaluate accurately.

Fia. 3-5.—Variation of spot size with focus- . . .
coil position. A direct examination of the spot

would indicate a gross enlarge-
ment. However, if spots are shrunk together in the polka-dot-raster
method (see Chap. 17) the presence of tails does not seem to have much
effect. This fact isillustrated in Fig. 3-5 in which spot-size measurements
for a given tube for different coil positions are shown as circles, and spot
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sizes calculated from the magnification and normalized at one point are
shown by the curve. The close agreement between these two sets of
values indicates that the aberra-

@ tions have little effect on the spot
52 size as measured by this method.
E / Evidently the tails usually contain
£ ) / 1207 o.nly a small fraction of the total
g1 g light in the spot. Average spot-
§ 73_53—5/ size curves for the three commonly
5 i used tube types are given in Fig.
@ 05 1 2 3 4 5 36, but these measurements do not-
Distance from reference fine to tell the whole story. For instance,
focus-coil gag ia inches tails on strong signals may mask

Fi1a. 3:6.—Variation of spot size with focus-

coil position for commonly used tube types. weak Slgna’IS; moreover, clean cut,

round spots have a certain aesthetic
appeal. In Fig. 3-7 are shown the focus eurrents required for the focus-
coil position of Fig. 3-6.
3-4. Focus-~coil Current Control.—Figure 3-8 illustrates the effect on
the required voltage and current of
changing the wire size in a focus coil 26

but winding enough turns in each i;":;&':a
case to fill the available volume. 24 5 /
The wire size for most efficient focus- / /
ing from a given power supply should 22
be so chosen that, after an adequate Z /
safety factor has been allowed, the g4 / §
voltage across the coil is as large a £ 5FP7”’/ /
fraction of the total supply voltage as :_f: 18 gl
possible. The safety factor may 32 / /
have to be much larger than one 3, ._/1'”7BP7 /
would expect. The most important = /
variations to be allowed for are as r12DP7
follows: 1
1. Tolerances in the Coil Iiself. 12
Variations of +10 per cent for the
focus current and voltage may 10
reasonably be expected. They are DDv ! 2 3 5
istance from reference line to front
due to such things as changes in wire of focus coil in inches
size, wire tension in winding, number Fra. 3-7.—Variation of focus current

. . . with focus-coil position. Focus coil is
of turns in the coil, and gap width type shown in Fig. A-1.

and permeability of the case.
2. Tube Tolerance. The JAN-1 specified tolerances on the number
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of ampere-turns required to focus a cathode-ray tube using a standard
focus coil under standard conditions are +15 per cent for the 5FP7,
+21 per cent for the 7BP7, and +25 per zent for the 12DP7. In
general, for existing tube types, the tolerance tends to be larger for
larger diameter tubes.

3. Line-voltage Variations. The effect of line-voltage variations
depends on whether the focus and anode voltages are regulated. As

180 |-
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Focus current in ma.
8
Focus voltage
8
T

8
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20r
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Wire size 4038 36 34 323130 29 28 27 26
L 1 1 )
0 5 10 15
Diameter of wire in mils
Fic. 3:8.—Focus current and voltage plotted against wire size.

was shown in connection with Eq. (1), the required focus current is
proportional to the square root of the anode voltage. Therefore, for
small voltage changes, the focus voltage (or current) should change half
as much as the anode voltage in order to maintain focus. If the anode
voltage is proportional to the line voltage, the usual +10 per cent
change in line voltage should be accompanied by a +5 per cent change
in focus voltage.

4. Power-supply Tolerances. With a given input voltage and load,
power-supply voltages will vary among different equipments, perhaps
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by +10 per cent ir ordinary production units. The variation is prob-
ably larger in the anode supply voltage than in the focus supply voltage.

5. Temperature Variations. The resistance of copper wire varies
approximately 0.4 per cent/°C, and hence the focus voltage (but not the
current) also varies in the same manner, The temperature change is
the change in the temperature of the wire itself and includes heating due
to the focus current, to the remainder of the equipment, and to ambient
temperature changes.

If the preceding tolerances are all considered, the possible over-all
variation is alarmingly large: namely, a required variation in the voltage
across the focus coil by a factor of 3 or 4 is indicated. There is small
probability, however, that all the varia-
tions will be extreme and in the same
direction. Nevertheless, if a rheostat is

+Reg. i used in series with the focus coil to
6AG7 control the current, it must be a power

Focus rheostat with a rating of perhaps more
control ~T: than 25 watts. Its resistance will also
01M regulates  have to be high if a high-resistance coil

voltage i yged.
Much better control of the focus-coil
current is obtained with a pentode
= vacuum-tube regulator. The circuit
Fig. 3-9.—Circuit for focus-coil shown in Fig. 3'9 permits 20 per cent
control. change in plate voltage with negligible
change in focus current. The current is then unaffected by resistance
changes in the coil due to temperature changes.

In order to simplify the operation of the equipment, it is usually
worth while to eliminate the focus-control kneb from the front panel,
and to have a “screwdriver control” inside the chassis. Neither a rheo-
stat nor the circuit of Fig. 3-9 will allow this simplification because
anode-voltage variations due to line-voltage changes cause defocusing
and a readjustment of the focus control is necessary. The defocusing
occurs because the focal length of the coil depends upon the anode
voltage. In the discussion of Fq. (1) it was shown that the focus cur-
rent is proportional to the square root of the anode voltage, I « +/E,,
or for small changes in anode voltage, '

Al 1AE,
T " 2°E,

The effects on spot size of variations in I and E, such as might occur
with anode-voltage variations are shown in Fig. 3-10. Curve 4 would
normally be followed if unregulated voltage supplies were used and both
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the focus and anode voltages were proportional to the line voltage, or
if the focus coil were either run from a regulated voltage or used in a
circuit such as Fig. 3-9. The two curves obtained (1) with the focus
voltage unregulated and (2) with the focus voltage regulated actually

1.2

Spot size in mm.
[=4 o - ~—
o o [=) -

o
~ .

45 5.0 kv 55
AE,
Fie. 3-10.—Observed values of spot size vs. anade voltage on a 7TBP7 tube. Curve 4:

average curve for constant focus current and for focus current proportional to anode volt-
age. Curve B: curve for focus current varying half as fast as the anode voltage.

do not coincide, but the difference between them is small and they have
been averaged to obtain Curve 4. The much smaller variation shown
in Curve B results if the focus voltage is made to vary only half as fast
as the anode voltage by means of Anod To unre
the modified form (Fig. 3-11) of the vohege 5, 5kv  Reguiated B *400v
circuit of Fig. 3-9. In the circuit
of Fig. 3-11, the anode voltage E, is
mixed with a regulated voltage E,
through the resistors R, and R,.
The voltage E, at the junction of
these resistors is applied through a

potentiometer to the grid of the <M -
pentode focus-control tube. The E, pofgggm'tle’l ¢
necessary condition that AE./E, 0.1
= (§)AE/E, is that Ey/Ry = E,/R.. 1\
This condition is independent of the é

resistance of the potentiometer.
The condenser C is used to by- Fia. 3-11.—Compensated focus-coil-control
pass ripple voltage from the high- circuit.
voltage supply. The resistor B; in the cathode circuit provides degener-
ation to improve the linearity of the tube response.
A simple circuit, which corrects for line-voltage variations but which
is sensitive to variations in temperature, is shown in Fig. 3-12. In this

) .3 { ”l
E. G & G. LB/, -4
LAS VEGAS BRANCH -

~

=
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circuit, regulated and unregulated voltages are mixed as before to obtain
a semiregulated voltage Ko, The assumption is made that the anode

voltage and the unregulated voltage E;
E, Unregulated 300 v vary proportionally. The mixing cir-
cuit must have alow impedance becanse
the focus current flows throughit. The
regulation is independent of K;—that
is, the load has no effect on the regula-
tion of E; as long as there is enough
current through the VR tube for it to
maintain regulation. In addition to
the focus compensation, the size of the
pattern can be made independent of the
line voltage by using the voltage E, to
supply the sweep-generation circuits
because the deflection varies inversely
as the square root of the anode voltage. (See Sec. 8:1.)

3:6. Compensation for the Defocusing Due to Deflection.—In most
magnetic tubes, the center of curvature of the tube face is farther away
from the screen than is the center of deflection. Consequently, even in
the absence of defocusing caused by the deflection coil, the beam will
not be focused both at the center and Standard
at the periphery of the tube. In order , focus ol
to maintain focus, the focus current 4

Fi1g. 3-12.—Partially compen-
sated focus-coil-control circuit.

should be reduced linearly by about 4 ,//

. Standard
per cent as the beam is deflected from . 7 / coil shefl
the center to the edge of the screen.

Without such focus-current correction Yrsrarr._ %

the normal focusing procedure is to ad-
just for optimum focus not at the center
of the tube face, but half way along the
radius so that the over-all focus may be
best. A 15 to 20 per cent improvement

Compensating
coit

in spot size, both at the center and at

the edge, may result when focus-current %
correction is used. This gain is small, 7z

but it is large enough to justify a cor- 777

Fic. 3:13.—Forus coil for focus com-

recting circuit in precision equipment, pensation witn defiection.

especially if a centered radial sweep
(PPI) is used. The correction circuit for a PPl is 51mple if a rectangular
scan is used, the circuit may well be too complicated.

The field produced by the focus coil must be varied a small amount
in synchronism with the sweep. Because the ordinary focus coil has

PR :ﬁ’).d 1“ &

oo T T .
Hhags W
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too large an inductance to produce this variation, an auxiliary coil such
as that shown in Fig. 3-13 must be used. This coil is inserted in the
gap of a standard focus coil. A 600-turn coil of No. 40 wire will fit into
the available space.! It has an inductance of 25 mh and requires about
15 ma for focus compensation.

The same waveform that controls the main sweep driver can con-
veniently be used to control the driver for this coil. One triode section
of a 6SNT7 is adequate for driving this compensating coil at sweep speeds
up to about 50 usec/radius.

3-6. Mechanical Adjustment of Focus Coils.—In most cathode-ray-
tube mounts it is necessary to provide adjustments to correct for mis-
alignments both of the tube electrodes
and of the coils. The unfocused, un-
deflected electron beam does not normally
hit the center of the screen, but, as in the
12DP7 for instance, may hit anywhere
within a 1-in radius of the center. This
misalighment is usually corrected by
moving the focus coil. One of the sim-
plest methods of doing this is shown in
Fig. 3-14. The outside surface of the
focus coil is a section of a sphere. This
surface mounts against a spherical sec-
tion in the tube mount, which has slots F1a- 3-14.—Simple mount for focus-

. coil adjustment.
for the three mounting screws, so that
the coil can be tilted through an angle of about 10° about any axis per-
pendicular to the tube axis. This action tilts the focus-coil “lens’” and
displaces it laterally, and results in a displacement of the image.

Sometimes the method of tilting the focus coil is used to provide
off-centering of the electron beam. This method, however, results in a
rapid deterioration in both focus and pattern as the amount of off-center-
ing increases. Off-centering should, therefore, be done with the deflec-
tion system.

For optimum focus, the focus-coil axis should coincide with the axis
of the electron beam. Aberrations will then be reduced to a minimum.
If this alignment is to be achieved, it is necessary that means be pro-
vided for tilting the focus coil as before, and also for adjusting its position
along the horizontal (r) and vertical (y) axes. One such arrangement is
shown in Fig. 3-15. A necessary and sufficient condition that the coil
be aligned with the beam is that the focused spot coincide with the
center of the unfocused spot when the current passes through the coil

1 Standard Coil, type c. See Appendix A for the dimensions of this coil.
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in either direction. Under these circumstances, the spot may not be
centered on the screen, but centering can be achieved by passing current
through the deflection coil, or, better, by the use of the precentering ring
described in Sec. 9-2.

If a low-voltage coil is used, it is convenient to connect the coil to
an adjustable 60-cps voltage so that the two focused spots and the
unfocused spot are all seen at once. If a high-voltage coil is used, the
inductance of the coil will be too large for focusing at 60 cps with a

D

’ F
VY, '_7 D

7

£

%

—H

Fig. 3-15.—Adjustable support for focus coil. 4, focus coil in case; B, sliding plate
onto which focus coil is mounted; C, adjusting screw for horizontal metion of coil; D,
adjusting screw for vertical motion of coil; E, detail of adjusting mechanism of C and D; F,
retaining clamps for B: G, clamping screws for B; H, main plate; J, adjusting screws for
tifting main plate to be threaded into fixed plate (not shown); K, spring clip support for
J; L., tension spring {(antibackliash).

reasonable voltage and it is tnerefore necessary to have a d-c focus
voltage connected to the coil through a reversing switch that has an
_oFF position. To avoid coil breakdown due to the large surge voltages
that oceur when the switch is opened, a condenser! should be connected
across the coil.

The alignment, procedure is somewhat tedious but, if carried out sys-
tematically, should not be dificult. When the reversing switeh is flipped
back and forth, the undeflected spot on the screen of the tube changes
as the current in the focus coil changes, and one of the shapes shown in
Figs. 3-16 is created. Alignment may be achieved by using either the

1 0.01-4f, 400-volt for a 200-volt coil,
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2~ or the y-positioning control to bring this pattern to a symmetrical
crescent shape, as illustrated in ¥ig. 3:16d. The choice of - or y-position-~
ing control may be determined by trial. Only small changes at a time
should be made and the results checked by flipping the switch through
one complete cycle. After the crescent shape has been acquired, the
tilting controls should be used to reduce the size of the crescent, but its
symmetrical shape should be preserved by adjusting the x- and y-controls.
If only small systematic adjustments are made, the three spots can
gradually and steadily be brought into coincidence as illustrated in

@ ® B ) @

(e (¢)] 0) )]
F1e. 3-16.—Focus-coil-alignment steps.

Figs. 3-16¢, f, g, and h. This procedure will probably require con-
siderable time in the first attempt, but, after a little practice, it will be
possible to achieve correct alignment in a few minutes.

FOCUS MAGNETS

3-7. Theory and Operation of Focus Magnets.—The axially sym-
metrical field needed for focusing the beam of a cathode-ray tube can
also be produced by a hollow cylindrical permanent magnet. Figure
3-17 is & cross section of the magnetic parts of a typical focus magnet
with the field distribution sketched in.! The distribution is considerably
different from that produced by a focus coil (Figs. 3-1, 3-2). Note the
Jarge amount of flux outside the magnet, the long spread of the field
along the axis, and the two reversals of the field along the axis. A

1 A, M, Skellett, * Permanent Magnet Focusing Yoke,” BTL Report No. 469,
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graph of H. plotted against 2z, in which the field reversals are clearly

evident, is shown in Fig. 3-18.

Magnet

(e——— Adjustable
threaded
shunt

Fia. 3-17.—Focus magnet showing the magnetic-field distribution.

In order to adjust the magnet for best focus of the cathode-ray beam,
it is necessary that the strength of the field be varied. This variation is
obtained by moving the threaded siunt shown in Fig. 3-17. As the

-

51

T 5 82p
Front plate _|
of magnet |
"
Bt gap

Fia. 3-18.—Intensity of the axial com-
ponent H; of the focus field along the axis for
the focus magnet shown in Fig. 3-17.

shunt is moved, the gap width
varies. Hence, both the field
strength and the field configura-
tion are changed. It is also pos-
sible to use a fixed gap of optimum
width inside the magnet, and to
control the field strength by ad-
justing an external shunt that
provides a variable-reluctance
shunt path for the flux. If the
external shunt is used, however,
the magnet must be considerably
stronger than is necessary when
the threaded shunt of Fig. 3-17 is
used. Figure 3-19 is a graph of
the gap width needed to obtain a
focus with different anode voltages.
The voltage scale depends on the

degree of magnetization of the magnet. If the magnet were twice
as strong, for instance, the voltage scale would need to be multiplied by
four. To correct for tube and coil misalignments, the centering ring
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(Fig. 3-17) is provided instead of the tilt adjustments used with focus
coils. This ring is the front member of the magnetic gap, and its dis-
placement along a line perpendicular to the axis is more or less equivalent
to tilting the whole unit. Pattern displacements of the order of magni-

6
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Anode voltage E, in kv
w
N

N
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0
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Focus-magnet gap width in inches

Fia. 3-19.—Anode voltage vs. gap width for optimum focus.

__________ Adjustable
’ threaded
shunt

—_— . Klectron beam_ _

Fia. 3-20.—Field distribution around a shielded magnet.

tude of half a radius can be produced in this manner. Here again, how-
ever, it is very bad practice to use the focus unit for deflection of the
beam, except when correcting for tube misalignments. Otherwise, poor
focus and pattern distortion result.

The field distribution can be controlled somewhat by the proper
placement of magnetic materials in the field. Frequently a shield of
the form shown in Fig. 3-20 has been used. The new field distribution
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is shown in this figure and in Fig. 3-21. The field is weaker in the
region of the deflecting field and also in the surrounding space, but it is
somewhat stronger in the neighborhood of the electron gun. Since the
shield shunts a great deal of flux away from the internal gap, however,
the magnet must be considerably stronger than is otherwise necessary.
Reducing the flux in the neighborhood of the deflection coil is advanta-
~ geous.! In addition, if a cathode-ray-tube mount of the rotating-deflec-
tion-coil type is used, the focus field gets into the bearings supporting
the deflection coil. If these are made of magnetic material, they may
become magnetized and their field may deflect the electron beam. As
the bearing rotates, this deflecting field
also rotates, causing a distortion of the
pattern. Nonmagnetic bearings are
obtainable but they are expensive and
difficult to make; they do not run so
freely as steel bearings, and their resist-

x ance to wear is considerably less. (See
~10 -5 10 15cm Sec. 163 4
LAy UL L The stray field at the rear of the
7
N | magnet spreads into the neighborhood
Z’fmag'naette T 8 of the electron gun and distorts the

4™ ~ electron trajectories in the electrostatic
com};‘;‘l;glg,f_iﬂze’;i’:‘fs"g:f‘; axial  jonses of the gun.  “Tails” are produced
function of the distance along the on, the focused spots. Modified tetrode
:}"“‘zlé‘;‘é ?}(‘j‘ﬁlr‘ieedB()Ci‘:;‘;‘: ﬁ]l;:gt:n' guns have been used in some tubes par-

tially to overcome this. (Chapter 2, Fig.
2-33.) The electrostatic field between the second grid and the anode
cylinder is much more concentrated than it is when no such cylinder is
used. The electrons reach their final velocity more quickly. Hence the
magnetic field has a shorter distance in which to interfere with the action
of the electrostatic lens. The distortion of the focused spot is thereby
considerably reduced.

The large external field surrounding the magnet may interfere with
other apparatus and thus necessitate the use of a shield. The shield of
Fig. 3-20, however, is insufficient to do more than to alter the field dis-
tribution by a small amount. The external field is then strong enough,
for instance, to spoil completely the operation of a magnetic compass
located within about two feet of the magnet. As it is sometimes neces-
sary to mount a cathode-ray tube and a compass on the same instrument
panel in an airplane, a method of reducing the stray field to a minimum
is desirable.

! The troubles arising because of interactions of the deflecting and focus fields will
he diseussed in Chap. 9.
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In Curve A of Fig. 3-22, the field strength, in units of the earth’s
field, is plotted against the distance from the center of the magnet along
a line perpendicular to the axis. The positions on this curve roughly
correspond to possible locations of a eompass. Curve B was measured
with a 1-in. long permalloy shield similar to that shown in Fig. 3-20.
A g5-in. thick cylindrical Armco iron shield, 4-in. diameter by 4-in. long,
was used for Curve €. The shield used in obtaining Curve D is similar

"to that used for Curve C except that it is 6 in. long. The maximum at
4% in. in Curve C shows that much of the flux leaks out of the open ends
of the shield, not through it. Hence little is to be gained by improving
the permeability of the shield material unless longer shields can be used.
A 4-in. ID shield is far enough from the magnet so that the flux in the
interior is not seriously weakened.!

3-8. Comparison of Focus Coils 3071
and Magnets.—The most obvious . 251 a
advantage of a focus magnet is the %o
saving in current. The second big ;% 207 B
advantage is the increased stability, g,
as a result of which the cathode-ray §§ c
tube will stay focused indefinitely if o= 1.0
a regulated anode voltage is used. &° 054 D
This feature is important in aircraft \
applications where lar'ge, rapid, s g 1‘0 5 20 2'5 3'0
temperature fluctuations are Distance from center of

magnet in inches

Fig. 3-22.—External field around a focus
magnet with and without shielding.

encountered.

The performance of focus mag-
nets is somewhat inferior to that of
focus coils, probably because of the spread-out field. Roughly, the focus
with a magpet under the best conditions is about as good as the foeus
with a coil under average conditions. It is fundamentally impossible to
align a magnet so that its axis coincides with the electron-beam axis as
was deseribed for focus coils in Sec. 3-6. P&;%M it is
necessar t(:ﬂt;m)ﬁ the currgnt through the gail, and to revelse it.
’Em%ed cannot be foﬂﬁt'ed with a permannt magnet. In addi-
tion, the troubles caused by the large stray field of the magnet have
already been described. In weight, the magnet has a small advantage
over the coil; that is, 1} Ib against 24 Ib. When produced in quantity a
focus magnet should cost about $50.00, whereas a focus coil costs about
a tenth as much. To the cost of the coil itself must be added the cost
of the electrical parts used in controlling the focus current, and the added
expense in constructing a larger power supply.

In general, the focus magnet should never replace the focus coil

1 See Appendix A for construction details of focus magnets.
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except in a few special cases where the saving in weight and power, and
the stability of the magnet are important enough to overcome the dis-
advantages of poorer performance and inecreased cost.

3-9. Composite Focus Units.—The cathode-ray beam can be focused
by a composite focus unit (see Fig. 3-23) consisting of a coil similar to
the ordinary focus coil except that the periphery of the case is a perma-

Magnet
N S,

/

Winding

Coil axis
.

2

Winding

A

%

Fia. 3-23.—Focus coil with auxiliary magnet in the case.

nent magnet instead of soft iron. The magnet is adjusted so that half
the focus field is due to the magnet and half is due to the current in the
coil. Then, if both the anode and focus voltages are unregulated, the
pattern remains in focus as the line voltage varies. The saving in focus
power is not very great because the magnet introduges a large gap in
the magnetic path for the field from the coil. As this unit has the dis-
advantages of both focus coils and focus magnets, it is not likely to find
wide application.



CHAPTER 4

CIRCUIT TECHNIQUES

By F. N. GiirerreE AND C. A. WASHBURN

To perform a linear analysis of a circuit it is necessary to replace
all vacuum tubes by equivalent networks consisting of generators and
impedances. This method involves the assumption that all signals are
of small enough amplitude to permit the use of constants for the tube
parameters. It is not always convenient to deal with display circuits in
this way, since in many cases a tube is dtiven rapidly from a condition
of zero current to one of saturation. Usually a sufficiently accurate

Fig. 4-1.—Triode smpﬁﬁer. Fia. 4-2.—Equivalent circuit of an over-
drivén triode.
picture of the performance of such a circuit is obtained by treating the
tube as a switch in series with certain elements that have approximately
the same characteristics as the tube.

A triode (Fig. 4-1) is reasonably well represented by making the series
element a resistance, as in Fig. 42. The value of the resistance depends
upon the tube type and upon the bias condition that prevails when the
tube is conducting. In the example shown, grid current will prevent
the potential of the grid from rising much above that of the cathode,
but the equivalent resistance of the tube may be reduced by drawing
more grid current. As the switch opens, the time constant of the plate
circuit is determined entirely by the external components. As it closes,
the equivalent impedance of the tube is in parallel with these components
and the time constant is therefore much smaller.

111
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A pentode is more conveniently represented! by assuming the series
element to be a constant-current generator as in Fig. 4-3. The magni-
tude of the current is a function of the tube type, the grid bias, and the
screen voltage. It may range in value from a few to several hundred
milliamperes. When the switch opens, the plate time constant again is

Ep
R
3
Constant-
current C,
generator

Fia. 4-3.—Equivalent circuit of an overdriven pentode.

determined by the external components. When it closes, the plate volt-

age wave 1s not exponential since the current into the plate circuit is

constant. In many cases the shape of the plate voltage wave is deter-

mined largely by the capacitive portion of the plate load with the resistive

portion serving to determine the final equilibrium level. The equilibrium

condition may leave the current unchanged, or it may prove necessary to

assume a discontinuity of the current as the plate reaches the potential

level of the cathode.

4 G B 4-1. Condenser Coupling and D-c Restora-

o— ) : tion.—A coupling condenser between stages is

R, conventionally regarded as an impedance that

forms part of an attenuator, the attenuation ratio

= varying with the frequency of the sine wave

Fra. 4-4—RC-coupline. ;o i1ved. It is more convenient in dealing with

nonsinusoidal waves to think in terms of the time constant. As a general

illugtration a rectangular wave as in Fig. 4-6b is applied to the input
terminal A in each of the following examples.

For the first case (Fig. 4-4) the wave is assumed to be symmetrical;
that is, ¢, equals {». Because of the exponential discharge of the con-
denser the rectangular wave is distorted at B to an extent determined
by the time constant B,C,. A very short time constant ‘‘differentiates’
the rectangular wave, producing the pulses shown in Fig. 4-5a. Increas-

1 The dynamic resistance of the tube, which should be included in parallel with
the load, has been omitted since it will generally be large with respect to the load
resistance.
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ing the time constant reduces the “droop’ as shown in Figs. 4:5b, ¢,
and d.

In this example the wave at B has been symmetrical with respect to
ground potential. In the more general case of ¢; not equal to £, the con-

' tl tll

G""-Jt-’:‘;—-_—tf_:zl-
5t1 262
v {a)
P | RC=02t, ¢ ¢
Gnd ]F:_ “h T
L=ty
()
Gnd t_' ~~~~~~~~ t:'_ —
- b ta
tl= 5!2
b —— Gy (C)

Fra. 4-5—Rectangular wave after passing Fia. 4-6.—8hift in d-c level produced by
through RC-coupling. long-time-~constant RC~coupling.

dition for equilibrium is that the charge lost by the condenser during ¢,
must be equal to the charge regained during &,. In other words, the area
under the voltage wave above ground potential must equal the area below
ground. Figure 4-6 shows the equilibrium condition for various ratios
of t, and s, if the time constant is assumed to be very long.

This shift in level with duty ratio,! which also occurs with any other
form of nonsymmetrical wave, must frequently be avoided. The simplest

4 G B GM
! L {
Gnd ___t_x_': t;

tl __...tz

Ry

Gnd

F1G. 4-7.—Simple d-c restorer. Fi1a. 4-8.—Level stabilization by d-¢
restoration.

method of maintaining a chosen d-c level is shown in Fig. 47.2 A diode

is connected in parallel with the resistor B;. During ¢, the cathode of

the diode is at higher potential than the plate and no current flows

through it. The condenser then discharges only through R;. During ¢,

1 The duty ratio is defined as {:/{¢; + £) orasfs/(f1 + 2:). The choice between the
two depends upon events that take place in the two intervals.
2 Bee Sec. 4-5 for other methods.
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the cathode becomes negative with respect to the plate, and the diode

conducts. The condenser is recharged through the diode, which has an

impedance of perhaps a thousand ohms. Thus the condition of equal

charge and discharge is maintained, but the condition of equal area is

not. The waves of Fig. 4-6 then appear as in Fig. 4-8. Reversal of the

diode would shift the level so that B would be at ground potential during
4 G g h and below ground during ¢,.

o—it ° If the voltage to which the wave is

restored is not ground, the resistance of the

R, bias-voltage supply will be in series with the

diode during the recharge time. The quality

] R, of the restoration will depend upon the rela-

= tive values of {; and ¢; and also upon the ratio

Fis. 49.—Diode d-c restorer.  of R, to Ry, where R is the total resistance

through which the recharge current must flow. The condition to be

satisfied is

ty 12
E << F'
When the diode closes at ¢’ (Fig. 4:6) the potential at B must fall below
the bias level in order to cause recharge current to flow through R.,
The amplitude of this overshoot may be reduced by means of a large
bypass condenser Cs, as shown in Fig. 4-9. The conditions for good
restoration then become
C1 K Cy
iy g
VE<p (1)
RyCe Lty + 2s,

where V is the amplitude of the rectangular wave.

If the grid of any vacuum. tube is positive with respeet to its cathode,
current flows to the grid. Thus the grid E,p
and cathode form a diode of sorts which,
in many cases, automatically provides d-c
restoration to the cathode level.

4-2. Cathode Followers.—The cathode
follower (Fig. 4-10) is an amplifier stage
with the load in the cathode circuit. It
is widely used in display circuits to provide
(1) an impedance changer to match the
impedance of a transmission line, (2) a low-
impedance path for rapid charging of a condenser, (3) an inexpensive
voltage regulator of fair quality for low voltages and moderate currents,

F1a. 4-10.—Cathode follower.
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and (4) a voltage takeoff that causes little loading of the driving circuit,
and yet can deliver considerable power at its output terminal.

These and other possible uses depend on the following properties of
the circuit:

1. The voltage gain of the circuit is given by
=y = o ——— L (2)

gm + =

o,

where g, ¢, and r, are the amplification factor, the transconduct-
ance, and the plate resistance

of the tube respectively. The Yo
term u/(u + 1) multiplied by AN
the input voltage is the gen- r
erator voltage, and the quan- W(Aﬁ

tity in parenthesis is the
generator impedance for the 4
equivalent circuit of Fig. 4-11. E; (u+7) R,
For large valuesof p and R;, the
gain will be very nearly equal
to, but less than one. Fia. 4-11,—Equivalent circuit of cathode

! . follower.

If the tube is a pentode,

1/r, is small with respect to gm, and p is large. Therefore, the ex-
pression for G reduces to

Rk+‘g""

In this case the equivalent generator voltage is approximately E;
and the internal impedance is 1/g,,.

Ep -
) E

R
Internal impedance Internal impedance
too high. too low,

Fig. 4-12.—Matching cathode-follower output impedance to transmission-line impedance

2. The output impedance has a value between 100 and 500 ohms for
most tube types. It can be matched exactly to a cable impedance
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by adding a small resistance either across the cable or in series
with it as in Fig. 4-12.

3. The low output impedance affords good high-frequency response

even with considerable capacitive

loading. For example, with 300-uuf

loading and 100 ohms output im-

pedance, the circuit has a band-

A A width! of about 5 Mec/sec.

é é 4. A cathode follower may be used to

provide a regulated voltage asin Fig.

413 where V; provides for V; a

B, cathode bias voltage that is rela-
tively independent of the eurrent

== through V.. If the current through
Fra. 413.—Cathode-follower volt- V' increases, the bias on V1 increases

age regulator. .
and the current through V. is re-

duceed to keep approximately the same voltage drop across Ri.

5. The input resistance may be very high. H the maximum grid
resistance permitted for a given tube type is not high enough for
some application, the effective input resistance of the circuit may
be made larger than the actual value of the grid resistor by return-
ing the grid resistor.as shown in Fig.
4-14. Here R, provides self-bias for
the tube and might in some cases be
zero. The effective input resistance
of this circuit is

Bon= - —— &)
)
R4+ R

6. The input capacity is very low. In
8 carefully designed circuit most of
the input capacity will be due to the
interelectrode capacities of the tube.
The effective capacity between any
electrode and the grid depends upon  Fre. 4:14.—Method of increasing
the signal voltage between that elec- effective input resistance.
trode and the grid. Thus, if the load is in the plate circuit the plate-
to-grid capacity is multiplied in its effect by (1 + €) since the two
signals are out of phase. For the cathode follower all electrodes are
either fixed or move in phase with the grid. Thus no interelectrode
capaeity is amplified and some are reduced by a factor of (1 ~ G).

t Defined in Sec. 4-8,

Epp
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The input capacity of a 6AC7 with screen bypassed to cathode
may be as low as 2 upf.

The preceding conclusions are all based on the assumption of small-
amplitude grid signals. The derivation of equations that are not subject
to this restriction is difficult, but much useful information can be obtained
by a less rigorous analysis.

First, the cathode load may be assumed to be a pure resistance; then
the output signal corresponding to any input signal may be determined
without great difficulty from the characteristic curves of the tube. The
addition of capacitive loading does not alter this picture so long as the
grid signal contains no components of frequency high enough to make
the cathode susceptance significant.

Now a second case may be considered for which the capacitive load-
ing is large, and a positive signal such as the solid line of Fig. 4-15 is
applied. As a further simplification the cathode
resistance and the voltage drop across it may be ,
made such that the static current is almost the AN Cathode wave
same at both initial and final levels. This Fra. 415 Response of
condition is fulfilled if the cathode resistor is  cathode follower with capaci-
returned to a large negative supply voltage, or tiveload.
if the cathode follower is operated with a large cathode voltage during
the initial state.

The flow of current into the condenser must pass through the tube
output impedance; hence, a voltage difference will exist between the
input and output voltages, as shown by the dashed line in Fig. 4-15,
during the time the condenser is being charged. The cathode wave is
normalized to the grid wave at the two constant levels.

If the rate of rise and the capacity are such that the tube cannot
deliver the current required to charge the condenser without entering
the region of positive bias, the result will depend upon the nature of the
grid driving circuit. If this circuit can supply the necessary grid cur-
rent the action will be as already stated. If it cannot, the grid wave
will be distorted as zero bias is reached, and the subsequent rise of both
grid and cathode will take place at a rate determined by the zero-bias
current, of the tube. In this situation two eathode followers are some-
times used in series. The second drives the output eapacity and the
first supplies the grid current required by the second.

For a third case the signal shown by Curve 1 of Fig. 4-16 is applied
to the grid. Here the condenser is assumed to be large and the resistor
fairly small. {n the initial condition the voltage drop across the resistor
is determined solely by the current through the tube. As the grid volt-
age drops, the tube current is reduced and an increasing portion of the

Grid wave
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current through the resistor is furnished by discharge of the condenser;
the cathode voltage will lag until the tube current has reduced enough to
increase the condenser discharge current to the value required by the
instantaneous condenser voltage and the cathode resistor.

In an extreme case the tube will be completely cut off and the dis-
charge of the condenser will follow an exponential curve with a time
constant RC. The exponential discharge continues until either the con-
denser is discharged or the tube again begins to conduct. If the tube
turns on, the condenser current diminishes and the rate of descent
decreases until once again the entire current through the cathode resist-
ance is flowing through the tube.

For Curve 2 the initial current is
made so high that the tube does not
cut off at any time. For Curve 3 the
initial current is lower and the tube
does reach cutoff. It is further as-
sumed that the initial drop across the
cathode resistor is just equal to the
amplitude of the cathode signal, and
Fie. 4-16.—Responsg of c‘athode follower the tube does not turn on again. For

to negative signal. A A
Curve 4 the initial current is the same
as that for Curve 3, but the initial drop across the cathode resistor is
much larger than the signal amplitude. The cathode wave then follows
the dotted exponential curve for a time and leaves it as the tube starts
to conduct. Again the curves have been normalized to the same initial
and final levels.

From this discussion it follows that the response of a cathode follower
to negative signals can be improved by (1) using a sharp-cutoff tube,
(2) increasing the initial current, and (3) increasing the voltage drop
across the cathode resistor so that only the steep portion of the expo-
nential wave is followed. The operating conditions of a cathode follower
must always be arranged with great care if it is to exhibit the highly
useful properties claimed for it.

4.3. Trigger Generators.—This book is concerned primarily with dis-
plays utilizing information that is repeated at definite intervals. The
repetition rate is determined by some oscillatory circuit or by a mechani-
cal timer such as a rotary spark gap. The various events in the display
cycle are then initiated in proper synchronism by voltage waves appear-
ing in or derived from the primary timing device.

Figure 4-17 shows various trigger waveforms commonly encountered,
of which a is the most useful. With b the disturbances following the
main trigger pulse may prevent normal operation of the triggered circuit,
either by feeding through and distorting the output signal, or by actually
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causing it to shut off because of the positive overshoot. The sharp
trailing edge of ¢ is a disadvantage. A wide pulse of the form of ¢ may
be differentiated by a coupling condenser and give a second pulse of
opposite sign at the point of termination; whereas a narrow one demands
very rapid response in the triggered circuit lest the trigger disappear
before the circuit has responded.

Transmission of a trigger pulse over a long
cable requires a very low output impedance for
the trigger generator in order either to main- (a) Weal trigger pulse
tain the sharp leading edge in spite of the
capacity of the cable, or to match the im-
pedance of a terminated cable. If the same
trigger generator is used for parallel triggering
of several circuits, a low output impedance
helps to reduce interaction between the various
circuits. For the rare circumstance when a
trigger pulse is applied to just one near-by
circuit, a much higher impedance may be used.

However, a trigger generator that has other  (¢) Rectangular trigger putse
desirable characteristics need not be discarded Fic. 4-17.—Typical trigger
because of high outputimpedance. Itisalways waveforms.
possible to add buffer stages to provide any required isolation or output
impedance. The cathode follower is particularly suited to the trans-
mission of positive trigger pulses. In this case it can have a very low
quiescent current because only a fast leading edge is required and a slow
fall is desirable. The negative trigger pulse is more economically
obtained from the plate signal of an amplifier stage. The amplifier is

(b) Oscillatory trigger pulse

Sin wave Differentiated
input c square wave

A\ ampiifier A Amplifier FH

Output

Fia. 4-18.—Deriving a trigger pulse from a sine wave,

biased to a very low current and turned on abruptly by a positive pulse
from the trigger generator. If the tube is of the high-current type the
plate will descend rapidly even though working into a low impedance.
The trailing edge may be much less steep, but usually this is an advantage.

The well-known art of designing very stable sine-wave oscillators
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suggests the use of such a circuit as the frequency source. Figure 4-18
shows one method of deriving a trigger pulse from a sine wave. The
sine wave is amplified in overdriven amplifiers until it becomes essentially
rectangular, and is then differentiated to give a positive and a negative
trigger pulse. If the circuit to be activated will respond to both pulses,
the undesired pulse may be eliminated by means of a diode or a suitably
biased amplifier stage.

Complete phasing of the output trigger pulse may be accomplished
by any of the familiar methods of shifting the phase of a sine wave. A
more limited control is obtained by adjusting the bias on one of the

Ep early amplifier stages.

The term ‘“blocking oscillator’” has
been applied to many different circuits,
but here its use will be restricted to varia-
tions of the basic circuit shown in Fig. 4-19.
This circuit provides a sharp trigger pulse
and also determines the repetition rate

X
l j“ “L:L It is a high-frequency sine-wave oscillator

(o Pulse in which the grid is driven positive during

transformer half of the cycle. Sufficient grid current

flows into (' during this half cycle to block

further oscillation until the charge on the

. grid leaks off through R; and the tube
1

leY again conducts. Thus the output is a
= series of narrow pulses separated by the
Fia. 419.—Simple blocking oscil- grid recovery time.

lator. The pulse appearing on the plate or

across the third winding of the transformer! is shown in Fig. 4-17b. Its

width is largely determined by the characteristics of the pulse transformer
although certain variations in the circuit permit a limited control of pulse
width. Transformers are available to give pulses varying in width from
perhaps 10 psec to a fraction of a microsecond.

The pulse appearing at the transformer is seldom used directly,
partly because of its bad overshoot and partly because of the fact that
any load on the transformer affects the pulse shape and the repetition
frequency. A trigger pulse like that of Fig. 4-17¢ may be obtained by
inserting a small resistance, perhaps 100 ohms, at either X or ¥ of
Fig. 4'19. Since the signals obtained in this way are proportional to
the current in the tube, they are free from overshoot. Better trigger
pulses are also obtained by applying the signal from the third winding
to the grid of a cathode follower or an amplifier. By means of a large

1 Transformers appropriate for this application are of a special group called ‘‘pulse
transformers,” which have excellent response at high freqauencies.
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load resistor and some capacitive loading the output signal can be made
to resemble Fig. 4-17a.

Since the peak currents drawn may be several hundred milliamperes,
it is essential that additional filtering be provided to decouple the block-
ing oscillator from the power supply. Although the peak current is very
high, the duty ratio is so low that the blocking oscillator is the most
economical form of trigger generator.

Unfortunately the repetition rate depends not only upon the grid
time constant R:C;, but upon the cutoff level of the tube and the charge
accumulated by the condenser during the pulse. Because cutoff is widely
variable for many tube types, replacing the tube may cause a large change

Epp

Fra. 4-20.—Blacking oscillator controlled b;/ Hartley osgecillator.
in frequency. Also the charging of the condenser may vary from one
cycle to the next, resulting in unequally spaced pulses.

The Jack of frequency stability in the blocking oscillator leads directly
to a different usage of the circuit. If the grid resistor of Fig. 4-19 were
returned to a voltage below cutoff for the tube, the circuit would be
stable and would fire only if some outside agency caused the tube to
conduct momentarily. Thus a sine-wave oscillator might be used to
control the firing of the blocking oscillator. Figure 4-20 shows this
method of operation. Tube ¥V, is 2 Hartley oseillator in which a cur-
rent pulse appears across R, during a portion of the cycle. This pulse is
coupled to the grid of the blocking-oscillator tube V., which is normally
biased below cutoff. The result is a trigger pulse that has the sharpness
and low impedance of a blocking oscillator and the stability of a sine-
wave oscillator. The addition of Cy provides a bypass across . for the
high frequencies contained in the blocking-oscillator pulse.

If the output of a given circuit is not sharp enough for direct use as
a trigger pulse it may still be sharp enough to activate a blocking oscil-

Ay
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lator. The biased-off blocking oscillator can then be employed as an
inexpensive trigger pulse sharpener.

By making the recovery time of the blocking oscillator longer than
the period between successive input pulses the circuit can be made to
operate as a frequency divider. After the blocking oscillator has fired,
its grid will not return to the firing potential until some chosen pumber
of succeeding triggering pulses have passed. Thus the output frequency
is a submultiple of the input frequency.

The multivibrator circuit (see Sec. 4-4) is also useful as a trigger
source. The circuit shown in Fig. 4-21 provides the optimum frequency
100k +300v

82k 2w

+150v

Negative trigger

§33k2w

Fro. 4-21.-——Maultivibrator designed for maximum stability; 1600 cps.

stability attainable with a multivibrator. In designing this cireuit, the
following restrictions on its operation have been taken into account:

1. The signals applied to the grids must be large and of constant
amplitude. The size of the plate resistors and the fact that the
tubes are pentodes insure that the plate signal will be virtually
equal to the supply voltage and that variations in tube emission
will have little effect on its size.

2. The slope of the grid wave must be as great as possible as the grid
potential enters the conducting region. For this reason the grid
resistors are returned to the plate supply voltage. The point of
conduction is thereby effectively shifted to a steeper portion of the
exponential curve, and some compensation is provided for variation
in that supply level.

3. Variations in tube cutoff level must be small with respect to the
signal applied to the grid. The operation of sharp-cutoff pentodes
at low screen potential meets this requirement.

4. The recovery of each plate during the nonconducting period of
that tube must be as nearly complete as possible. For this reason
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the period is approximately equally divided between the two
states of the circuit.

5. The cross-coupling condensers and the grid resistors must be of
the best quality so that temperature and aging variations will be
minimized. These are the only eritical components involved.

6. The output coupling must place little load on the circuit. 1In the
diagram the output coupling is a very small condenser (C,) that
produces negligible load compared to that due to the cross-
coupling condensers. The output wave is differentiated by this
condenser and R,. The cathode follower is biased to saturation
and the resulting positive trigger pulse is therefore suppressed and
only the negative one is transmitted.

Other frequencies may be obtained by adding a ganged switch and
different. cross-coupling condensers. The potentiometer in series with
the two grid resistors permits fine adjustment of any one of the fre-
quencies; the other frequencies will then be accurate within the tolerances
of the condensers employed.

Certain applications require a trigger pulse that is_accurately phased
with respect to a sine wave of frequency much higher than the repetition
frequency of the trigger pulse. Where the frequency-stability require-
ments on the sine wave are such as to require crystal control of the oscil-
lator it is difficult to pulse the oscillator at the repetition frequency. In
such cases it is customary to permit the sine-wave oscillator to run con-
tinuously and to derive the trigger pulse from the sine wave by means of
successive counting stages.

4-4. Rectangular-wave Generators.—The ideal rectangular wave is
characterized by an instantaneous change in voltage, followed after a
time by an equally abrupt change back to the original value. Between
these points of discontinuity the voltage is constant.

Fortunately, considerable departure from the ideal is acceptable in
most applications. If the rectangular wave is to be used as a time
index, only the rapid transition must be stressed, in order that trigger
and marker pulses may be derived from the change in voltage. If it is
used as a gating signal, that is, for turning a circuit on or off for a given
time, the emphasis may fall on the flatness of the wave during one of the
intervals.

Rectangular waves may be produced by all forms of switches or con-
tacts if the time intervals are fairly long. For short time intervals some
form of electronic switch is required.

It is possible to form a rectangular wave from a sine wave, or almost
any waveform, by successive amplification and limiting stages. If such
an input wave is available this may be the practical solution to the
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problem, but in general it is necessary to geperate the wuve before
amplifying it, and the net cost is therefare rather high.

There are various one-tube circuits that involve a transfer of the
cathode current from the screen grid to the plate and back again, which
give out approximately rectangular waves. Since these circuits are use-
ful only under fairly special conditions they will not be deseribed bere.
One that has been widely used as a delay circuit is described, however,
in Sec. 6-3.

The most common rectangular-wave generator consists of two ampli-
fier stages with the output terminal of each coupled to the input terminal
of the other so as to cause regeneration. It differs from similar sine-
wave generators by the absence of resonant elements in the circuit.
The loop gain® is high if both tubes are conducting; therefore, a signal
applied at almost any point in the circuit is amplified and reamplified
until some limiting condition of zero gain for one of the stages is reached.
The circuit cannot long remain in the region between limits because the
random fluctuations in cathode emission provide a sufficient signal to
start the regenerative process. The operation then consists of successive
rapid transitions from one limit to the other.

Many of the characteristics of the circuit depend upon the nature of
the limiting conditions. 1i the limiting condition is saturation of one
of the stages while the other stage rewmains in the conducting region, the
circult is completely unstable and any small disturbance sends it to the
other limit. Consequently cirenits are not so designed. If the limiting
condition is cutoff of one tube, with the cutoff voltage supplied by a con-
denser that will gradually discharge, the plate currents are constant for
the length of time required for the cutoff tube to return to the conducting
region. Temporary stability is therefore attained. If the cutoff bias is
supplied by a resistive network or by a fixed-bias source, the circuit is
completely stable and stays put until some outside influence disturbs it.

Several factors limit the sharpness of the changes in plate voltage.
Clearly the speed of fall is improved by reducing either the capacitive
loading or the effective resistance of the tube. A faster rise time results
from a reduction of the plate load resistor or the capacitive loading.
Loading due to any actual condensers can be removed by insertion of a
cathode follower. Only the stray capacity remains and this can be
reduced somewhat by careful design and construction.

Various circuits differ widely in their speed of recovery. At each
transition the charges in various condensers must change to new values.
Untit this change has taken place the circuit will not respond in a normal

' Loop gain is determined by breaking the cireuit at some point and caleulating
the gain from the break through the loop and back to the break.
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fashion to an incoming signal. If fast recovery is important all con-
densers must be small, or their charging impedances must be low.

The multivibrator, shown in Fig. 422, is a well-known rectangular-
wave generator. It has condenser coupling from each plate to the grid
of the other tube, and the grid resistor is returned to cathode potential

or to a positive bias. Thus both E,
p

limits represent conditions of tem-
porary stability and the circuit gen-
erates a train of waves without being
triggered. The off time of V, is pro-
portional to R,Cs and that of V, to
R:(C,. Both timesareaffected by the
amplitude of a negative signal acting
on the grid, the level of bias at which
the tube begins to conduct, and the
voltage to which the grid resistors are
returned. Thus many forms of frequency control are possible.

The plate time constant during most of the rise is given by RsC,
{or RC,;). Since the coupling condensers may be very large the rise
time will be long unless cathode followers are used to drive the condensers.

Synchronizing pulses may be introduced to lock in the multivibrator

at the trigger frequency or at a
op lower frequency.

In the circuit of Fig. 4-23 a re-
sistance network returned to a
negative bias replaces one of the
coupling condensers of the multi-
vibrator. (C; is very small and
serves only to improve the high-
frequency gainof theloop.) Thus
one of the limits is stable and the
circuit requires an external trigger
to flip it out of this condition.
Then, at a time determined by
R,C,, it flops back to the stable
condition. This circuit will be
called a “flip-flop.”

Since €, is small the rise of the plate of V; may be rapid. If R.C, is
not large, or if Cy is driven through a cathode follower, the recovery time
will be short.

Other small changes in the multivibrator may also make it a flip-Aop
circuit. For example, the introduction of a fixed bias for one of the tubes

Fig. 4-22.—Multivibrator circuit.

Fia. 4-23.—~Flip-flop circuit.
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makes one of the limits stable so that the circuit will not operate unless
triggered.

Resistance networks are used for both couplings in Fig. 4-24, and
both limits are therefore stable. Thus the circuit will remain in either

condition until triggered. 'This circuit

Epp will be called a “scale-of-two”’ since

} one cycle corresponds to two input-
trigger pulses. Strictly speaking this
name would be reserved for the case in
which the same trigger pulse, coupled
to both grids, shuts off the tube that is
conducting at the moment and causes
a transition to occur. Although this
is the only case in which the input
frequency is truly scaled down, the
name will be used here for any circuit
of this type which requires two input
signals per cycle.

Both C; and C; are small, and thus
either plate may rise rapidly. Also the recovery time is very short, so
that the operation of the circuit is virtually independent of the interval
between triggers. The circuit is therefore extremely useful where this

-V

Fia. 4-24.—S8cale-of-two circuit.

interval may vary over wide limits

resistance coupling from the plate of

V, to the grid of ¥V, and a second

coupling from cathode to cathode,

which completes the loop. Since all

connections are direct, both limiting

conditions are stable, and the circuit

remains in one state or the other 1
depending upon the value of E,.

changing input voltage. When so

3 A cuit.

used, both rise time and recovery

former winding, the coil of a relay, or any other impedance that is not so

or in a random fashion. E,,
R
b
v,

Thus the ecircuit is able to form a % 4%
used it is called a ““flopover” circuit. -V =
time may be made short. Since the voltage wave across B does not
large as to limit the current in V.

The circuit of Fig. 425 has a +
rectangular wave from a very slowly
Because no large condensers are Fi1ag. 4-25.—Cathode-coupled flopover cir-
enter into the action of the circuit, it is possible to replace R by a trans-
By returning the grid of Vi to a fixed voltage through a grid resistor
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and by introducing triggers to both grids, the circuit is changed into a
scale-of-two circuit.

Figure 4-26 shows the same basic circuit in which the plate-to-grid
coupling has been changed to a condenser. The circuit is now a flip-flop
for which the off time of V;is very accurately
proportional to the grid voltage of V. It is
very useful as a delay circuit because the
delay time can be determined by a high-
impedance circuit.

The first three elements of a pentode, the
cathode, grid, and screen, constitute a triode
and may be so used. If one of the triodes of
a rectangular-wave generator is replaced by a
pentode in this way, the operation of the = =
circuit will be unchanged. The plate of the ~Fro. 4:26. Cathode-coupled

. . . . ip-flop circuit.
pentode, which is coupled to the circuit only
by the electrons flowing through the tube, provides another element from
which a very sharp rectangular wave may be taken. Since the plate is not
involved in the coupling of the circuit it may be used for the generation
of other waveforms as well. An example may be seen in Fig. 7-1.
Epp o Trigger pulses may be introduced.
A TN’S' trig.in to the circuits (multivibrator, flip-
1 1 flop, or scale-of-two) across any
element used in coupling one stage to
the other provided, first, that the
trigger-source impedance is low
enough to drive the impedance pre-
sented by the chosen element, and
second, that the polarity and ampli~
tude of the trigger pulse are such as
to produce a transition under the
conditions existing in the circuit at
that instant. The second require-

v ment does not apply if the circuit is
Fic. 4-27.—Scale-of-two cireuit triggered  being used to scale down the trigger
through diodes. frequency.

Often the trigger pulse is applied to a plate or grid through a small
condenser. However, the coupling condenser, although small, does
load down the triggered element to some extent. Also, if the trigger
pulse is inferior in shape, any disturbances that follow the sharp leading
edge are coupled into the circuit and may either prevent normal triggering
or cause a reverse transition to occur before it is wanted. Thus trigger
isolation is sometimes necessary.

Diodes are frequently used to provide isolation. Figure 4-27 showe
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a scale-of-two circuit with a negative trigger pulse introduced to the two
plates through diodes. The drop in the plate load resistor of the con-
ducting tube provides a bias for one diode which prevents transmission
of the trigger pulse. Thus the trigger pulse is applied only to that grid
upon which it will have an effect, and a great improvement in the depend-
ability of the triggering results.

Flgure 4-28 shows a flip-flop circuit with the trigger introduced
through a triode. Here, V; is
biased beyond cutoff and conducts
only when a positive trigger pulse
is applied to its grid.

4.5. Clamping Circuits.—
Clamping circuits are essentially
electronic switches. An ideal
clamp presents zero impedance
when closed and infinite imped-
v v _ ance when open.

Fia. 4~28.—th-ﬂ€fl)v1:rxtg§fred through triode The need for clamps arises in

various situations. For example,
some of the waveforms used in display circuits are simple functions,of time
which can be generated by networks if the voltages and currents of the
network have specified initial values. Clamps may be used to hold
the network at the initial values. Opening the clamps then permits the
waveform to develop according to the characteristics of the circuit.
Clamps are also used to create a momentary connection between some
terminal of a circuit and a reference voltage in order to establish the
voltage level of that terminal. Examples of this use are found in ordinary
d-c restoration and in certain forms of carrier-demodulation systems.

Clamps may be classified as either two-way or one-way clamps.
These descriptive terms are defined by the following statements: A
one-way clamp will conduct in only one direction, and hence can bring
Terminal A to the potential of Terminal B only if A is always more
positive than B or if 4 is always more negative than B, depending on the
polarity with which the clamp is put between A and B. A two-way
clamp will conduct in either direction, and will restore the potential at
A to that at B whether A4 is positive or negative with respect to B.

One-way Clamps.—The following examples will be simplified by using
ground potential as the reference voltage. The diode d-¢ restorer dis-
cussed in Sec. 4-1 may be regarded as a special form of clamp which is
opened or closed by the action of the voltage at the terminal to be
clamped. Its use is limited to cases in which clamping is to occur at the
maximum or minimum of the voltage wave.

The general characteristics of clamping circuits will be discussed in
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connection with the simple triode clamp of Fig. 4:29,! which acts as a
switch between the point A and ground. In this circuit the clamp is
normally closed and a steady current flows through it to ground. The
voltage drop across the clamp is determined by this current and the
effective resistance of the clamp.

Often the current is fixed by other considerations so that improvement
in the clamping can be achieved only by a reduction of the clamp resist-
ance. Therefore the use of a tube type having a low effective resistance
is helpful. Usually a tube with a low plate resistance also has a low
effective resistance when used as a clamp. The use of several tubes in
parallel also improves the clamping action. For a given tube the effec-
tive resistance will be reduced if more
current is drawn through the grid circuit;
that is, if the grid is driven more positive.

The clamp may be opened by
applying a negative signal, usually a
rectangular wave, to the grid. Any
high-frequency components in the grid ___, oo

. . . v N
wave will be coupled to the plate circuit By ¢
by the interelectrode capacity and may C,":';\
be very objectionable. This effect is A
minimized by using a grid wave that has  Fie. 4-29.—One-way triode clamp
a slow leading edge and that is just large for positive signal.
enough to keep the clamp open. The amplitude required depends upon
the maximum voltage on the plate. If the gating signal provided is very
sharp, its high-frequency components can be kept from reaching the
grid by inserting the simple RC-network shown by the dotted components
of Fig. 4-29.

The triode of this circuit may be replaced by a pentode in order to
effect a further reduction in grid-to-plate coupling, although, in general,
triodes provide a lower clamp resistance. Not only is the interelectrode
capacity of the pentode smaller, but the sharper cutoff characteristic
permits the use of a much smaller grid signal.

When the clamp closes, the circuit returns to the normal condition.
The speed with which it recovers is determined by the ability of the clamp
to discharge Cq rapidly. Thus, a low-resistance clamp permits quicker
recovery. If C; is permitted to discharge appreciably while the clamp
is open, the grid will be overdriven when it closes, and a-very low clamp
resistance will be produced during the time C, is being discharged.
However, too much overdrive may be worse than too little because it can

R,

! The circuit used for illustrative purposes in this and the following figures is a
simple sawtooth generator. which will be described in Sec. 4-6.
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cause the plate voltage to fall below the equilibrium value for a short
time.

Figure 4-30 shows the way the triode clamp may be used if Terminal
A is negative with respect to the reference voltage. The grid signal must
now be much larger in order that the cathode excursion may not cause
current to flow through the tube. The recovery may be slightly more

-V
F1G. 4-30.—One-way triode clamp for nega- Fi1a. 4-:31.—One-way cathode-follower diode
tive signal. clamp.

rapid in this case since the tube acts as a cathode follower, although the
plate voltage on the tube is too low for very good cathode-follower
operation. The grid current also helps to discharge C..

The cathode follower and diode clamp of Fig. 4-31 closes when V,
cuts off, and may be opened by a positive signal applied to the grid of V.
Both the recovery and the action of clamping of this circuit are adversely
affected by the presence of R, in series with the diode. Resistor R,

+

Fi1g. 4-32.—One-way double-diode clamp. Fig. 4-33.—One-way diode-cathode-follower
clamp.

can seldom be made as small as might be desired because the signal at 4
can be no larger than the voltage developed across R, when the clamp
is opened. Unless V is to draw a very high current, B, must thus be
fairly large. Nevertheless, this clamp is preferable for some applications
where the output signal is small since it will not cause an overshoot in

the wave at A.
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Figure 4-32 shows a two-diode clamp. The clamp may be considered
to consist of V,, with V, acting as a d-c restorer that holds the cathode
of V. at the reference level. The effective resistance of the clamp is
that of the two diodes in series. For the d-c restoration to be effective,
the current through R; must be greater

than that through E,. Thus, B, may be v
fairly small. Since the positive signal that + |
opens the clamp is applied across R,, the R,
source impedance of the signal must be low R, -
with respect to R;. If Terminal 4 in Fig. c 4
4-32 is negative with respect to the HC :
reference voltage, the circuit is simply ' A

I

inverted as in Fig. 4-35 and no new com-
plications arise. F16. 4-3¢.—Two-way double-triode
The diode and cathode-follower clamp clamp.

of Fig. 4-33 is useful only if A is negative with respect to the reference

voltage. The diode is a d-c restorer on the grid of the cathode follower.

The clamp is opened by a sufficiently large negative signal on the grid of

V. to allow for the negative excursion of the cathode. An advantage of
+ this clamp is its extremely rapid

recovery since C is discharged

through the very low impedance

of the cathode follower. How-

G ever, the quiescent level of the

et ¢ cathode of V, will be higher than
the reference voltage unless suita-

14 ble allowance is made in selecting

the return voltage of V,, and this

B property is often a disadvantage.
Two-way Clamps.—The two-

|4 triode clamp of Fig. 4-34 consists

y of the two circuits of Fig. 4-29 and

° 1y Fig. 430 in combination. The
C, voltage applied to R, may be

either positive or negative. When
the clamp closes, V; will conduct
if A is below ground and V. will
conduct if it is above ground.
The clamp is opened by a negative signal applied to the grids. This
signal must be fairly large since the cathode of V1 may go negative. Also
the interelectrode coupling may be very bad with this circuit since the
capacities in the two tubes add.

The four-diode circuit of Fig. 4-35 contains the two-diode clamp of

Fiq. 4-35.—Two-way four-diode clamp.
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Fig. 4-32 plus the inverted version of the same eircuit. In the absence of
signals at Cy, and C,, the diodes conduct so that A is brought to the
voltage at the reference point B, which may be at ground or any other
potential. Again the voltage V applied to R; may be either positive or

negative with respect to B. The currents through B; and R, must each
be greater than that through R; in order to close the restoring tubes V,
and V;. The clamp is opened by simultaneous application of a negative
signal to C; and a positive signal to C's. Each signal must be at least as
large as the maximum excursion of A in the direction of that signal.
However, the large signal will not necessarily be coupled through the
clamp. If the two gating signals are alike in shape, the signals coupled
through Vs and V., being equal and op-

posite, will cancel out.
The use of ground as the reference
g voltage produces an oversimplification in
4 this discussion. In general, this voltage
level will not be at ground, and the volt-
age source will present an impedance that
must be included in the circuit in series
with the clamp. Since this series imped-

Fio. 436, _Two_w&y trams.  2DCE will impairithe speec‘l Qf recovery and,
former-coupled double-tricde a8 part of a resistance divider, will affect
clamp. the voltage at which clamping is effected,
every effort should be made to pravide a source of reference voltage which
has a low output impedance.

If it is impossible to reduce the output impedance of the source of
reference voltage, it becomes necessary to reduce the current drains on
the source to & minimum. Reduection to zero of the current into the
clamped terminal may still leave a considerable drain on the reference
source in each of the circuits described above, by way of some channel,
such as R, in Fig. 434, involved only in activating the clamps. = Figure
4-36 shows a variation of the double-triode clamp in which this extraneous
current has been eliminated. The activating signals are transformer-
coupled to the grids, and each grid circuit is then a closed loop that takes
no current from the reference point or from Terminal A. A common use
of this circuit in the demodulation of a sine-wave carrier is discussed in
See. 5-5.

A circuit with similar properties may also be derived from the four-
diode clamp.

4-6. Sawtooth-wave Generators.—Any voltage waveform that resem-
bles Fig. 4:37 will be called a “sawtooth wave.” That portion of the
wave in which the change of amplitude is roughly proportional to time
will be called the “rise”” whether the change in voltage is positive or
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negative. The flat portion is the ‘““quiescent’ voltage and the portion
that follows the rise is the “return” or “flyback.” A waveform may
differ considerably from Fig. 4-37 and still be called a sawtooth wave.
For example, the quiescent period may be of any length down to zero
and the return may occupy more

time than the rise. __! ;__ Return
Each of the sawtooth-wave gen- y [ f
Rise ~~ r—-Quiescent-,

time
tains the basic components shown in ! 1
Fig. 4-38. There is a switch of
internal resistance R, (this switch

might be any of the clamping circuits i

I
l

]
erators to be considered here con~ r
|
) I
| {
1 ! {

discussed in Sec. 4-5), a current- to
controlling element, X, and a con- Fio. 4-37.—Sawtooth waveform.
denser C.

When the switch is closed the condenser is short-circuited if the
switch resistance can be assumed to be negligibly small. At a time %,
the switch opens and current flows into the condenser. The instantan-
eous voltage e at the output terminal is given by

Ly
e=ﬁ@dt. (5)

Thus, the slope and linearity of the sawtooth wave depend entirely on the
E size of the condenser and the current flowing into

8 it. If the current is constant the output voltage

i will be exactly proportional to time. Thus, the
problem of producing a linear sawtooth wave is

X
simply that of obtaining a constant charging
current.
Switch Output When the switch closes it not only diverts

the charging current from the condenser, but
Rs c discharges the condenser. During this inter-
val the current will be large and the switch
resistance must be considered because it deter-

= mines to a very great extent the return time of
Fra. 4-38.—Equive- the ci it

lent circuit of current- € circuit.

integration type of saw- The slope of the sawtooth wave can be changed

tooth wave generator. in several obvious ways. Changing the size of the
condenser in discrete steps provides a coarse control. Fine control
is usually obtained by adjustment of the charging current. The charg-
ing current is determined by the characteristics of the control element
and, in some cases, by the voltage applied to it. The possibility of
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voltage control is particularly useful for display circuits since many of
the data-transmission systems provide position information in the
form of slowly varying voltages from which sawtooth waves of amplitude
proportional to the position voltage are to be formed.

In many applications of the sawtooth wave a waveform like that
shown in Fig. 4-39 is required. This wave may be regarded as the sum of

a sawtooth wave and a rectangular wave.
9“‘*“‘ The rectangular component may be added to
Step [=---—~ 1 the output signal of any of the circuits de-

Fic. 4-39.— Trapesoid scribed below by inserting a small resistor,
waveform consisting of saw- known as the ‘“step” resistor, in series with the
tooth and step waves. charging condenser. While the switch is open
the current flowing into the condenser causes an IR-drop across the step
resistor. 'This drop appears at the output terminal and adds to the signal
produced by the charging of the condenser.

The simplest current-controlling element (X in Fig. 4-38) is a resistor
returned to a relatively high potential. Since the charging current is
proportional to the voltage across the resistor, the sawtooth wave will
be exponential rather than linear. Any desired degree of linearity may

E,
EPF

Gating
signal

Gating R,
signal

©—
T

G %

= 1

Fra. 4-40.—Pentode-charging sawtooth- Trg. 4-41.—'"Miller run-down’ sawtooth-
waveform generator, waveform generator.

be obtained by limiting the ratio of maximum sawtooth amplitude to
initial voltage across the resistor. A ratio of 1 to 10 will be small enough
for any sweep application, and larger ratios may sometimes be accepted.
If the available supply voltage is high enough to meet the linearity
requirement, this form of sawtooth generator should be used because of
its simplicity and because its recovery time may be very short.

As long as the plate voltage of a pentode is above the knee of the
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characteristic curves, the plate current varies only slightly with changes
in plate voltage. The variation is still less if the tube is biased by means
of an unbypassed cathode resistor. Thus, a pentode may be used as the
current-controlling element of a sawtooth-wave generator. In this way
a sawtooth amplitude of perhaps 75 per cent of the supply voltage may be
obtained with acceptable linearity.

Figure 4-40 shows the pentode used to produce a negative sawtooth
wave. Unfortunately the clamping tube is in the plate circuit so that a
floating heater supply may be required and the gating signal must be
large. If the pentode is used to generate a positive sawtooth wave a
floating screen supply returned to the cathode is required to keep the
current constant.

The “Miller run-down”’ circuit

-l

. . Pow
of Fig. 4-41 may be resolved into R ampli:‘nrer
two familiar ecircuits. A simple gwfl;

resistance-charging circuit (Vy, R,, -
and C.) develops a small-amplitude
sawtooth wave at the grid of an
amplifier. The amplifier is a high-
gain pentode with enough negative
voltage feedback to insure linear
amplification of the grid signal.
The element of strangeness in the
circuit arises from the dual function Fic. 4:42.—Generalized circuit of bootstrap
of C,, which not only provides the sawtooth-wave generator.
feedback but also acts as the charging condenser.

This circuit requires very precise clamping because any error in
clamping is greatly amplified by the pentode. The amplification of the
error is reduced if a triode is used but this change also reduces the linearity
of the output wave.

The linearity of the sawtooth wave produced by the resistance-charg-
ing method may be greatly improved by another scheme involving
positive feedback. If, as in Fig. 4-42, the sawtooth wave is the input
signal for a noninverting power amplifier with a voltage gain of one, and
the output signal is applied to the supply end of the charging resistor, the
voltage across the resistor remains constant and the sawtooth wave is
linear. Circuits of this type are called “bootstrap’” sawtooth-wave
generators.

If the gain G of the amplifier is less than unity, the rise will be expo-
nential rather than linear. The shape of the sawtooth wave may still be
determined by assuming an effective supply voltage equal to (1/1-Q)E
and a correspondingly increased charging resistor. A gain of 0.95
thus gives an effective supply voltage of 20E and the sawtooth wave
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will remain linear enough for use as a sweep voltage of amplitude of at
least 2E. This statement is not valid, however, if the amplifier saturates
in the process.

By making the gain greater than one, a sawtooth wave of increasing
slope may be obtained. This waveform is used in certain data-trans-
mission systems to compensate for low-frequency losses.

A catbode follower has all the characteristics required of the amplifier,
and, in addition, is economical. Although its gain is always less than
one, it can be made to approach one very closely. For example, a
medium-z triode may have a gain of 0.95, and a pentode such as a 6AC7
with screen bypassed to cathode may
have a gain of 0.995.

The principal disadvantage of the

E
eathode follower in this application
By is the small potential difference
1/ between input and output levels. It
is thus impossible to use direct con-

&,
or a floating power supply is included
g ! in the eircuit to provide the proper
l d-crelations. Although this is some-
times justified for a laboratory circuit,
it is too inconvenient for field equip-

Ry ment. More often a condenser is

used for the feedback channel with

cathode follower as power amplifier. current Supplie d through another

channel. Since the coupling condenser must be large enough to transmit

the sawtooth wave without appreciable distortion, it is difficult to insure
complete recovery of the circuit.

Figure 4-43 shows a common version of the bootstrap circuit, in which
the d-¢ component of charging current is supplied through the decoupling
resistor By and the feedback signal through C;. The charging condenser
to the potential difference across B,. While the switch is open C; loses
through R some charge that must be regained before the circuit returns
to a stable condition. Since the time allowed for recovery is almost
always insufficient, the voltage across B, will change until an equilibrium
condition is reached in which the charge lost equals the charge regained
in each eyele. This equilibrium is affected both by the amplitude of the
sawtooth wave and its duty ratio, and therefore the slope is sensitive to

nection throughout unless a battery
Fio, 443 —Simple bootstrap circuit with  the d-c component of the charging
is Uz, and R, is the charging resistor. The slope of the rise is proportional
variations in either quantity. This form of the circuit cannot be used
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where the response must be exact, unless the operating conditions are all
constant or the duty ratio is very small.

Figure 4-44 shows another form of the circuit in which the d-c¢ com-
ponent of the charging current is supplied through a diode. When the
switch is open, C; loses charge only through R, since the diode is open
during this part of the cycle. During the recovery period V; is conduet-
ing, holding one end of the condenser at the supply level while charge
flows back into C; through R,. By either reducing the value of R, or
returning it to a negative potential, the recovery time can be shortened

F1G. 4-44.—Bootstrap circuit with diode re- Fla. 4-45.—Variation of bootstrap circuit.
charge path.

so that the slope is independent of amplitude and repetition rate for duty

ratios up to perhaps 75 per cent.

In the circuit of Fig. 4-45 the charging resistor R, is supplied directly
by the cathode follower V;. The signal is coupled to the grid of the
cathode follower through ¢;. During the quiescent period V3 holds the
grid of V, at the potential E,, and since this voltage appears across E;,
it determines the slope of the sawtooth wave. Condenser C discharges
only through the resistor R., which may be made quite large. Thus, C,
can be much smaller in this circuit than in the preceding examples, and
the recharge problem is therefore less difficult. If E, is supplied from a
low-impedance source the recovery can be made very rapid. A major
defect of this circuit is the initial high level of the cathode of ¥,. Fora
given supply voltage, saturation of Vy will occur at a smaller amplitude
of the sawtooth wave than in the preceding circuits.
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If any of these three circuits is used to generate a sawtooth wave
proportional to a variable control voltage, trouble will be encountered if
the variation of the control voltage is at all rapid. The recharge mech-
anism may be unable to establish the proper charge in the coupling
condenser in the time allowed. Although nothing much can be done to
improve the performance of the circuit of Fig. 4-43, substitution of two-
way clamping circuits for the diodes and switches of the circuits of Figs.
4-44 and 4-45 will greatly increase their ability to follow rapid changes.

Some applications of sawtooth waves for the determination of a time
interval demand very high linearity of the sawtooth signal. This
linearity can be obtained with aboot-
strap circuit by means of a more
expensive amplifier than the cathode
follower, or by adding to the saw-
tooth wave a correction term that
compensates for the imperfections of
the circuit. Adding a correction
term that is proportional to the
integral of the sawtooth voltage will
compensate not only for an amplifier
gain of less than unity, but also for
loss of charge by the bootstrap cou-
pling condenser. Figure 7-17 shows
a method of introducing this corree-
tion term, which is generated by R,
and C¢. The diode across R, is
required to insure proper initial
conditions.

Although the presence of a cath-

-V ode follower in each of these bootstrap

Fie. 4-46.—Common charging con- circuits seems to provide an excellent

:lve;;s:; for positive and negative sawtooth output terminal for the sawtooth

wave, it must be remembered that
the cathode wave may lag slightly behind the grid wave if the rise of the
sawtooth wave is sufficiently rapid. The result appears as a delay at the
start of the cathode wave. If a fast start is required, the output wave-
form must be taken directly from the charging condenser.

In many applications a push-pull sawtooth wave is required. When
conditions permit the use of a simple generator and duplication is not too
expensive, the push-pull signal may be obtained by independent genera-
tion of positive and negative waves. Some simplification of the switching
problem may be achieved by using a single charging eondenser for gener-
ating both signals, as is illustrated in Fig. 4-46.

EPP

2

Gating
signai

L
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Alternatively, a single-ended signal of small amplitude might be
produced and applied to the input terminal of a phase-splitting amplifier.
The ‘““floating-paraphase” cireuit of Fig. 4-47 is widely used for this
purpose and is satisfactory for all but the most steeply rising waves.
Another common phase splitter, which has the load resistor divided
between the plate and cathode circuits, is particularly applicable to the
bootstrap circuit. If the supply levels and signal amplitudes are appro-
priate, a resistor equal to the cathode resistor may be inserted as a plate
load of the cathode follower (in Fig. 4-43 or Fig. 4-44) without material

EPP
Epp
I, g
®
_ Epl
Frg. 4-47.—Floating-paraphase phase Fig. 4-48.—Sawtooth inverter vih
splitter. feedback.

effect on the cathode signal. The push-pull output signal is then taken
from the plate and cathode of this tube.

A third method first generates a single-ended signal of large enough
amplitude to serve as one of the output signals. The other signal is
derived from the first, which is attenuated and applied to the input termi-
nal of an inverting amplifier. The amplifier used here must have a very
linear response which is most easily obtained by means of negative voltage
feedback. Figure 4-48 shows an example in which the feedback channel
is part of the attenuating network.

4.7. Automatic-shutoff Circuits.—Some displays require a sawtooth
wave of constant amplitude which has a number of different slopes to be
selected by means of a switch. This waveform may be obtained by
combining a rectangular-wave generator and a sawtooth generator as
shown in Fig. 4-49. The switch that selects the constants for the saw-
tooth cireuit must also select appropriate time-constant components for
the rectangular-wave generator so that its output wave will terminate
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just as the sawtooth wave reaches the required amplitude. Several
close-tolerance components and probably a few trimming resistors are
therefore required. Crosstalk difficulties are also increased by the
sharp-edged waves carried by the switch leads.

If the display requires that the slope of the sawtooth wave vary
continuously between certain limits, new complications arise. Although
it is very easy to vary both the slope of the sawtooth wave and the time
constant of the rectangular-wave

Trigger | Rectang: Sawtooth —~L generator by means of potentiom-
O—»—|ular wave enerator eters, it is far from simple to
generator r B . . p .

T - design a single control coupling
(5 CB these two potentiometers so as to
f:,ggt%? — maintain the required relationship

switch between slope and time constant.

Fi1e. 4-49.—Combination of rectangular- A better method of terminating

wave and sawtooth generators. R
the sawtooth wave is to employ an

““automatic shutoff ”’ eircuit in which the sawtooth wave, or some portion
of it, is applied to the input terminal of the shutoff circuit (see Fig. 4-50).
When the sawtooth signal reaches the required amplitude, the shutoff
circuit causes a transition of the rectangular-wave generator. The
rectangular wave then closes the switch tube and causes the sawtooth
wave to return to the quiescent level.

For the sake of brevity in the following discussion the two conditions
of the rectangular-wave generator will be called “A”" and “B’. The

circuit is in Condition B while the 1
sawtooth wave develops, and it is uEE
i1.1 Condition A 'during the. return  Trigger R.thf,gff Sawtooth
time and the quiescent period. O generator generator

Its use in an automatic-shutoff ¥ 3
circuit places the following special
requirements on the rectangular- Shutoff Shutolf
wave generator: signal circuit

1. In Condition A it should be Y. 4450.—.Alternative combination provid-
stable so that its operation ing automatic shutoff.
is not too dependent on repetition frequency.

2. The transition to Condition B should be followed by a rapid
recovery to a state that permits the circuit to respond to the
shutoff signal. Once this state is attained no major change should
take place for a time longer than the duration of the longest
sawtooth wave required.

3. The circuit must eventually return to Condition A even though the
shutoff signal should fail to arrive. This requirement is partic-



Sec. 4-7] AUTOMATIC-SHUTOFF CIRCUITS 141

ularly important if a condenser coupling exists anywhere in the
loop. In the transient conditions associated with turning on the
power, the rectangular-wave generator may be forced into Condi-
tion B with the coupling condenser so charged that no shutoff signal
will be generated. The return provision gives assurance that the
circuit will not stall.

The “secale-of-two”” circuit (Fig. 4-24) meets these requirements very
well except for the one requiring eventual return to Condition 4. How-
ever, it is only necessary to apply the initiating trigger to both tubes of
the circuit to remedy this defect. Then, if the circuit should stall in
Condition B, the first input trigger ,
to arrive sends it back to Condi- ¢ t
tion 4 where it remains until the
next trigger starts it off correctly.
Thus only one cycle of operation |
is lost. |

The flip-flop ecircuit is imper- |

|

|

| Grid of V] of fig. 4-23
I

|

|

fe‘:ct fpr useinan auto‘rr}atlc-shutoﬁ | | Plate signal of V, reduced,
circuit in that conditions do not time constant very long

remain constant during the time it { I
is in Condition B. Figure 4-51a ! I
)

shows the waveform on the grid of © I I ‘
V. of Fig. 4-23. Initially the grid Grid of V of fig. 452

is driven far negative, and then it Fro. 4-51.—Grid waves of various flip-flop
moves slowly positive. At ¢ only circuits.

a very large signal on this grid will cause a transition, but at ¢’ a
small signal is sufficient. Some improvement results from applying
only a portion of the plate signal to this grid and making the
grid time constant very long. The result is the wave shown in Fig.
4-51b. Here the signals required at ¢’ and ¢’ are nearly equal, but the
loop gain has been reduced by the reduction ratio of the plate signal.
A superior circuit, which produces the grid waveform of Fig. 4-51¢, may
be obtained by connecting a diode to the grid as shown in Fig. 4-52.
Although the entire plate signal is applied to the grid, its negative
excursion is stopped by the diode at a level slightly below the cutoff level
for Vi. The grid time constant is made very long so that the grid of ¥,
will remain essentially at the diode level until the shutoff signal arrives.
The response of the circuit to the shutoff signal is both excellent and
uniform. Since the grid voltage is limited in one direction by grid
current in ¥V, and in the other direction by diode current in V,, R, is
not necessary to the operation of the circuit. It is included simply to
insure eventual return to Condition A.
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The multivibrator circuit needs the same refinement as the flip-flop
circuit. In addition, its ability to operate without an input trigger rules
it out for some applications.

The numerous devices that have been used to generate the shutoff
signal fall into two classes. The first class involves the formation of a
shutoff trigger that is applied to the rectangular-wave generator in the
normal fashion. The second requires the introduction of a disturbance
into the rectangular-wave generator. This disturbance increases stead-
ily until a point of instability is
reached and a transition occurs.
t Some of the many -circuits
capable of forming a trigger pulse
from a sawtooth wave have been
discussed in earlier sections. For
example, a blocking oscillator
normally biased beyond cutoff
may be used, provided that the
sawtooth wave has a slope greater
than the minimum value required
to activate the blocking oscillator.
Also a flopover circuit (Fig. 4-25)
might be used with the sawtooth
wave applied to the controlling
grid. The output will be a rec-
tangular wave from which a
trigger pulse may be obtained by
differentiation.

The second method requires
Fia. 4-52.—Improved flip-flop circuit for use  more detailed treatment since no

with automatic shutoff. satisfactory circuits have yet been
discussed. The specific problem is assumed to be the attainment of a
transition of the flip-flop circuit of Fig. 4-52 without generating a trigger
to do this.

It must be remembered that V; is biased beyond cutoff, and that V;
is at zero bias while the sawtooth voltage is developing. Thus the transi-
tion condition may be reached by causing positive movement of the grid of
V1 or negative movement of the grid of V;. Because of the cross coupling
both ways, equivalent effects are produced by driving the plate of V,
negative, or the plate of V, positive. A transition can be produced by
applying an appropriate signal to any one of these four points. The
means of application must not inhibit the transition; that is, if the grid
of V., is forced positive by a slow signal, it must be free to move upward

+E

Trigger
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much more rapidly once the transition starts. The coupling must also
not interfere with the initial transition from Condition A to Condition B.

Figure 4-53 shows a number of one-tube circuits, any one of which
might be added to Fig. 4-52 as indicated with satisfactory results. In
each case the added tube is biased so that it does not conduct until the
sawtooth wave reaches a certain critical amplitude.

The diode circuits place some load on the source of the signal and so
cannot always be used. The pentode is very useful if the amplitude of
the signal is small since the pentode
can be operated with high gain and A
sharp cutoff.

Any of these circuits causes some 1
disturbance at the electrode to
which it is coupled (and perhaps i i
elsewhere), prior to the transition. Togrid To grid Vy
If this electrode provides an output or plate v or plate ¥
signal, the preliminary disturbance
may cause undesirable effects in the To plate ¥ To plate ¥,
associated circuit. Thus it is pref-
erable to take output signals, par- —L
ticularly the orie that operates the
clamping circuit, from points in the
circuit which are not affected until = =
the transition takes place. If the F1g. 4-563.—Various circuits for intro-
clamping tube starts to conduct %}1:?552}_'“017 signal to flip-flop circuit of
before the transition takes place,
increase of the sawtooth voltage will stop and the transition may not
occeur.

If the sawtooth signal must be directly coupled to the shutoff circuit,
some adjustment of the supply levels of the various circuits will be
required. The use of a resistance divider, such as that from the plate
of V, to the grid of V; in Fig. 4-52, may be helpful, but care must be
taken that the frequency response of the divider be uniform to avoid
variation in the amplitude of the sawtooth wave. In most cases the
voltage levels can be dealt with by coupling the sawtooth wave in through
a condenser and d-c restoring it to an appropriate level.

Occasionally, in a particular set of circumstances, a very simple
feedback connection will provide automatic shutoff. Figure 4-54 shows
an example of this sort. The operation becomes obvious once the con-
ditions on the voltage at the point X are stated. During the quiescent
period of the sawtooth wave, this potential must be low enough to allow
the scale-of-two circuit to operate in a normal fashion. When the

+V
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initiating trigger pulse! arrives, V, is cut off and its grid settles down to
its stable level. The sawtooth voltage then develops and causes an
increase in the voltage at X. The signal at X must be great enough
eventually to push the grid of V, into the conducting region, and thus
cause the circuit to return to the initial condition. The high-frequency
coupling from the cathode of V4 to the grid of V, is very poor so that the
amplitude of the sawtooth wave will not be independent of slope.

There are various special circuits that perform the same function
as the automatic-shutoff circuit, but which have the sawtooth generator
and the rectangular-wave generator so interlocked that it is very difficult

+V
Slope
control
Trigger < g
I ) nan
/F b §
I i
AN LAAA I g
fand - v
== 4
T A =
= _y = = X)
Scale-of - Shutoff Boatstrap
two circuit signal circuit

-V

Fra. 4-54.—Automatic shutoff circuit using scale-of-two and bootstrap circuits.

to make any general statements about them. One group of these
circuits makes use of the fact that the derivative of a sawtooth wave is a
rectangular wave. An input trigger pulse opens a switch tube momen-
tarily and permits the sawtooth wave to start. The derivative of the
sawtooth wave is then coupled back to the switch tube in such a way as
toihold it open as long as the sawtooth voltage continues to increase.
When the rise of the sawtooth wave is stopped, either by saturation of
some tube or by conduction in a diode added for the purpose, the deriva-
tive becomes zero and the switch tube closes.

A type used more often, which is particularly suited to the generation
of a high-duty-ratio sawtooth wave, uses a gas-filled tube as a self-
activated switch. Such a tube does not conduct until the potential
across it reaches a critical level called the ““striking potential.” At this
point, a gaseous discharge starts in the tube and continues until either

! Note that the input trigger is also coupled to the grid of V' to insure proper start-
ing of the circuit.
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the plate-to-cathode potential becomes negative, or the current through
the tube is reduced below a critical level that quenches the discharge.
During the discharge the internal impedance of the tube is very low,!
and any capacity that may be across the tube can therefore be very
rapidly discharged. A small series resistor must always be used with
the tube to prevent damage due to excessive discharge current.

Although a simple neon tube can be used as a switch tube, it is more
common to use a tetrode type which has a control grid that determines
the striking potential. The presence of ions of both signs in the discharge
means that the grid will draw a large current regardless of the potential
to which it is returned unless a

large series resistance is used to sV rea ch’:':t:‘rmng
limit this current. [} potential
If the high duty ratios of which M

the gas tube is capable are to be
realized, the associated sawtooth
generator must be one that has a
short recovery time. Thus, some
of the bootstrap circuits are not
appropriate. Figure 4-55 shows
the gas-filled tube as used with a
resistance charging circuit. The

Current drops
to quench level

output waveform is shown in the ¢ —-
accompanying sketch. The maxi- Fro. 455G '=ﬁ‘1 1 tube N
mum slope of the sawtooth wave [ 40— Gas-flled tube sawtooth gener-

in this and similar circuits is

determined by the deionization time of the tube. If the plate rises too
rapidly, the discharge will be reestablished befare the striking level is
reached because of the presence of residual ions from the preceding
discharge.

The output wave may be synchronized at frequencies higher than
the free-running frequency by introducing pulses on either the grid or
cathode. If the plate voltage is near the striking potential, a small
change in bias will initiate the discharge.

4.8 Video Amplifiers.—The term “video amplifier,” which originated
in television work, has been extended to cover any device that is designed
to amplify signals of transient character and to preserve their waveforms
with reasonable fidelity. In addition to the usual amplifier requirements
a relatively large pass band with a fairly constant time delay for all
frequencies within the band is desired.

1 1 the gas-filled tube is represented by a switch, the additional circuit elements
required are a battery of about 10 volts output and a series resistance of less than
100 ohms.
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Nature of the Video Signal.—The individual signals obtained at the
detector stage in a radar receiver have a width dependent on the radar-
modulator pulse length (a typical value is 1 usec) and amplitudes depend-
ent on the strengths of the individual target echoes. A nearby target
gives such a strong echo that some stage in the video amplifier following
the detector is likely to reach saturation, whereas many distant and small
targets give echoes so small that their signal amplitudes are less than that
of the “noise” generated in the receiver.

When such signals are displayed on an A-scope,! they appear as in
Fig. 1-3b, where the strong signals have reached a limiting value and a
number of weak signals barely are visible in the noise. For detection on
the A-scope of the weakest possible signal, the receiver gain may be
increased until the noise peaks are about 0.5 mm high. Greater ampli-
tude than this possibly may make observation less tiring, but will reveal
no additional signals. It is more or less immaterial whether strong
signals are limited, provided that the limiting does not paralyze the
video amplifier after reception of a strong signal.

In an intensity-modulated display? such as the PPI or the B-scope,
the signal intensity controls the cathode-ray-tube beam current. If the
receiver gain is adjusted so that weak signals and noise ‘‘specks’ are just
visible on the tube face, then strong signals will be so large that the
grid-cathode voltage in the CRT will be driven above zero bias, It is
impossible to maintain beam-focusing over such a wide range of signal
level. In addition to this difficulty, excessively bright areas in the dis-
play interfere greatly with the perception of weak signals. Hence
signal-limiting can be used to advantage in these displays. Extensive
measurements show that the greatest amount of information can be
obtained from the intensity-modulated display if the limiting value is
set at about two or three times the average noise peak amplitude and if
the cathode-grid bias is set so that, without video signals, the sweep is
just visible on the tube face. The video gain is adjusted to give a
reasonable brightness at which limited signals do not cause defocusing
of the beam. Under these conditions, noise shows as a general speckled
background, but because of the nonlinear grid-bias—beam-current
characteristic of the cathode ray tube (Fig. 2-27), signals slightly greater

! Time, or range, is plotted horizontally and signal amplitude vertically, with a
cathode-ray-tube beam of constant intensity.

* The position of the cathode-ray-tube beam is synchronized so as to represent the
position in space of the transmitted radar pulse (actually half the distance to the pulse,
to allow for echo return time) and the presence of a target at any given point is indi-
cated by using the signal from the target to increase the cathode-ray-beam current
from a nominal zero value.
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than noise are preferentially amplified, and because of the superpropor-
tional response of the phosphor! to repeated signals, real signals give
brighter response than random noise fluctuations.

Linearity of the video amplifier is required in very few display sys-
tems, and then only if it is desired to measure signal strength on a deflec-
tion-modulated display. Hence for most of the circuits shown in this
section and in Appendix E, no attempt has been made to produce an
output voltage proportional to the input voltage.

Frequency-response Characteristics.—In order that the output signal
may rise to full amplitude in the duration of the input signal, it is required
that the minimum bandwidth be 1/7 Mec/see, where T usec is the width
of the input pulse. Another consideration in the determination of
bandwidth is that the spread of the pulse along the time base imposes a
limitation on the resolution of adjacent pulses, which would seem to call
for very wide bandwidth in the amplifier since the pulses may occur very
close together. However, two spots on the cathode-ray tube whose
center-to-center distance is less than the spot diameter will overlap and
at some point will become indistinguishable. This factor also limits the
resolution and determines a value of amplifier bandwidth beyond which
no gain in resolution is realized. This upper limit for a display using a
time-base sweep is given by

Bandwidth in Mc/sec =

L
gs—t)

where S is the spot size in em and L is the spot displacement in e¢m
taking place in ¢ usec. For any display system, two or three times the
larger of these two values of bandwidth should be used as a basis for
design of the video amplifier.

Unfortunately the mathematical and computing tools now available
require that many of the problems of the multistage amplifier be handled
from a steady-state viewpoint to determine the characteristics of the
complete amplifier. The result may then be used to predict in a qualita-
tive way the transient behavior of the device.

For a brief summary of the methods and results of steady-state
analysis, consider the resistance-coupled pentode amplifier stage shown
in Fig. 4-56. Over a limited range of frequencies it is permissible to
assume the impedance of all bypass and coupling condensers to be zero
and that of all shunt eapacities to ground to be infinite. In this region
the gain of the amplifier, called the midfrequency gain, is Gn = gmk1.

At higher frequencies the impedance of the shunt capacities in parallel
with R causes the gain to drop off as frequency inecreases. The high-

1 The CRT screen is usually long persistent, P-7 or P-14. See Chap. 18.
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frequency limit of the amplifier is arbitrarily defined as the frequency,
f», for which the voltage gain drops to 0.707G,. This value corre-
sponds to a reduction in power gain of 50 per cent or 3 db from the mid-
frequency value. Very often fi is called the ‘“bandwidth” of the
amplifier.

At lower frequencies the cathode and screen bypass condensers have
appreciable impedance, which has a degenerative effect on the amplifier
gain. Also, because of the impedance of the coupling condenser, the
signal applied to the next stage is less than that appearing at the plate of
the amplifier. These various effects together cause a reduction in gain
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Fig. 4-56.—Resistance~-coupled pentode amplifier stage. Rr &« R,; R << plate
impedance of tube.

with decreasing frequency. The low-frequency limit of the amplifier

is similarly defined as the frequency, f;, for which the voltage gain

reduces to 0.707Gn.

The frequency range between f; and f; is called the “pass band’’ of
the amplifier and is one of the important quantities that determine the
transient response of the amplifier. Good transient response often
requires a pass band that extends from about a hundred cycles per second
to several megacycles per second.

The phase-shift characteristic of the amplifier is the second important
factor in transient response. Over a region of constant gain the angular
phase shift in a resistance-coupled amplifier is proportional to fre-
quency. There is, therefore, equal time delay for all input frequencies
within the band. For frequencies in the end regions where the gain
is. changing rapidly, the phase shift is not proportional to frequency
and the time delay is not constant. The output signal may therefore
be distorted.

The subsequent discussion of the method of improving the transient
response of a circuit will be simplified by stating the definition of some
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terms that measure the quality of the transient response. Figure 4-57
shows first a step function that is applied to the input terminal of a video
amplifier. The following figures show output waves that might result.
For each the time scale has been selected to emphasize the characteristic
illustrated by the figure.

1.

. Delay. This term needs no

Rise Time. To avoid the ambiguity of deciding just when a wave
starts to rise and when it stops rising, the rise time is taken to be
the time in which the signal
rises from 10 per cent to 90 per
cent of its final amplitude.
Over this range the slope is
usually steep enough to permit 00%_ 1 ___

reasonably accurate measure- 90% -
ments. For the amplifier of ‘OUtp“t “’3"’5:
Fig. 4:56 the rise time is related 10%__. _

Input wave

to f» by the equation
Rise time = 0.5, (6)
Ja

Equation (6) holds approxi-
mately for any resistance-
coupled amplifier.

definition. Delay does little
harm, except that it must be
taken into account if time rela- . _
tionships are important. Its = r:sii);z §§'§sﬁ§§f iﬁili&?mm
magnitude is determined by the

slope of the phase-shift—frequency curve of the amplifier.

l
——1: !¢— Time for 10% droop

. Overshoot. This quantity is a measure of the maximum amount

by which the output signal momentarily exceeds its nominal
amplitude. It is usually stated as a percentage of the nominal
amplitude. Overshoot is related to nonlinearity of the phase-
shift-frequency characteristic. The simple amplifier of Fig.
4-56 will not produce overshoot.

. Droop. The droop is a measure of the failure of a circuit to

maintain the flatness of the top of an input signal. It corresponds
to inadequate low-frequency gain. A common specification
restricts the droop to a maximum value of 10 per cent of the
nominal signal amplitude. In this case the quality of the ampli-
fier may be indicated by the time required for the droop to reach
this value. '
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The steady-state response of an amplifier can be improved by certain
modifications of the basic circuit of Fig. 4-56. The success of any alter-
ation should be judged in the light of its effect on rise time, overshoot,
or droop.

Low-frequency Response—There are several ways of extending the
pass band to lower frequencies. Kach one amounts to an increase,
either actual or effective, in the time constant of a bypass or coupling
circuit, that serves to reduce the droop caused by that circuit. The
obvious approach would be that of simply increasing Cg, C,, and C, until
the droop is as small as need be. However, more practical means are

‘B available in each case.

PP The effect of (' might be elimi-
nated by removing it completely.
Ry This step results in a reduced

value of G but is sometimes
worth while. Also it is possible to
ground the cathode and to supply
grid bias from a negative supply.
This change introduces a greater
dependence of gain on tube
characteristics than was present,
because self-bias tends to minimize

~Co Ry the dependence of gain on tube
characteristics,
4 The simple approach may be

¥16. 4-68.—Plate decoupling used _to very successful when applied to C.
campensate for droop produced by CyR, because the effective resistance
Bo K Boi Bo K Bu; Coltp = CoRy. across it is usually large enough
to give a sufficiently long time constant with practical values of . For
extreme cases the screen might be returned directly toa regulated-supply-
voltage source, or its voltage might be stabilized by a voltage-regulator
tube.

The time constant C R, could be eliminated by means of direct
coupling using a resistance divider between the plate and some negative
voltage, but the amplifier then becomes extremely sensitive to bias volt-
age. Direct coupling is to be avoided unless flat response down to zero
frequency must be provided. If R, has been made as large as the tube
specifications will permit, a larger value of C, is required to increase the
grid time constant. The maximum value of C, is determined by the shunt
capacity associated with large condensers, which will limit the high-
frequency response of the amplifier. Up to perhaps 0.01 uf the increase
in shunt capacity is not serious because this and smaller values are
available in the form of “postage-stamp’”’ mica condensers.
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A larger effective grid time constant is obtained by adding the decou-
pling elements shown in Fig. 4-58 to the plate circuit of the amplifier. If

RiR»p

Co o ¥ o

CoR,, @

the steady-state response is equivalent to that provided by a grid time
constant of CpRp. A slightly better transient response is obtained by
making

CoR. = C,R,. 8)

If R» > R; the two conditions are equivalent. This form of compensa-
tion functions by providing a plate signal that increases in amplitude for
some time after the initial step at a
rate that precisely cancels the droop 4
due to the grid time constant.
Should the grid of the next stage be
d-c¢ restored, the cancellation pro-

vided depends upon duty ratio and Eq2
this dependence leads to uncertain
operation.

The plate-decoupling elements % ]
‘ ==C,

are sometimes used to compensate

for droop due to cathode or screen R,

effects although this use is perhaps

less satisfactory. Since the condi-

tions for compensation depend upon _]

certain tube parameters, the effec- En = =

tiveness of the compensation may Fic. 4~59.*E_ff;ctive amplifier circuit at
igh frequencies.

change when tubesarereplaced. No

such effect arises when plate decoupling is used to compensate for grid

time constant.

High-frequency Response.—Improvement of the high-frequency
response involves very different considerations. Figure 4-59 is a diagram
of the same pentode amplifier with all the low-frequency elements
deleted since they have little effect in this discussion. The high-fre-
quency response is limited by the various shunt capacities in the plate
cireuit. These capacities are represented by C. which consists of the
output capacity of the amplifier, the input capacity of the next stage,
socket capacities, and wiring capacities. By careful construction the
wiring capacities can be reduced to a very small value that may be
considered constant for any simple amplifier. If the next stage uses the
same type of tube, then C, can be considered as a parameter of the tube
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type equal to input capacity plus output capacity plus about 10 upuf!
to allow for sockets and wiring.

For an amplifier with resistance load f, is the frequency for whick
the impedance of the shunt capacity equals the load resistance. That is,

1
h= ol ©®
Since G = ¢gnR: this equation can be written
= g .
gmfh = wC, Kr (10)

with K, in this case, equal to one.

Equation (10) shows that the product of bandwidth and midfrequency
gain is a constant for any given type of tube and may be considered to be
a figure of merit for tubes used in this way. It has the dimensions of
frequency and is equal to the value of f; obtained by making the midfre-
quency gain of the stage unity. Table 4-1 lists the figure of merit for

TaBLE 4-1.—F1cure oF MERIT oF PENTODES CoMMONLY USED IN VIDEO AMPLIFIERS

Tube type 2%6‘ (Mc/sec)
6ACT7 57.3
6AG7 58.3
6AK5 66.2
6AG5 56.9

several commonly used tube types. These values represent excellent
amplifier construction and will be very difficult to realize in practice.

Higher gain-bandwidth products may be obtained with other methods
of coupling. The constant K in Eq. (10) is a factor of relative quality
for various coupling networks and, as stated, its value is unity for simple
resistance coupling. Increasing the value of K requires the plate imped-
ance of the amplifier to diminish less rapidly as frequency increases.
This requirement can be met by means of shunt peaking, which consists
of inserting a small inductance in series with R., as in Fig. 4-60. Then
for higher frequencies as the reactance of the shunt capacity decreases,
the total impedance of the R-L branch increases, tending to reduce the
variation of total plate impedance.

If
L = mC.R2, (11)

then m is a parameter that determines the performance of the circuit.
Critical damping of the plate circuit corresponds to m = 0.25. This is
the largest value of m for which the transient response will have no

1 For miniature tube types this figure is about 6 puf.
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overshoot. For this case K = 1.41. For m = 0.4 the value of K is
1.70 and the overshoot is only 2.5 per cent. This value is not objection-
able in a single stage, but the cumulative effect of several stages with
this value of peaking may be troublesome.

Many types of two- and four-terminal network have been used to
provide high-frequency compensation.! However, the improved per-
formance with a more complex network must be balanced against the fact
that components must be held to somewhat closer tolerances and mal-
function is more difficult to correct.

If G is not changed as the value of K is increased, the rise time is
reduced in inverse proportion to the factor by which K is increased.

Another, and very simple, form of high-
frequency compensation is available if the
cathode bias resistor is not bypassed. The
addition of a very small condenser Cy across
R: tends to increase the gain of the stage
at higher frequencies and partially to
counteract the effects of lower plate imped-
ance. No overshoot will be produced if By

Epp

CiR: = C.Rx:. (12)

When a video amplifier contains several g J_ c Q
stagesof the type described above, the over- ¢
all performance is inferior to that obtained
with a single stage since the total gain is the = )
product of the gains for each stage. The ¥16. 4-60—Sbunt peaking.
over-all characteristics of the amplifier may be computed by combining
the individual stage-gain—frequency curves, but in special cases the
over-all characteristics may be determined more easily. For example,
if the droop in each stage is small (approximately 1 per cent for the
longest pulse transmitted), then the over-all droop is very nearly equal
to the sum of the individual values, provided that the total does not
exceed 10 per cent. At high frequencies the over-all gain-bandwidth
product for n identical shunt-peaked stages (up to n = 10) may be
determined from Table 4-2 which lists an effective K for stages having
m = 0 (that is, no peaking), m = 0.25, and m = 0.4. The over-all
gain-bandwidth product is then equal to the nth power of the product
of the figure of merit and the appropriate effective K.

Thus far only one type of video amplifier stage, which is intended to
provide a certain voltage gain and pass band when working into the
relatively high impedance of another grid circuit, has been considered.

! See Fig. 1-26 of Vol. 18 of the Radiation Laboratory Series.
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A complete video amplifier ordinarily consists of one or more stages of
this sort followed by an output stage. In most cases the output stage
drives a much lower impedance and so is designed differently.

TaBLE 4-2.—EqQuivarLeNT K FOR 1 SHUNT-PEAKED STAGES

Value of m (peaking parameter)
Number of stages

0 0.25 0.4
1 1 1.41 1.70
2 0.64 0.94 1.30
3 0.51 0.76 1.13
4 0.44 0.64 1.03
5 .39 0.57 0.95
6 0.35 0.52 0.89
7 0.32 0.48 0.84
8 0.30 0.45 0.80
9 0.28 0.42 0.76
10 0.27 0.40 0.74

Video Output Amplifiers~—Often the video signal must be transmitted
over a considerable distance. To eliminate reflections a concentric line
terminated in its characteristic impedance is used. The output stage
must be capable of generating a signal of the required amplitude across
this impedance, which may be approximately 50 or 100 chms. The prime
requisite of the tube in this case is its ability to deliver high peak currents.
Capacity is of less importance here because the load resistance is small.

Although a power amplifier to drive a cable can be designed with the
load in the plate circuit, it is generally better to use a cathode follower
because (1) its output impedance is low and therefore can be matched
with the load impedance; and (2) a high d-c¢ potential is not applied to
the cable. Most video signals are unidirectional (that is, the signal
consists of a temporary departure in a given direction from a fixed base
voltage) and have a duty ratio somewhat less than 50 per cent. I'or
transmitting a positive-going signal average power may be reduced by
use of a cathode follower.

If the signal is transmitted at large amplitude the peak current
required may necessitate the use of several driver tubes in parallel.
Therefore it is economical to transmit video signals at low level! and
to provide additional amplification at the receiving end of the line.

A second form of output stage is needed to apply video signals to a
cathode-ray tube. An output signal of 30 to 100 volts in amplitude may

1 Designers of radar cquipment have recently attempted to standardize on 2-volt
positive video voltage for transmission over lines.
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be required, but the voltage gain is not very important sinee preceding
stages can compensate for any lack of gain in the output stage. One
type of output stage, which should be used whenever possible, has the
load in the plate circuit very close to the cathode-ray tube so that the
total capacity on the output terminal is little greater than that on
the plate of an intermediate stage in the amplifier. The general design
considerations are then the same as those stated for the intermediate
stage except for the greater signal amplitude. Actually the transition
from one type to the other is very gradual in this case and it may well be
that the last two or even three stages of a particular amplifier should
be considered as large-amplitude stages.

The maximum plate signal E, that can be produced in the midfre-
quency region with a given amplifier is E,, = AI-R;, where AI is the
maximum change in plate current that can be produced under the existing
operating conditions. Substituting this relation into Eq. (9), which
defines f for this case also, gives

AT
Eufu = oo (13)
The product E..fi, denoted by K, can be used as the figure of merit for
large-amplitude stages. The value of K; depends not only on the tube
type, but also on the conditions of operation since Al may have many
values according to the bias of the stage. However, there are three

values of Al that cover most situations.

1. If the video signal is unidirectional and the output signalis negative,
the initial bias may be nearly at cutoff. Then A7 is the maximum
peak current allowed by the duty ratio of the video signal.

2. If the video signal is unidirectional and the outputsignal is posttive,
the tube will be conducting in the absence of signal. Then Al
equals the maximum continuous current the tube can conduect.

3. If the output signal has equal amplitudes in both directions, Al
lies between one-half and one times the maximum continuous
current.

Table 4-3 shows the values of K, for common tube types operating
under Condition 2, which involves the fewest assumptions on the nature
of the video signal. For these calculations the total capacity was
assumed to be 30 uuf larger than the output capacity of the tube.

Clearly Condition 1 provides the maximum value of AI and hence of
K;. On this basis it is highly profitable to apply unidirectional video
signals to the cathode-ray tube as negative signals. To obtain optimum
results an accurate bias in the region of cutoff must be provided for the
output stage and the bias level must not shift with change in duty ratio
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or signal amplitude. Thus it is often necessary to provide d-c restoration
for the grid of the output stage.

Similarly the d-c level of the signal applied to the cathode-ray tube is
likely to be critical. 1If it is not possible to couple the cathode-ray tube
directly to the plate of the output stage, d-c restoration at the cathode-
ray tube is advisable and the additional stray capacity of the restorer
must be included in the design calculations.

For this particular situation the addition of a cathode follower
between output stage and cathode-ray tube would have little, if any,

-4

Fi16. 4-61.,—Gain controlled by screen voltage. »

advantage since the output stage would still drive about the same total
capacity and would be required to supply a somewhat larger signal.
However, there are other situations in which the output stage is not
adjacent to the cathode-ray tube and the stray capacity is large with
respect to the output capacity of the amplifier. Insertion of a cathode
follower to drive the stray capacity may then be advantageous. For
this case it seems preferable to operate the output stage in Condition 2
if the video signal is unidirectional, and thus permit the cathode follower
to operate under more favorable conditions.

Tasre 4-3.—F1GURE oF MERIT FOR LARGE-AMPLITUDE STAGES

Tube type K1(Me/sce)
B6AKS 48
6AC7 68
6AG7 170
6V6GT/G 212

6L6G 318
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Amplifier Gain Conirol.—For controlling the gain of the amplifier
the following general methods are in common use.

1. The characteristics of the vacuum tubes can be controlled over a
certain range by changing the operating voltages. Figure 4-61
shows an amplifier stage V, with the
screen voltage supplied by a cathode
follower V; whose output is deter-
mined by R;. It is practical to vary
the gain by a factor of 2 by this
method. For greater variation
several stages may be similarly
treated.

2. If negative feedback is used, varia-
tion of the feedback signal controls
the gain. Figure 4-62 shows a varia-
ble cathode resistor that changes the
gain without altering the bias on the
stage. The maximum value of R, is
limited by the stray capacitance on
the cathode which will eventually
cause overcompensation at high frequencies. The gain of the stage
can usually be varied by a factor of 5.

3. The signal produced at any point in the circuit can be attenuated.
Figure 4-63 shows a step attenuator for which attenuation is

F1a. 4-62.—Gain controlled by
cathode degeneration.
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Fig. 4-63.—Compensated step attenuator, C, is total stray capacity on arm of switch.

independent of frequency if £,C, = R,C1 = R:Cs, etc. Unlimited
control of gain is provided by this method. Figure 4-64 shows a
low-resistance potentiometer used as the load resistor of an
amplifier stage. This method also provides a wide variation
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in gain. A potentiometer of higher resistance can sometimes be
used if it is compensated as shown in Fig. 4-65. If the condenser
C, is equal to the stray capacity on the arm of the potentiometer,
a marked improvement in frequency response is provided over a
certain range of adjustment. The compensation is not good

as the arm approaches ground
Ep

potential.
C, The gain control may be
R, I . ——) intended to vary the output am-

plitude, to permit variation of the
input signal, or to provide a
precise gain despite a considerable
% By variation of tube characteristics
from the nominal values. The
point at which the gain control is
= inserted dependsuponitsfunction,
Fig. 4-64.—Low-resistance potentiometer as but it should usually be so placed
plate load. o
that it is able to prevent overload-
ing of any stage in the presence of the largest input signal expected.

This statement does not apply if the overdrive is intentional as it
might be if a ‘‘limited” output signal is required. A limited output
signal is one that increases in amplitude with increasing input signal
amplitude up to a certain critical level and after that remains constant.
Limiting is usually accomplished by setting the bias on a stage that
receives a negative signal so that the tube is cut off by an input signal of
the critical amplitude. A larger input
signal then produces no additional effect at
the output terminal.

General Remarks.—For some applica-
tions it is important that the gain of the
amplifier be independent of signal ampli-
tude. In general this independence will
not be obtained be(-,au.se of nonlinear Fie. 4-65.—Compensated potenti-
vacuum-tube characteristics. By means of ometer.
negative feedback it is possible virtually
to eliminate these vacuum-tube effects. The use of an unbypassed
cathode resistor constitutes the simplest form of negative feedback.
Other practical methods create a feedback loop that inctudes one, two,
or three stages of the amplifier. Inclusion of more than three stages in
the feedback loop may make it difficult to prevent the amplifier from
oscillating,.

The voltage supply line provides a possible coupling between various
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stages of the amplifier. If the impedance of this line to ground is not
extremely low at all frequencies in the pass band of the amplifier a
regenerative feedback coupling through the power supply may exist.
A good electronic regulator or a very large output condenser in the
power supply will prevent oscillation at low and medium frequencies.
At very high frequencies the inductance of the supply lines may cause
trouble unless additional bypass condensers, which need not be large,
are added at the video amplifier.

Switches are sometimes required in a video amplifier circuit, either
to alter the characteristics of the circuit or to shift the input or output
terminals to a different circuit. The switching mechanism must be so
designed that the generation of large switching transients is avoided
(since several seconds may be required for some amplifiers to return to
normal) and that the switch and its leads shall not provide a regenerative
feedback loop.

4-9. Blanking.—There are various circumstances that make it
necessary to prevent the display of information during a portion of the
cycle. A signal known as the “blanking gate,” or with equal justice as
the “intensifying gate,” may be used to do this by increasing the bias
of the cathode-ray tube during the ‘““off” portion of the cycle so that a
maximum-amplitude signal does not cause current to flow. In general
it is necessary that the regions of transition be made as narrow as possible,
and that the blanking wave be absolutely flat during the “on’’ portion
of the cycle. The first requirement is satisfied by using a rectangular
wave from some form of multivibrator, either directly or through a
buffer stage. The second is met by taking the wave from some circuit
element in which the current goes to zero during the “on”’ time of the
display since this value is easy to maintain at a constant level. To
preserve the flatness of the wave thus obtained, the coupling to the
cathode-ray tube should be direct, or else a d-c restorer that functions
during the “on” time should be used. Occasionally a long-time-constant
a-c coupling will be sufficient. The amplitude of the blanking wave for
grid or cathode blanking must be slightly greater than the amplitude of
the maximum applied signal.

In the case of the magnetic tube it is common practice to apply the
blanking signal to the second grid. The amplitude required is much
greater since the second grid must be at a potential of several hundred
volts during the “on”’ time, and must be at or slightly below the level
of the cathode during the “off” time. Because of the difficulty of
generating a 500-volt rectangular wave, a compromise with good focus is
usually made by accepting an amplitude of perhaps 250 volts. Although
this method is widely used in the examples cited later, it is probably not
the best method.
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In special cases blanking may be done by gating the information
generatar or some intervening amplifier stage, but this method will not
be discussed here.

4-10. Signal Mixing.—The signals that are to be applied as intensity
modulation may include the primary information of the display (such as
radar video signals), a blanking signal, and various of the indices and
markers whose generation is discussed in Chap. 6. In all cases the
method of mixing the signals must be such as to meet the individual
bandwidth requirements.

This superposition of signals may be either additive or nonadditive.
In the first case the coincidence of two signals produces a net signal equal
to the sum of the two. This method is required for mixing the blanking
wave and the primary information. In the second case the net signal is
equal to the larger one, or nearly so.

A ready-made facility for additive mixing existe in the various
intensity-controlling electrodes of the cathode-ray tube. If the number
of signals does not exceed the number of such electrodes, one signal may
be applied to each electrode and each signal may therefore be treated
completely independently. The first and second grids present very high
input impedances and can be driven by almost any signal generator.
However, the input impedance of the cathode is about 50,000 to 100,000
ohms, and the driving circuit must have an output impedance low enough
to handle this load in parallel with any external loads that may be present.

Additional mixing provision is required if (1) the number of signals
exceeds the number of electrodes, (2) nonadditive mixing of any com-
bination of signals is required, (3) polarities of the signals cannot be
fitted to the available electrodes, or (4) several signals are generated at
the same location remote from the display and transmission would be
simplified by mixing them at the source.

Network-mixing is highly economical only if the signals to be mixed
are widely different in frequency characteristics so that a circuit like that
of Fig. 4-66a may be used. If the two signals should be a series of 1-usec
pulses and a low-frequency sine wave, the values of B and ' can be so
chosen that each signal is almost unaffected by the existence of the other.

If the signals have about the same frequency characteristies, and
therefore require the circuits of Fig. 4-66b and ¢, then the mixing elements
will constitute attepuators that increase the amplitude required of the
signal generator. Also the generators must have output impedances
low enough to prevent the first signal from affecting the operation of the
second generator and vice versa.

More versatile mixing is obtained by the use of vacuum tubes.
Figure 4-67 shows various vacuum-tube mixers. The first circuit is
appropriate when an amplifier stage is already present. In addition to
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the normal signal to the grid, another from a low-impedance source is
applied to the cathode. Occasionally a signal may be mixed in on the
screen as well. The output signal in this case is the amplified grid or
cathode signal modulated by the screen signal.

The second circuit may be extended by adding parallel tubes to accept
any number of high- or low-impedance signals. The output signal is

Fast signal 0—{ Fast o—| Slow

Slow 5|gna| Fasto—| Slow
(@) U]
Fig. 4:66.—Network-mixing.

almost perfectly additive if pentodes are used but is only partially so
with triodes. If the input signals are negative, the various biases may
be adjusted to give independent amplitude limiting for each signal.

The third circuit is also able to mix many signals and can be arranged
to be very nearly nonadditive.

In any particular display it will probably be possible to introduce all
necessary signals in more than one way. The choice of the method to be
used will be determined by the answers to such questions as the following:
Is any circuit already present from which a suitable blanking signal may
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F1a. 4:67.—Circuits for signal-mixing.

|||—‘

be taken? Is the polarity of one of the input signals irrevocably fixed?
Is the amplitude provided on the borderline so that no attenuation is
tolerable? Does one of the alternatives provide a simpler transmission
problem? All this simply indicates that no decision can be reached
until the entire display problem has been outlined.

4-11. Power-supply Considerations.—In the design of a display
system and its attendant rectifier and regulator circuits, considerable
effort should be expended on the reduction of total power consumed to
the minimum value that will permit the circuit to perform as required.
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In some cases the expense of providing the input power is important, as
is also the size, weight, and cost of high-power components. Even when
these considerations are not significant there remains the problem of
dissipating the heat produced. Some components fail at high tempera-
tures whereas others exhibit marked variation in characteristics. Higher
input power increases the difficulty of holding the temperature at accept-
able levels.

It should not be necessary to present design information for low-
voltage rectifier and regulator circuits since this subject is a familiar one,
but it might be profitable to consider some of the possible steps that will
reduce input power.

First, and most obvious, is the reduction of the power consumed in
each circuit. The reduction of input current is naturally considered by
any designer, but often little thought is given to the supply voltage.
From force of habit the supply level is set at 250 or 300 volts and no
attention is paid to the fact that many of the circuits involved will
operate as well at 100 or 150 volts.

Second is the choice of voltage levels to be provided. If the total
current required is small a single supply is most economical, but at
higher currents several levels, each providing the correct voltage for a
group of circuits, should be considered. A calculation of the total input
power involved in each method may clearly decide the issue. If the two
powers are about equal the decision can be based on relative convenience.

Third is the avoidance of regulated voltage supplies, or the reduction
of current taken from them. The mere fact that some portion of the
current at a particular voltage level must be regulated does not always
justify the regulation of the total current supplied at that level. Here
again a calculation of input power will decide whether the addition of an
extra rectifier is less expensive than the larger regulator tubes required
to supply the entire current. This decision is complicated by the fact
that less filtering is needed if the output voltage is to be regulated. The
possible saving in weight must also be considered.

Fourth is the combination of a regulated and an unregulated level
with the same rectifier.

Fifth is the use of an independent negative supply level to provide
bias voltages. Often the power used to provide cathode bias from an
existing positive supply is greater than the total power input to a low-
voltage negative supply. In any event the greater flexibility provided
by a negative supply justifies its inclusion in all but the smallest of
display systems.

A sixth point is sometimes applicable. It may be that some circuits
use very little current during one portion of the cycle, but during the
remainder they use a current that is a very large portion of the total
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taken from a particular supply level. The average current may then
vary by some large factor as the duty ratio changes, and this variation
will alter the voltage level of the supply. An electronie regulator capable
of supplying the very large peak-current requirements of these eircuits
may be so costly that a cheaper solution is the addition of another tube
that equalizes the current drain throughout the cycle by conducting
when the original circuits shut off and vice versa. Often this tube can
also be utilized to perform some other useful function in the system,
such as to provide a blanking signal.

4-12. High-voitage Power Supplies for Cathode-ray Tubes.—A
relatively high d-c voltage is needed to accelerate the electron beam of
a cathode-ray tube. Because the power supply from which this voltage
is obtained is required to supply only a low current, its design presents
problems different from those of other vacuum-tube power supplies,
particularly when close control of the output voltage is required.

The required voltages vary from less than 1 kv for the smallest
tubes up to 50 kv for tubes of the projection type and those employing
extremely fast writing speeds. Of more common interest are the electro-
static cathode-ray tubes requiring from 1.5 to 3 kv, electrostatic tubes
with post-deflection acceleration requiring 4 to 5 kv, and magnetic
defléction tubes requiring from 4 to about 10 kv.

The beam current required for a cathode-ray tube is low and does not
vary so much between tube types as does the accelerating voltage. The
design of a high-voltage supply must allow for maximum load currents,
for leakage currents (particularly where extensive cabling is required
between the supply and the cathode-ray tube), and for bleeder or voltage-
divider current.

A bleeder is generally required to discharge the filter condensers of
magnetic-tube supplies. In electrostatic-tube supplies a voltage divider
also provides bias, anode, and focus-electrode potentials. For this pur-
pose its impedance must be low enough to prevent excessive shift of these
potentials with beam-current modulation because part of the beam is
attracted to these electrodes. From 1 to 2 ma of current is required for
the electrostatic-tube supply, but 500 ua plus bleeder current generally
is ample for the magnetic tube.

Because accelerating-potential supplies are used in conjunction with
and generally placed close to low-voltage circuits, particular attention
must be paid to safety. Five milliamperes is generally recognized as the
maximum allowable continuous current for safety against human fatality.
For a condenser from which the initial short-circuit current may be high
but the discharge time limited, an energy storage above one joule is con-
sidered dangerous. Careful shielding of high-voltage components helps
but is never a complete safeguard. A more desirable solution lies in
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control of the output characteristic of the supply so that the short-circuit
current is limited to a low value.

Unregulated A-c Power-line Supplies—Unregulated rectifier circuits
include half-wave, full-wave, bridge, half- and full-wave voltage doublers,

6w
o1 A2 \

3
o
110v -
60¢cps focus for A, i, 2
200 2
IM 1w A {--I 3

0.05 1180k ——eid | T

2w cathode [ 1
A

és_a v -1950v d-c

Blanking signal
Fia. 468, —Typical negative 2-kv supply for electrostatic cathode-ray tube. The divider
constants given are only approximate as they depend upan the tube type employed.

voltage triplers, quadruplers, etc. Considerable recent literature has
appeared on the characteristics of voltage-multiplier circuits.! Of these
circuits, the half-wave rectifier and the full-wave voltage doubler have
had the widest application. Voltage multipliers occasionally find use

where elimination of the high-
2x2 voltage transformer can be
effected. Figures 4:68, 4:69, and
4-70 show some of the unregulated

-, ! >

110v supplies most commonly used in
250k +6kv -

60cps display systems.

o ! The popularity of the half-
70: T 3205 wave circuit is due to its
v M l simplicity, especially when a
~ vacuum-tube rectifier is used.
Fra. 4:69.—Typical positive-valtage sup- The complication intrOduced by
ply for magnetic tubes, using half-wave additionalrectifier tubesand parti-
rectifier and two-section RC-filter. . . .
cularly that due {o insulation of
their heater transformer windings, discourages the use of multipliers.
Metallic (selenium) contact rectifiers, which have recently become avail-
able for this type of application, eliminate this difficulty, and future use
of such circuits will undoubtedly increase.

t 8ec O. H. Schade, “ Analysis of Rectifier Operation,” Pree. I.R.E. (July, 1943),
also Proc. I.R.E. (July, 1945).

-+
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For the same conditions of output voltage, current, regulation, and
ripple, the full-wave doubler is the most efficient of the rectifier ecircuits.
It requires half the transformer-secondary voltage and half the filter
capacity needed with a half-wave rectifier. Although two rectifier
elements are required, their peak inverse voltages are halved. The use
of miniature rectifier tubes also makes the application of the voltage
doubler more favorable.

3 Selenium
Table 4-4 lists the character- rectifiers 025M +6kv
isties of the more common rectifier 2w
tubes suitable for high-voltage T ok Llo1 $20M
applications. 3k 35k ] +700v
Selenium rectifiers suitable for }=—2250 v——usf 44

high-voltage, high-temperature | I 315M . g
Lool

20—

applications are available with b 3k (560 T 1k
peak inverse-voltage ratings of 1, Lo @j

2, 3, and 4 kv (see Fig. 4-71) and .ruqno Y

with a current rating of 5 ma at wc:s
55°C or 1 ma at 90°C. Theyhave
an extremely nonlinear conduc- N

tion characteristic and also exhibit +6F§$'u:;ﬂg';ﬁ;‘,fu;di;’;{gg‘;j’ e eupply of
leakage in the inverse direction. doublers and with +700-volt tap for Ai or
Figure 4-72 shows these charac- G2 supply.

teristics for a 4-kv rectifier. The curves represent maximum values of
inverse-current leakage and forward-voltage drop and are similar to those
obtained for lower-voltage units, provided that the voltage scale factor is
changed to correspond to the required inverse-voltage ratings.

Tasre 4-4.—CHarAcCTERISTICS OF HicH-vorracE Recmirier Tusrs

Filament Inverse |Peak anode|Average d-¢| Resistance,
Type peak volt- | current, |output cur- 10 ma Base
Volts | Amp | age, kv ma rent, ms current

2X2 125 | 1.7 12.5 45 7.5 7.5k 4 pin

2v3 1 2.5 | 5.0 16.5 12.0 2.0 4 pin

8016 | 1.25 | 0.2 10.0 7.5 2.0 20 Octal

122 1.5 [ 0.3 20.0 10.0 2.0 7.5 Miniature
7 pin

3B24| 2.5-5| 2.5 20.0 150-300 3060 42 4 pin

The selenium rectifiers illustrated in Fig. 4-71 are hermetically sealed
in 3-in. glass tubes and may be operated in oil. They have long life,
particularly at low temperatures, These factors make it feasible to seal
the entire high-voltage unit in an oil-filled container.

Since ripple voltage is of higher frequency than variations due to bad
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voltage regulation, it is in general much more noticeable. It must there-
fore be held to closer limits. than is necessary for regulation variations.

F1a. 471.—Selenium rectifiers for cathode-ray-tube applications.

For most magnetic- and electrostatic-tube applications, 0.5 per cent
peak-to-peak ripple is a reasonable design figure, and 0.1 per cent repre-
sents the point of diminishing returns.

Current in ma
o N & 00 @
]

Current inua
|

~1,000

~4,000 —2400 ~800 0 40 120
D- volts
Fra. 472.—Selenium-rectifier characteristic,
110-disk-assembly high-temperature type.

Although ripple voltages are
ordinarily thought of as originat-
ing from the a-¢ input voltage,
they may also be caused by varia-
tions in output current. In
general, if beam-current variations
are of much higher frequency than
those of the a-c input voltage, their
effect will be negligible. If they
are lower in frequency, they may
be the predominating factor in the
filter design.

Most. filter-circuit require-
ments are met either by a single
condenser or by a two-section
RC-filter. The single condenser is

applicable at relatively high frequencies (several thousand cycles per
second) and the two-section filter is preferable at power-line and aircraft

(400 cps) supply frequencies,

Inductances are seldom used because the
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high impedance required (250,000 ohms at 60 cps is 500 henrys) makes
them expensive and bulky. Figures 4-73q, b, ¢, and d show these filters
with half-wave and with full-wave-doubler rectifier circuits.

A simple formula that expresses peak-to-peak ripple voltage for the
single-condenser filter and is applicable to either half-wave or voltage-
doubler circuits may be developed as follows:

If p is defined as the ratio of discharge time per cycle to the period
(1/f), then the discharge time is { = p/f. The percentage ripple voltage
is & = AV(100)/E,, where AV is the discharge of condenser C, in time ¢.
But AV = It/Ciand I = E,/R.. Then, AV = E,p/R.C.f, and

AV/E, = p/fT\
where T, is the filter time constant. Therefore,

_ 100p_

& =
fT:

(14)

For most purposes, the factor p may be either assumed equal to unity or
estimated.

Stray-capacity coupling due to Cs as shown in Fig. 4-73a¢ and b intro-
duces a ripple component. In Fig. 4-73b (s is the effective stray capacity
of the transformer secondary to ground, and the ripple component is
given by & = 100Cs/(Cy + Cs). [It is & = 200Cs/(C1 + Cs) for Fig.
4-73a.] It may be balanced out by applying a condenser C} as shown in
Fig. 4-73b for the voltage-doubler circuit.

An equation for the ripple of a two-section filter may be developed
in a manner similar to the derivation of Eq. (14). Itis

=T

& =7,

[*-—1——1 ST (L — & T — 1}, (15)
Tyl — e 7

where T: = R,C, and T, = CR.. This development neglects the
rectifier conduction time and, in calculating input voltage, assumes the
output voltage to be constant.

Variations of output voltage of the high-voltage supply may be due
either to input-voltage or to load-current variations. The amount of
regulation required for this voltage depends on the amount of pattern
distortion, variation in intensity, and defocusing that can be tolerated.

For an electrostatic tube, proportional variations of the high-voltage,
focus, and deflection potentials result in no defocusing® but do change
the beam intensity and deflection factor of the tube. The latter effect
is undesirable when the tube is used as a direct measuring device. The

! See Sec. 2-8 for focus-voltage characteristics.
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variations will be proportional if all potentials are derived from the same
primary source and if the time constants of high-voltage and low-voltage
supplies are identical.

For a magnetic tube the voltages across the focus and deflection coils
must vary as the square root of the accelerating potential in order to
maintain focus and pattern size. “The deflection is, then, less sensitive
to changes in accelerating potential but, at the same time, it is more
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Fia. 4-73.—(a) Half-wave rectifier; (b) voltage doubler; (¢) two-section filter on half—wnve
rectifier; (d) two-section filter on voltage doubler.

difficult to correct for variations in voltage than in the case of the elec-
trostatic . tube. For normal power-line variations of +10 per cent,
correction of the focus voltage as outlined in Sec. 3-4 or complete regula-
tion of all voltages is desirable. The latter method is to be preferred.

The voltage-regulation factor k, of a circuit is here defined as the ratio
of the per cent change in output voltage to the corresponding per cent
change in input voltage. Denoting percentage changes by &, and &;
respectively,

AE, E;

so_kyg —AT E'gi. (16)
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The load regulation factor &y, of a supply is defined as the percentage
change in output voltage per unit change in load current. Thus

K, — J00AE, _ 100R,
YT R AIL T E,

17)

where Rs is the internal resistance and E, the open-circuit output voltage
of the supply. The percentage change in output voltage 8. for a given
change in load current Al is then given by

100Rs AL

8L=kLAIL= Ea

(18)
It is convenient to express k. in per cent per 100 ua for high-voltage
supplies.

Load-regulation requirements range from perhaps as high as 7 to 8
per cent per 100 pa for applications requiring constant beam current, to
as low as 0.1 per cent per 100 pa. From the focus standpoint 3 per cent
per 100 ua is tolerable for a magnetic-tube application requiring as much
as 200 pa change in beam current at frequencies too low to be absorbed by
the power-supply filter. The relation between focus (spot size) and
accelerating potential is illustrated in Fig.
3-10. Inspection of this curve indicates that, )
for a 5FP7 or 7BP7 magnetic tube, a +3 3
per cent change in accelerating potential
results in a change in spot size of 12 per cent. £,

Regulated Supplies.—Methods of regulat-
ing the input voltage of a-c power-line R, E, R,
supplies include the use of a variety of com- 1
mercially available line regulators that use
nonlinear-impedance networks. Voltage-
regulation factors of from about 0.2 to 0.05
are generally achieved by these devices, but
load regulation is not provided. In fact, their use can increase the effec-
tive output impedance of the supply, and the output wave shape is so
distorted from s sine wave that the output of a peak voltage rectifier is not
necessarily held constant by such a device.

Use of a ponlinear element in an output voltage regulator is illustrated
in Fig. 4:74 in which R is a Thyrite block. For Thyrite I = bE" where b
is primarily determined by the shape of the material and n is a constant
whose value is between 2.5 and 6. The small improvement in regulation
obtained with this circuit seldom justifies its use.

The w-bridge circuit has been used as a high-voltage regulator but
poor load regulation, circuit complexity, and the requirement of a floating

Fra. 4-74—Nonlinear resistance
regulator.
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grid-bias power supply make it inferior to the series and shunt régulators
for this type of application.

The series and shunt regulators are degenerative circuits in which
the change in output voltage is amplified and applied to the circuit in
such a manner as to decrease its value. The value of AE, is obtained by
comparing a portion of E, to a constant source of potential, referred to as
the standard, or E,. In most applications requiring regulation of the
high voltage, a regulated low-voltage supply is available and is used for
E,.. Any degree of regulation may be obtained by varying the amplifica-
tion of AE,. Because of the requirement that the bulk of the regulator
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Fia. 4-75.~—S8eries vegulator circuit. (a) Actual circuit. (b) Equivalent circuit.

circuit be at or near ground potential, the shunt regulator is applicable
only to positive output supplies and the series regulator only to negative
supplies.

Figure 4-75a shows the circuit for a series-regulator supply, the equiva-
lent circuit for which is shown in Fig. 4-75b. Choice of the rectifier cir-
cuit is arbitrary.

In practice theapparent resistance of the tube (B; + R3)/R1g. is small
compared to the other terms comprising the internal impedance of the
regulator and is therefore the primary term in determining the out-
put impedance. The factor Ri/(R, + H.) is very nearly equal to
E,/(E, + E.); hence regulation is improved by choosing E, as large as
possible as well as by employing a tube with a high amplification factor.

In a typical design using a 6SJ7 for the regulator tube, E, = 1800
volts, E, = 2250 volts, E, = +300 volts, B, = 1 megohm, &; =1
megohm, R; 4 R: = 7 megohm, r, = 0.5 megohms, and g. = 0.35
ma/volt at E, = 100 volts. The apparent resistance of the tube is
20,000 ohms, and hence R, the internal resistance of the regulator circuit,
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is very little less than this. The load regulation k. as defined in Eq. (17)
is then 0.11 per cent/100 ua. The voltage regulation factor %, is 0.05.

Stray-capacity coupling of the transformer secondary to ground
(as shown by C in Fig. 4-75¢) may sometimes cause excessive ripple.
In such cases it may be desirable to connect R, to 4 (as shown dotted)
rather than to the output terminal, thus effectively introducing an addi-
tional filter stage but increasing the output impedance.

Safety is achieved by adjusting the screen voltage so that the tube
draws grid current when the cathode current is about three milliamperes.
An excessive load may then cause the tube to stop regulating, and the
output voltage may therefore go rapidly to zero without an appreciable
increase in output current. Ior this application a tube designed for full

N R, {Supply impedence) R,
s00vf T Trgm + -1,
ac 33 v 37
; *£0.01 & 2
input I, I
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E,=5kv
® 10014 2R
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Fia. 4-76.—Shunt-regulator circuit. (a) Actual circuit. (b) Equivalent circuit.

output voltage across its plate would be desirable. Plate voltage restric-
tions on receiver-type tubes limit their application to supplies of not more
than about 1700 volts negative.

The shunt regulator (Fig. 4-76a and b) comprises a tube essentially in
parallel with the load. The input voltage is coupled to this tube through
a series resistor R, and the internal resistance of the rectifier circuit.
The sum of these two resistances is indicated by R. in Fig. 4:76b. An
increase in output voltage causes an amplified increase in regulator tube
current. This current flowing through R, produces a voltage drop that
tends to compensate for the change in input voltage, thus stabilizing the
output voltage.

The plate of the shunt regulator tube must operate at full output
voltage and the amplification factor must be rather high (u = 500-650).
A high-voltage, low-power triode! still in the developmental stage at this
writing has satisfactory electrical characteristics. They are tabulated
in Table 4-5, and a plate-voltage, plate-current characteristic is shown in

! National Union No. M-1060.
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Fig. 4-77. Life-test performance of this tube is as yet unsatisfactory for
commercial production and some tubes exhibit instability due to exces-
sive grid current.

TaBLE 4-5.—ELEcTRICAL CHARACTERISTICS OF NATIONAL UNION No. M-1060 TrIODE

Max. plate voltage. . .......... ... ... .. ... 10 kv

Max. plate power................. ... ... 10w
Amplification factor. .. ....... ... ... ... . ... L. 500-650 (approx.)
Transconductance.............................. 500-650 umho
Plateresistance. ... ........ ...t 1 megohm
Filament voltage. .............................. 6.3v

Filament current............................... 0.3 amp

In practice R, and R, + R, shown in the equivalent circuit (Fig.
4-76b) are very large compared to the reflected resistance of the regulator
tube. Hence, the internal impedance and regulation of the circuit are

determined primarily by g¢. and

ST by E./E,. It is desirable there-
5 [l F2v fore to choose g, and E, as large
/ 1/ -4y as possible. A minimum current

4 / / / of about 200 ua isrequired through
% 7 the tube in order to keep ¢g. at a
/) / /| |-gy] reasonably high value. This cur-
/

v

6 T

Plate current in ma
w

/ / V4 Z10d Trent and the power rating of the
, - tube limit the range of regulation.

1V

/
2 1//
/

/

o | L~ However, for output voltages of 5
0 2000 4000 6000 8000 to 6 kv the range is ample to
Piate voltage control variations of + 10 per cent

¥1g. 4-77.—National Union M-1060 high-

voltage triode characteristics. in the line Voltage er normal

loads. Measurements with a
number of experimental tubes in the circuit shown, with a load current of
500 pa, gave values of load regulation of from 0.052 to 0.064 per cent/100
pa and values of voltage regulation of from 0.026 to 0.032.

Because it is often desirable to have freedom of choice of the operating
frequency or of the type of operation, tube oscillators or pulse generators
are particularly useful for supplying power to high-voltage rectifiers.
Thus the use of operating frequencies high compared to power-line
frequencies results in smaller, more compact, and lighter filter and trans-
former components. This is an advantage when space and weight are
at a premium as in aircraft. Actually an increase in operating frequency
does not result in a linear decrease in component size because of the
requirement for output-current as well as input-voltage filtering. It is
also true of components in general, since high-voltage-insulation require-
ments soon become the major factor in determining the size of the com-
ponent. Thus, although considerable saving over low-frequency (60 to
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400 cps) operation may be obtained, an increase in frequency above
several thousand cycles per second does not result in appreciable further
saving in weight or space.

Tube-oscillator high-voltage generators are divided into four classi-
fications, depending on the type of operation: (1) r-f oscillators operating
at several hundred ke¢/sec and using an air-core transformer; (2) a-f
oscillators using an iron-core transformer and operating at several ke/sec;
(3) pulse or blocking-oscillator generators; and (4) inductance-charging
high-voltage generators. The first two types are essentially sine-wave
oscillators although most efficient operation is obtained at relatively low
Q and large harmonic distortion. The difference between (2) and (3) is
primarily one of method of operation since the same circuit may be made
to operate either way. With a blocking oscillator, rather sharp voltage
pulses of short duration are produced. The generator has very low
impedance during the period of operation and does not draw current
between pulses. In (4) the high voltage is generated by allowing current
to build up in an inductance at low voltage. The current flow is then
interrupted and the resultant high inverse voltage is used to charge a
filter condenser.

These generators all have rather high load-regulation factors ranging
from about 1 to 6 per cent/100 pa depending on output voltage, etc.
They depend for voltage regulation on regulation of their d-c input volt-
age. When improved load regulation is required, control of the input
regulator may be obtained from the high-voltage d-c output.

Radio-frequency oscillators have been used to produce voltages as
high as 35 kv. The circuit diagram for a typical 5-kv supply is shown
in Fig. 4-78. The transformer comprises two tuned coupled circuits.
Optimum load regulation requires that the coupling coefficient K be much
greater than Ko for critical coupling, where Kc = 1/4/Q:Q,. Because
K is limited to approximately 0.25 by insulation requirements, this con-
dition must be met by achieving values of @, and @ of from 10 to 20 under
full load conditions. Open-circuit @ values must be much greater than
this in order to reduce transformer losses. The output voltage is depend-
ent on the tuning of the input circuit; hence it may be adjusted by means
of the primary tank condenser. The grid feedback winding is placed on
the opposite side of the secondary or output winding from the primary.
Its coupling is therefore principally to the sccondary, and the mode of
oscillation is determined by the polarity connection of this winding.
With the connection as in a conventional single-tuned circuit, best regu-
lation is obtained with operation at the lower-frequency peak. Coupling

i For detailed discussion of the theory, method of operation, and design considera-

tions involved in this type of supply see O. H. Schade, ‘‘R-f Operated High-voltage
Supplies for Cathode-ray Tubes,” Proc. I.R.E. (April, 1943).



174 CIRCUIT TECHNIQUES [SEc. 4-12

of the grid feedback winding to the primary winding results in an unstable
frequency characteristic and cannot be used.

A well-designed r-f supply may have an over-all efficiency (ratio of
d-c output to d-c input power) of as high as 50 per cent for an output-
voltage drop of 12 per cent at full load. The design involves a compro-
mise between efficiency and load regulation.

An iron-core stepup transformer may be used in a Hartley-oscillator
circuit to provide an a-f oscillator high-voltage supply. The transformer
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F1a. 4-78.—Cathode-ray-tube supply of the r-f oscillator type.

supplies the necessary tank-circuit inductance of the oscillator circuit.
A 6V6 tetrode is satisfactory as a driver tube for producing voltages up
to 7 or 8 kv. Typical circuits are shown in Figs. 4-79 and 4-80.

Figure 4-79 is a supply designed for use with a post-acceleration
electrostatic tube. It supplies 2 kv and uses 4-kv peak-inverse-voltage
selenium-rectifier elements in half-wave rectifier circuits. Polarity of the
transformer is such that the oscillator tube and the negative rectifier
element conduct at the same portion of the cycle. This arrangement
results in best regulation from the negative supply. Since the tube is
nonconducting during the positive half cycle, the positive-supply regula-
tion is determined primarily by the tank-circuit impedance and is several
times worse than the negative-supply regulation. The negative supply
is thus capable of delivering 1 to 1.5 ma to a divider for bias and focus
control purposes without undue voltage drop. The only load on the
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positive supply is the beam current of the cathode-ray tube and the
rectifier leakage current. The leakage current is satisfactory as a means
of discharging the filter condenser in applications where the energy storage
is considerably below the danger limit. Hence, a bleeder resistor is not
provided on the positive supply.

Measured characteristics of the supply shown in Fig. 4-79 are as
follows: for an input voltage of 250 volts, the input current varies from
16.1 ma at no load to 25.5 ma for a negative-load current of 1.3 ma and
100-ua positive load; under full-load conditions, output voltages are
—1970 volts and +2120 volts; negative regulation is 1.25 per cent per
100 pa and positive regulation is 4 per cent per 100 pa; ripple voltages are

+250v-26ma Magnetic winding 110 disk
#352-7264 selenium retificer
! 5 i +2200v
2 100ua
, 110 disk load
1 selenium
2 22k rectifier
oooes | 2" 3 4
‘l:i o
=f 0.0043 - Zloenoa v
1432200
23 load
] 01 L 002 L
2000v 2500 v
$56k
1w
-

Fia. 4-79.—Audio-frequency voltage supply at +2 kv.

0.12 per cent for the negative supply (full load) and 0.2 per cent for the
positive supply (mostly due to capacitive coupling); the operating fre-
quency is about 2600 cps, and over-all efficiency is 44 per cent. The
transformer has a primary (open-circuit) inductance of 0.42 henry and a
turns ratio (total primary to secondary) of 7.85. The ratio of grid
drive to plate voltage is 1 to 5.

The circuit shown in Fig. 4-80 uses, in a full-wave-doubler circuit, a
transformer similar to that used in the circuit of Fig. 4-79. An open-
circuit output voltage of 5 kv is obtained for an input voltage of 300 volts.
The current requirements are 18.5 ma at zero load to 28 ma at 500-ua
load. Regulation over this range is about 3 per cent per 100 ua. Regula-
tion, input current, and efficiency characteristics of this circuit are shown
in Fig. 4-81. The regulation for a 60-cps unregulated supply (Fig. 4-69)
is shown in comparison.

The single-section filter has a full-load ripple of less than 0.5 per cent.
Similar supplies have been built for operation from 4 to 7 kv and from
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500 cps to 10 ke/sec with varying degrees of efficiency and regulation.
Most typical figures include input current variations from 15 ma at zero

+300v

o Magnetic winding

352-72

140-8 110 disk ielenium Lectiﬁers N
100 4600 d v +4800v
turns 5 0.01.L
section P 3kv 7
< secondary]
?§2k 0011
4"‘2‘ w - 3kv
= 0.0043
43k
LR
2

o
Fia. 4-80.—Audio-frequency voltage supply at 5 kv.

load for the lower voltage units to 35 ma at full load for the higher volt-
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Fig. 4-81.—Characteristics of an audio-
frequency oscillator: {a) efficiency; (b) input
current; (¢) short-circuit characteristic; (d)
regulation; (¢) for comparison, the regulation
of 60-cps unregulated supply is shown.

ages. Regulation figures from 2
per cent per 100 ua to 3.5 per cent
per 100 pua are typical. The
optimum-frequency design figure
for most applications is 3000 cps.
The design involves a compromise
between good regulation, high
efficiency, and small transformer
size.

Since the full-wave voltage
doubler conducts on both halves
of the cycle, regulation is some-
what more dependent on the im-
pedance of the tank circuit than
it is in a half-wave circuit. Use
of selenfum rectifier elements also
results in somewhat poorer regula-
tion than is obtained when diodes
are used. This difference may
amount to from 0.1 per cent per
100 ua to 1 per cent per 100 ua
depending on whether the units
are operated near their peak

maximum-inverse-voltage rating, and on the amount of current drawn.
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The voltage-doubler circuit and selenium rectifiers are useful because of
the saving in weight and space achieved although the saving is achieved
at the expense of regulation. Use of the voltage doubler is also effective
in increasing the oscillator stability.

Figure 4-82 shows an equivalent circuit diagram of the oscillator
supply; L, and L, are the primary and secondary leakage inductances,
Ly is the mutual inductance, C, the secondary stray capacitance, N the
turns ratio and C, the tank-circuit plus primary stray capacitance.
From this diagram it is evident that the circuit has two possible modes of
operation. In the first, L,, L, and C, form the resonant circuit. In the
second the resonant circuit is composed of C,, C,, and the primary and
secondary leakage inductance, essentially a capacitive-divider arrange-

gg> E; Ly E g Re G
€ n
il

Fic. 4-82.—Equivalent circuit diagram of the a-f oscillator, showing two possible resox@

frequencies.

ment in which E.. = E:C,/NC,. Although the circuit is not normatly
operative in the second or high-frequency mode, it may be so excited@@
application of a shock such as results when the high-voltage outpgig
rectifier conducts under heavy load conditions. The shift in frequency
is accompanied by an abrupt change in output voltage, and oscillation
may continue at this frequency when the load is removed.

High-frequency oscillations may be prevented by reducing C,, L,, and
L,, and by increasing C,; or by obtaining the grid voltage in such a fashion
that the circuit is degenerative at the higher frequency. The first method
results in a wider separation of the two frequencies, higher output voltage
and lower @ at the high frequency. For the purpose of lowering the
leakage reactance and effective C,, and for high efficiency and small size
at relatively high operating frequencies, use of high-permeability low-
loss transformer materials is indicated. The value of C, may also be
decreased by sectionalizing the secondary winding, as illustrated by the
power-supply design of Fig. 4-86.

Degeneration at the higher frequency may be achieved by placing the
grid-excitation winding on the outside of the secondary winding and by
using capacitive coupling from the secondary to the grid winding. A
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circuit that used a combination of the latter methods and conventional
transformer construction had good efficiency and regulation; it required
21 to 31 ma of input current at 300 volts for a 0 to 500-ua load at 7 kv
open-circuit output voltage and had a regulation factor of 2.3 per cent
per 100 ua. Excellent stability has been achieved in circuits using both
methods, for it is then possible to short-circuit the output terminal to
ground without exciting the circuit to high-frequency oscillation.
Operation of the blocking-oscillator circuit is discussed in Sec. 4-3.
A generator using such an oscillator gave a regulation factor of k. = 3
per cent per 100 pa, and required an input current of 34 ma at 350 volts
for an output voltage of 5 kv at 100 pa. A typical circuit diagram is
shown in Fig. 4-83. Efficiency and regulation factors are a function of
transformer design and choice of driver tube. Application of recent
developments in the art of pulse-transformer design would undoubtedly

Pie wound transformer
450t
450t 22 __

f=14 ke

450t
| — T
5mh ” 45
o]
<y o

o u wM
T % 10k

Center tapped
X

Fia. 4-83.—Pulse-generator or blocking-oscillator high-voltage supply. (Courtesy of
Hazeltine Corporation.)
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improve the performance figures cited. Although past usage has been
limited, application of the circuit as a combination trigger and high-
voltage generator appears to offer possibilities.

A generator of the inductance-charging type is illustrated in Figs.
4-84a and b. A rectangular voltage is applied to the grid of a driver tube,
preferably a pentode to reduce the loading due to r,. When the tube
is turned on, current increases through L at a rate determined by

diy _ (B — By)

dt L

where E, is the voltage at the plate of the pentode while it is conducting.
Shunt and series resistance and stray capacitance are for the moment
neglected. When the tube is turned off, the voltage at the plate goes
instantaneously positive until the high-voltage diode begins conducting

at the voltage E,. The rate of decrease of i is given by
diy _ (B0 —~ By)

at L
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Since the total change in 7., given by Az, = di./d! - {, must be the same
for the charge and discharge periods, there results,

(Ey — E)ty _ (Eo — Bty or E, = M — El’
L L 3 0 tl tl

Efficient operation requires that L/R 3> 1/f, and that v/LC, < t, or that
stray capacitance be kept to a minimum. Idealized waveforms are shown
in Fig. 4-84c.

The process involved is essentially that required to generate a linear
current waveform for magnetic deflection as required in a television-type
line scan. Advantage is taken of this fact in combining the two processes
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Fra. 4-84.—Inductance-charging generator. (a) Complete circuit. (b) Equivalent circuit.
(¢) Idealized waveforms.

in a single sweep-circuit and high-voltage generator with resultant saving
in power and components. The combination is limited to applications
where the ratio ¢,/¢; is constant, and is most efficient where the power dis-
sipation required for the backswing of the deflection yoke and for the
high-voltage supply are about equal. The rapid drop in output voltage
of the a-f oscillator for load currents above 1 ma is characteristic of all
the vacuum-tube oscillators discussed and is an important safety feature.

Load Regulation of Oscillator-lype Power Supplies.—Although vacuum-
tube high-voltage generators are characterized by high internal imped-
ance, good load regulation may be obtained by controlling the oscillator
voltage. The control voltage is obtained by comparing a portion of the
output voltage to a standard voltage E,, and may be applied to the input
terminal or to one of the electrodes such as the screen, suppressor, or
grid of the oscillator tube. Screen control has been used in connection
with the a-f and r-f oscillators. A satisfactory range of control for load
regulation may be obtained by simple means. The additional compli-
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cations involved in extending this range to cover both input voltage and
load variations indicate that direct control of the input voltage is more
desirable. A typical circuit of the latter type is shown in Fig. 4-85.
Regulation constants for this eircuit in conjunction with the a-f oscillator
of Fig. 4-82 are well within the limits required for cathode-ray-tube
applications. In the typical application, inclusion of load regulation
only requires addition of the amplifier tube V, and the high-voltage
divider R, + R,. The high-voltage generator is shown as a block
indicating that the method applies to any of the circuits discussed.

+5kv
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5Y3 Ry
o 35%] 3som
T4 4=z Y TSk
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F16. 4-85.—Voltage regulation with load feedback.

Mechanical Construction.—Many applications require the high-voltage
supply to operate under adverse conditions such as dirt, humidity,
extremes of temperature, fungus, and high altitude. These conditions
are particularly troublesome in high-voltage applications because they
tend to break down high-voltage insulation or increase the flashover
distances required. The further requirement of shielding the high-
voltage components against accidental contact and electrostatic pickup
suggests the desirability of hermetic sealing of the complete high-voltage
supply. Common practice for high-altitude applications is to put the
supply in a pressurized container. Figures 4-86 and 4-87 indicate the
advantage to be gained by the use of selenium-rectifier elements, which
allow hermetic sealing of the complete high-voltage unit in a metal,
oil-filled container. Advantage is taken of the high insulating qualities
of oil in compact assembly of the components. The resultant saving in
weight and space is appreciable.
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Figure 4-86 is the a-f supply shown in Fig. 4-80. The assembly con-
tains the a-f transformer, rectifiers, and output filter. A high-voltage
output terminal and three transformer input terminals are provided.
The container measures 2 by 3 by 5§ in. outside dimensions exclusive
of the bushings and expansions bellows mounted on one end. The unit

Fia. 4-86. Fia. 4-87.

Fic. 4-86.—Internal construction of a +5-kv audio-frequency oil-filled hermetically sealed
power supply for cathode-ray-tube applications.
F1e. 4-87—Unregulated +15-kv 60-cps cathode-ray-tube supply—oil-filled hermetically
sealed unit using selenium rectifiers.

is normally mounted on a 3-in.-depth chassis with the bushings below
the chassis.

Figure 4-87 shows the same type of construction applied to a 15-kv,
60-cps, a~c unregulated supply. As before, the only exposed point is the
single high-voltage d-¢ output bushing. The method is applicable to
any a-c unregulated supply, to such a supply in conjunction with the
series and shunt regulator circuits, and to the lower-frequency oscillator
circuits discussed previously.
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Testing of High-voltage Power Supplics.—High-voltage power-supply
testing presents special problems. They include methods of measure-
ment without loading the supply, control of the output voltage or load
from a vantage point near ground, and accurate measurement of small
changes in output voltage (regulation) without subjecting the measuring
equipment and the operator to the voltage involved.

The test unit diagram in Fig. 4-88 should serve as a suggestion as to
methods that may be used in solving these problems. The unit is
designed for measuring the four characteristics of interest—voltage,
current, regulation, and ripple—for positive supplies from 0 to 10 kv and
0 to +4 ma load. Full-scale regulation of 2 per cent, 10 per cent, and
50 per cent is provided.

Ripple measurements are obtained by coupling the output voltage
through a high-voltage condenser to Vi, to supply high-impedance input
and low-impedance output for observing ripple on a “scope” or measur-
ing on a suitable meter. A high-voltage triode (15E) is used as a con-
trollable load. A suitable potentiometer and resistor in the cathode
circuit serve as a means of varying the load current for the current and
voltage ranges supplied. The load-current meter in this cathode circuit
has ranges of 0.2, 1.0, and 4 ma. The highest range is useful for obtain-
ing overload characteristics such as the a-f regulation curve, Fig. 4-814d.
The voltage and regulation meter employs a form of electronic vacuum-
tube voltmeter circuit. For the voltmeter it consists of an approximately
50-volt meter in the cathode circuit of V. Switch S; is turned to Posi-
tion 2 so that the meter is placed between the cathode and a bias or
zéro-adjustment point. Grid voltage is obtained from a high-voltage
divider whose resistance is 100 megohms. Switching of ranges is accom-
plished on the low side of the divider. The divider current is small,
although not negligible. Because the total divider resistance remains
almost constant, correction may be applied where necessary.

The regulation meter circuit is put into operation by turning switch
S; to Position 1. The meter with suitable scale multipliers and selector
switch is connected with the polarity indicated between a standard
source of potential and a cathode follower. If it is assumed for simplic-
ity that the voltage E, is 100 volts and the multiplier is of such value that
a 10-volt change in E, produces full-scale meter deflection, the meter
then reads 10 per cent regulation. In practice B, and R, are adjusted
80 that the meter reads zero for a no-load voltage of E,. Then as load is
applied, the percentage change in output voltage is indicated on the
regulation meter.

Additional circuits in the test unit include a regulated power supply
for the test instrument and a variable-voltage regulated supply for
furnishing power to oscillator-type supplies.



CHAPTER 5§

POSITION-DATA TRANSMISSION?

By F. B. BErRGER AND WARREN F. GooDELL

The fundamental problem of data transmission is to obtain at a remote
point a signal that is a given function of a primary signal at another point.
In the applications of particular interest in this book the primary signal
is generally mechanical and the remote signal may be either mechanical
or electrical. The means of transmitting the signal have been classified
arbitrarily into three groups: mechanical methods, which are used when
the remote signal is a shaft rotation; electro-mechanical methods, for
which the remote signal is a voltage or a set of voltages; and synchronized
methods, which offer s cheaper solution for some applications of each
sort, but which are not easily made very accurate.

MECHANICAL TRANSMISSION OF ANGULAR DATA

Examples of mechanical transmission of angular data are rotating-
¢oil-PPI radar indicators where the deflection coil rotates in synchronism
with the antenna, and azimuth-stabilization schemes in which the
stabilizing element is controlled remotely by a fluxgate compass. The
principles and circuits to be discussed here may be applied to almost any
situation requiring transmission of mechanical rotation.

6-1. Direct Mechanical Drive.—If the shaft to be driven is located
near the antenna or driving source, it is possible to couple the two by a
flexible shaft, but this method is bulky and comparatively inaccurate.
Although much of the error may be eliminated by gearing the shaft up
to a multiple speed, the maximum speed of shaft rotation is limited
because of the friction between the shaft and its protective conduit,
especially if the shaft is not straight. Since the shaft is not rigid, only
low accelerations may be followed with any degree of accuracy. It is
also difficult to control more than one shaft when using this method.
Flexible-shaft coupling has been rarely used in the devices deseribed in
this book.

In almost all data-transmission systems there is some gearing in-
volved. Special mathematical functions may be introduced by the use
of suitable cams.

! Sees. 5-1 through 5-4 by Warren F. Goodell, remainder of the chapter by F. B.
Berger.
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5-2. Synchro Drive.—The simplest system using synchros? (Fig. 5-1)
for angular-data transmission consists of a synchro generator and a
synchro motor connected as shown in Fig. 5-2.  The generator and motor
are both rotary transformers and are electrically and mechanically
identical except for the addition to the motor of a damper flywheel.

Fia. 5-1.—Typical synchros: (a) Diehl FPE-43-1; (b) GE size 5, 60 cps; (c) GE, 2J, 400 cps;
(d) Pioneer Bendix AY-30; (¢} Pioneer Bendix AY-100, 400 cps.

In each unit, a-c excitation power is applied to a single-phase primary
winding (usually the rotor) that induces voltages in three secondary
windings (usually the stator) that are Y-connected and are mechanically
spaced 120° apart. Another type of synchro often used as a resolving

1 “Synchro” is a generic term applied to a multitude of similar devices manufac-
tured by several companies under different trade names; for example, the General
Electric *‘Selsyn,” the Kollsman Instrument ‘‘Teletorque,” and the Pioneer-Bendix
“Autosyn.” In addition, many companies manufacture ‘‘Synchros’”’ to Army and
Navy specifications. A report (Radiation Laboratory Report No. 740) compiled in
June, 1945 lists 225 available standard synchro-type instruments. There are approxi-
mately as many more that are not listed there. Chapter 10 in Vol. 17 of this series
discusses the available types in much more detail than can be gone into here. Syn-
chros considered as modulating devices are discussed also in Vol. 19, Sec. 12-6.

Normal life expectancy of most synchros in an aircraft installation is between
1000 and 20,000 hr. Most of the available types will pass the standard Navy shock
and vibration tests; they will operate satisfactorily from —65°C to 495°C; and when
the windings are properly impregnated, they will withstand moisture.

Synchros vary considerably in size and weight. The Bendix “autosyn’ AY-100.
for example, weighs 5 0z and is 1.4 in. in diameter and 2 in. long over all; whereas Navy
synchro 7DG weighs 18 b, is 5.75 in. in diameter, and 9.2 in. long.
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device has but two separate secondary windings mechanically spaced at
90°.
Any lack of correspondence between the positions of the generator
and motor causes the voltages in
- Gen ir-atz—w r the stator windings to be unequal.
f This inequality causes circulating
currents to flow through the wind-
ings and produces torques tending
to restore the rotors to corre-
sponding positions. Because the
generator rotor is usually geared
to the driving source, the motor is
the only element that can respond
to these torques. When both
rotors are in correspondence, the
stator voltages are equal and no
currents flow.

The voltages induced in the
stator windings are all in time
phase because only single-phase power is applied to the rotor and the
synchro revolves but slowly. However, the peak amplitude of a given
stator-winding voltage varies sinusoidally with timeif the rotor turns with

—— e o ——

Fig. 5-2.—8Simple synchro system.

Exciter condensers

Generator

a-¢ line
Fi1a. §-3.—SBynchro system with differential.

uniform angular velocity. Thus, since the three stator windings are
mechanically spaced by 120°, the envelopes of the stator voltages will
be 120° out of phase.
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Differential-generator synchros may be used to add or subtract other
angular displacements from that of the generator. As is indicated in
Fig. 5-3, a differential generator consists of a three-phase primary winding
(usually the stator) and a three-phase secondary winding (usually the
rotor). When voltages from the stator of a generator are applied to
the primary of the differential generator, new voltages are induced in the
secondary of the differential. These voltages correspond to those that
would appear in the generator secondary if the generator rotor shaft were
turned by an additional amount equal to the shaft rotation of the differ-
ential. Because of losses inherent in the construction of differential
generators, there is usually a small stepup ratio between its primary and
secondary. A differential should, therefore, be connected as shown with
the stator connected to the generator stator. Capacitors for power-
factor correction are used in parallel with the primary of the differential
generator in order to reduce heating.

The angular error by which the synchro motor will lag the generator
is roughly proportional to the required output torque at the motor shaft.
Because this torque depends upon the magnitude of the restoring currents
flowing in the motor-stator windings, its value is limited by the current-
carrying capacity of the motor. Therefore, to obtain the required
accuracy in following, it is often necessary to gear the synchros to a
multiple speed.?

In a geared system using ordinary synchros, the maximum speed of
rotation of the synchros is limited to from 200 to 400 rpm. Another
disadvantage of such a system is the fact that any differential generators
used must also be geared to the same multiple speed as the generator.

6-3. Servo System Drive.—If greater accuracy and torque than can
be obtained from a simple synchro are required, a servo system such as
is shown in Fig. 54 may be used.?

In a servo system the rotor voltage from a control-transformer synchro
is amplified and used to control a motor so as to bring both the load and
the synchro to a null position. A control transformer consists of a high-
impedance three-phase stator and a single-phase rotor. The rotor must
be specially wound so that its position with respeet to the stator windings
will not change the input impedance to those windings. When the stator
windings of one of these instruments are connected to the stator windings
of a synchro generator, a magnetic field corresponding to that in the
generator can be set up in the control transformer. An a-c voltage
proportional to the sine of the angle between the positions of the two
rotor shafts is induced by this field in the winding of the control-trans-

1 See Sec. 16-3 for an example of multiple-speed-synchre data transmission.

31 8ee Vol. 21 of the Radiation Laboratory Series for design factors in servo-
mechanisms; also Chap. 4, Vol. 25, of the Series.
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former rotor. Thus, when the control-transformer shaft is rotated 90°
with respect to the generator shaft, the induced voltage is zero. The
voltage in the control-transformer rotor is known as the error voltage
because it is a measure of the difference between the two rotor positions.
The servoamplifier and drive motor serve to keep the error voltage as low
as possible, and therefore to keep the two shafts in synchronism.

A differential generator may be introduced into the generator—
control-transformer circuit. Multiple speed may be used to reduce
errors as was mentioned in the preceding section. In all cases capacitors
should be used with the control transformers to reduce out-of-phase
cwrents. If an “n”-speed system is used, microswitch phasing, or an

Generator Control
= transformer

|

[end s aer |

Fi1c. 5-4.—Servo system block diagram.

L

additional pair of synchros revolving at ‘“one’-speed may be used to
prevent phase ambiguity. The voltage from the rotor of the one-speed
transformer may either be added to that of the n-speed rotor, or be put
through auxiliary circuits that switch the input terminals of the servo-
amplifier from the n-speed rotor to the one-speed rotor whenever the
error voltage becomes too large.

The amplifier used depends upon the type of motor (which determines
whether a-¢c or d-c¢ output voltage is required), and upon the accuracy
and speed requirements of the system. If a-c output voltage is required,
the amplifier may consist of one or two stages with suitable phase com-
pensation, or of a phase detector and inverter. If d-c output voltage is
required, the output stage may be a vacuum tube with the drive-motor
armature or field winding in the plate circuit, or it may be a pair of vibrat-
ing relays. Servomechanisms that employ vacuum-tube-controlled a-c
motors seem to provide the smoothest and most accurate control for
rotating-coil PPI displays.

The effect of the inertia of the gear train and load on the following
of high accelerations may be partially compensated for by the use of
anticipation networks. These networks effectively allow the amplifier
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to work at higher gain during periods of high acceleration and reduce the
gain for continuous operation to a value sufﬁcwntly low to prevent
unwanted oscillations.

The gear train used must be carefully designed to give the proper
output speed and torque with the minimum inertial load on the motor.
The first few gears are the most important in this respect and should be
light. Backlash should be eliminated as much as possible to prevent
hunting and oscillation. If more than one synchro is driven from the
same gear train, precision gearing should be used between the synchros.

If more power than can easily be furnished by a completely electronic
amplifier is desired, the output signal of such an amplifier may be used

Synchro i

1 Amplifier

Synchro generator 1 m",‘i;‘f'é“,,'ne, b _
X NOE
X Amplidyne | i
Drive g '
‘ I i
D-c ! !
Load motor } i
|
i

N

J

To constant-
speed motor

Fia. 6-5.—Amplidyne servo system.

to control an Amplidyne as shown in Fig. 5-5. An Amplidyne is a con-
trolled d-c generator that acts as a power amplifier with a gain of about
500.1

Figure 56 shows a 1- and 36-speed 60-cps servo system. When the
difference in position of the input and output shafts (the *“following
error’) is small, the 36-speed synchro signal is amplified, passed through
a phase-advance network, amplified again, phase-inverted, and used to
drive two 6V6 beam-power tetrode output tubes. The plates of these
tubes are connected differentially to the split field of an a-c motor that
drives the load and the synchros coupled to it.

Whenever the following error becomes larger than about 2°, the
system may lock in one of 35 extraneous stable positions. To prevent
this, the one-speed signal is amplified enough at 2° error to cause the
small neon bulb to strike. This one-speed signal then takes over control
of the amplifier until the error is reduced sufficiently to permit operation
in the correct 10° sevtor, at which time the 36-speed signal again takes
over for fine control. This system follows both continuous rotations of

1 See Vols. 21 and 25 of the Radiation Laboratory Series.
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the antenna at 6 rpm and slow sector-scanning with a maximum error
of 0.5°.

Figure 5-7 shows a typical remote-indicator servomechanism, which
is also designed for 60-cps use and which employs a one-speed synchro
system. The error voltage is put through a phase-advance network,
amplified, and applied to the grid of the type 807 driver tube. The
output transformer is connected to one phase of a 2-phase induction
motor that turns the control transformer and the load. A sample of the
output voltage of the transformer is fed back to the amplifier stage to
serve as negative feedback. Speeds up to 20 rpm can be followed with
an error of less than +1°

+310v
470k 470k 22k
1. 1.0 lw
* — UX-7305
56 470k 470k
Transmitter icT 0.1
Receiver ot 6SL7 X
oor 27k w7
5% 5%
0011 0.01
47k | 5% 5%/
5% 51k $470
TOl 254 22
115v .
60cps\ _ +
27
Rotor o .‘,
: o/

FPE 25-11
(Dieh!) 20
115 v

Fia. 5-7.-—1-epeed servo system. The 2-phase induction motor is geared to the receiver
rotor and to the load.

Figure 5-8 shows a typical 400-cps servo system. The synchro
system consists of a generator, differential generator, and control trans-
former, all at one-speed. The error signal is applied to a phase inverter
and a phase detector. The resultant push-pull d-c voltages proportional
to the error signal are then used to control the biases of the two output
6016 drivers. The plates and screens of these tubes are run on alternating
currents and the plates are differentially connected through an output
transformer to one phase of a two-phase induction motor. A differ-
entiating network is inserted just after the phase detector to give the
required anticipation.

The system is designed to follow rotations of 6 rpm with an error of
less than 0.5° and to follow angular accelerations due to sector-scanning
of not greater than 90°/sec? with an error not exceeding 0.7°.

Figure 59 shows a 400-cps servo system that uses a pair of vibrating
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mercury relays as the output stage. A feedback loop from the output
terminals of the relays to the phase-detector tubes keeps the relays oscil-
lating at about 100 cps. If the relays open and close in synchronism,
both sides of the armature of the small d-c permanent-magnet-field drive
motor are either at ground or at +27.5 volts and so no power is delivered
to the motor.

Phase detector

X +150v 100k 510k 330k 510k

+27.5v

Power output

AAA
W

1 Ay-1011, Ay-101 |
|(Bendix)! | (Bendix),
{1

AA

1’10
Mixer 330

Feedback loop

peienianinds |

AAA AAA,

510k | 510k

1k
]
1l
1
1
1l
i

———————

| Ay-1011 Ay-101 |
)(Bendix)! 1 (Bendix)|

|
: 21k T0.5
! 510k 510k
l VA——AN/
L_
1x{ ,'91(
275v
D-c Motor
=== 12,000 rpm
I C Lo
i |
1 1
[

F1a. 5-9.—Airborne 400-cps relay servo.

If an error signal is present, it is amplified and applied to the grids of
the phase-detector tubes. The plates of these tubes are returned to a
source of a-c voltage with a d-c component. Any a-¢ error signal will
therefore cause more average current to flow through one section than
through the other, and will result in a difference of average bias on the
grids of the output 6C4’s. The voltage fed back around the loop to
sustain the relay oscillations is originally a square wave, but is rounded
off by the constants of the feedback loop. Therefore a shift in the
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average bias of one of the output tubes causes the tube with the more
positive bias to conduct first, thus allowing one relay to close before the
other. When the relay closes, one side of the motor armature is con-
nected to ground and the other to +27.5 volts. Therefore, current flows
and the motor revolves. The tube that conducted first will also conduct
after the other tube has been cut off because its average bias is more
positive. The motor therefore has two pulses of current for each cycle
of oscillation of the relays.

These pulses are smoothed by a series RC filter across the motor
terminals to prevent excessive heating of the motor because of high-
frequency current components. An LCRE filter also limits the current
surges for the protection of the relay contacts.

The circuit was designed to follow, with an error of less than 3°, rota-
tions up to 30 rpm and sector scanning at the same angular speed.

6-4. Errors and Other Operating Characteristics.—Errors in gearing
can be held to +0.1° although in many cases ‘““precision” gears are
required. All gearing should have as little backlash as possible. Flexible
shafts will probably follow to about +1°, depending upon their length
and diameter. However, this error may be reduced to as low a value as
desired by gearing the flexible shaft to a multiple speed. When a flexible
shaft is used for sector scanning, the errors in following only nominal
accelerations may be as high as +20° for a single-speed shaft.

Complete tables of synchro errors may be found in Vol."17.! These
range from +0.2° for a large generator and +0.1° for a control trans-
former to more than 7° for some types of motor. When used in a straight
synchro drive, the torque required of the motor will cause the errors to
increase, but this difficulty may be overcome by the use of a multiple-
speed system. When used in a servo system as a voltage indicator, the
accuracy of a pair of synchros can be held to £0.2°. In this application,
however, the synchro error must be considered. If a differential gener-
ator is inserted in the line, the error is usually 50 to 75 per cent greater.

Servomechanisms may, in general, be made as accurate as desired, but
this process involves large and heavy equipment if carried to extremes.
Accuracies usually range from +0.25° to +1.5° for constant-velocity
applications and from #0.25° to +3.0° for sector scanning. The static
errors of such systems are very small; furthermore this type of error is
sometimes unimportant. Even errors that are large but constant are
unimportant for some applications.

The rotational speed range of display systems extends from almost
zero for some azimuth stabilization schemes, to about 60 rpm for a few
fairly rapid scanning systems. Sector scanning up to about 30 rpm must
also be followed. Accelerations are as high as several thousand degrees

1 Chap. 10 of Vol. 17, of the Radiation Laboratory Series.
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per second per second. The torque output required is usually less than
15 to 20 oz-in. at the one-speed shaft.

ELECTRO-MECHANICAL DEVICES

6:6. Some Circuit Considerations. The Nafure of the Waveform fo
Be Moadulated.—There are two methods of using a synchro resolver for
the transmission of angular data, and these
differ in the nature of the carrier. In one Epp
method, the carrier is used simply as a
medium for the transmission of information
supplied by the resolver or modulator, and
the waveform of the carrier is not of funda-
mental importance. It is usually a sinusoid
with a frequency between several cycles per
second and several megacycles per second.
In the second method the carrier waveform
conveys some other intelligence! in addition
to that imparted to it by the resolver or ~E,,
modulator. This method may be further
divided into those cases in which the intelli-
gence is transmitted as a voltage waveform, and those in which it is
transmitted as a current waveform.

Sine~wave Carriers, Demodulation, and Filtering.—The information
imparted to a sine-wave carrier by a modulator is generally utilized by
the display circuits only after the waveform has been demodulated. The
peak-detector circuit shown in Fig. 5-10 is a simple form of demodulator,

S in which the input waveform to
m‘\f‘\\/_l ABe f the grid of ¥V may be the sinusoid
] f \ \ Ey  of frequency fshown in Fig. 5-11.
! LI | For detection, the RC time con-
\‘ ! stant is chosen so large that the
'

Fi6. 5:10.—Triode peak detector.

e

time rate of change of cathode
\J \V V (W voltage when the tube is cut off,
Fia. 5-11.—Idealized peak-detector output dE/dt, is much smaller than the
waveform. . :

maximum slope of the sine wave.

The output waveform is then like that shown as a solid line in Fig. 5-11.
In detecting a constant-amplitude sinusoid, the ripple in the output
voltage may be made as small as required by further filtering. For a
modulated sinusoid, however, a lower limit to the peak-to-peak ripple is
set by the maximum value of the change in the modulated amplitude per
carrier period. Other conditions remaining the same, the ripple ampli-
tude is inversely proportional to the carrier frequency. When the input

1 See Chap. 13 for examples.
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amplitude is reduced to & value such that the maximum slope of the sine
wave i3 less than the filter decay rate, there will be no detection, but
rather the output will follow the input waveform.
Detecting Circuits—The following four types of demodulators include
most of the circuits that have been used in radar data-transmission
applications.

1. Peak Detector. The triode of Fig.
510 has been widely employed as a
peak detector. A second -circuit,
which uses a diode, is shown in Fig.
5-12. Its operation is very similar to
that of the cathode follower detector,
but it presents a greater load to the
modulator.

If a sine-wave carrierismodulated
by a synchro to give the waveform
shown in Fig. 5-13, the phase of the carrier shifts abruptly by 180°
at each zero of this sinusoidal envelope because of the reversal of
the synchro coupling. When the waveform is demodulated by a
peak detector of the type just discussed, the output voltage is pro-
portional to the absolute value of the sine (Fig. 5:13). A detector
giving such an output waveform may be spoken of as being  phase
insensitive.”

2. Phase-sensitive Detectors. 'The phase sense may be preserved either
by carrier addition and peak
detection or by keyed?
detection.

If tothe modulated carrier
of amplitude 4 shown in Fig.
513 is added a carrier of Fia. .5-13.—.—~Sinusoidal carrier modulated
constant aumplitude B at the &y & srueid of lowsr fouones e
same frequency, a hew wave-
form is obtained whose amplitude modulation is sinusoidal. The
waveform may be represented by

e = (B + A sin 2rfat) sin 2=, (1)

Input

~Ey
Fia. 5-12.—Diode peak detector.

where f; is the carrier frequency and f; is the modulation frequency.
The modulation need not be a sinusoidal funetion of time.

The composite waveform together with the carrier of amplitude
B, where B is greater than A4, is shown in Fig. 5:-14. If this wave-
form is applied to the detector shown in Fig. 5-10, the demodulated

i See Chap. 14, Vol. 19 of the Radiation Laboratory Series.
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or output waveform will be a constant B, plus a complete sinusoid
of amplitude A.
e, = B + A sin 2xf.t. 2)
A convenient push-pull circuit for performing both the adding
and detecting operations is shown in Fig. 5-15. For proper opera-
tion this circuit must be loaded symmetrically.

A
_______ Lp-q-
4B
et 1N
t ———
Fra. 5:14.—Sine-wave-modulated carrier A added to constant-amplitude carrier B,
ut
AN~ Qutput
Modulated =0
waveform
in %I
R, =0
Output
Reference ﬁ-? ANV
carrier | U

m

o
Fia. 5-15.—Detector which adds moduiated waveform and reference carrier.

3. Keyed Detectors. The phase-sensitive keyed detector may be
thought of as a device in which the output terminal is intermit-
tently tied to the input
terminal by a switch that is
controlled in synchronism
with the carrier. The
switch is keyed so that it
closes for a short time near
the peaks of the carrier
wave form. The output
circuit generally has a time
constant long compared
with the carrier period.

A widely used circuit of
this type is shown in Fig.
516. The cathode follower F1a. 5:16.—Keyed detector.

V, is used in order not to load the modulator. The twin triode
Vs is the switch tube. Both of its grids are raised in potential for
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a short time near the positive peaks of the carrier or keying signal,
and both triodes are noncenducting during the rest of the carrier
cycle. This circuit is a phase-sensitive detector; that is, the out-
put signal will go negative if the modulated carrier is shifted 180°
in phase with respect to the unmodulated carrier.

4. The “Bozcar” Detector. The “boxcar” detector, illustrated in
Fig. 5-17, is particularly well suited to pulse demodulation. Imme-
diately preceding each pulse of the modulated pulse train, the
output terminal is tied to ground through V, which is made

- _.____n_.__.rL__—ﬂ:—»-Gnd.

Discharge pulses

e —l— L ©
N In} M
o N ) NS
Negative Tﬂ:‘?ﬁ:\?‘??:‘ﬁ:md.
ias R g By SSIONURNURS I SIS B SN I A
(@) (@

Fi1g. 5-17.—The boxcar demodulator. (a) Circuit schematic diagram. (b) Input
and output waveforms for the case where (R + Rxr)C << AT. (c) Discharge puises
on grid of discharge tube Vi (d) Input and output waveforms for the case where
(R + Rxr) C > AT.

conducting at such times by suitable discharge pulses (Fig. 5-17¢).
In the case shown in Fig. 5:17b where (B + Rxr)C < AT, (Rxr
being resistance of the cathode follower) the peak-pulse amplitude
determines the amplitude of the associated “boxecar’” waveform.
In the case where (B + Rxr)C > AT (Fig. 5-17d) it is the area
of the pulse lying above the cutoff potential of ¥; which determines
the boxcar amplitude. The chief advantage of the method lies
in the fact that, except for the gaps between boxcars, the output
amplitude has a magnitude determined by the latest available
information and that it can follow a rapid rate of change of pulse
amplitude. The amount of carrier-frequency component due to
the gaps between the boxcars is appreciable, but for many appli-
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cations it is of little conseduence. Filtering can be used but the
advantages peculiar to the system are then largely lost.

Selection of a Carrier.—It is generally necessary that the amplitude
of the oscillator output voltage be reasonably constant. The modulator
output voltage is proportional to the amplitude of the input waveform
as well as to a function of the moduiator control signal. The disturbances
against which the modulator output voltage must be stabilized are
fluctuations in heater current, ripple and other variations in the power-
supply voltages, changes in temperature, and changes in the character-
istics of the circuit elements due to aging. In most of the applications
discussed in this book, changes that are slow compared to a cycle of the
modulator control signal can be tolerated; but changes occurring in a
time comparable to the carrier period are objectionable. Over-all
short-time stability of the order of { per cent is commonly attained.

The frequency stability of the oscillator is sometimes of importance,
particularly in systems in which the display timing signals are derived
from or are synchronized with the carrier.

The 60-cps and 400-cps line voltages can be used as sinusoidal car-
riers. If the fluctuations in carrier amplitude are not negligible, they
can sometimes be minimized by a comparison system in which the
carrier amplitude provides a reference level with which the modulator
output voltage can be controlled.

The distance from oscillator to modulator to detector over which the
carrier is transmitted may be anything from a few inches to tens of yards.
In cases where the connecting cable is long, properties of the cable may
affect the modulated waveform. A commonly used coaxial cable is
RG-62/TU for which the attenuation is about 0.25 db/100 ft at frequencies
below 1 Mc¢/sec. The d-c resistance of the inner conductor of this cable
is 60 ohms/1000 ft and its capacity per foot is 13.5 uuf. If the cable is
properly driven and is terminated in its characteristic impedance, the
capacitance in itself presents no problem. However, with some electro-
mechanical devices, notably variable condensers, lead and other stray
capacitances must be kept to a minimum.

The frequency response of the electromechanical device itself must
be considered, primarily because high attenuation is objectionable and
also because of the attendant phase shift. In general, variable condensers
are useful over the frequency range from a few kilocycles per second to a
few megacycles per second. Synchros have been used from 30 eps to 20
ke/sec and potentiometers have been employed with carriers up to
1 ke/sec.

Whenever a phase-sensitive detector is employed, the phase shift of
the carrier by the modulator must be either minimized or compensated
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for. This phase shift results in a sometimes objectionable delay in the
transmission of the intelligence.

A consideration of filtering shows that a lower limit to the carrier
frequency is prescribed by the maximum allowable time rate of change
of the intelligence signal, and that a higher frequency than this may be
necessary to reduce ripple to an acceptable value. The acceptable
“coarseness’’ of the data, in general, sets a lower limit on the frequency
that can be employed. This acceptable coarseness or measure of the
discreteness of the intelligence in the case of radar displays is determined
primarily by the spot size of the cathode-ray tube, the sweep speed, and
the width and scan speed of the radio-frequency beam.
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R ~==1 . N\~ At=seconds/turn of wire
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Fia. 5:18—Comparison of filtered and unfiltered waveforms in the case {a) of a constant-
frequency sinuscidal earrier, and (b) of a constant-speed linear potentiometer.

It has been found that if a carrier frequency and a periodicity of the
display are almost harmonically related, but not synchronized, annoying
beat-frequency intensity and magnitude disturbances frequently are
evident on the cathode-ray-tube display and are difficult to suppress.

The detection and filtering of a modulated carrier wave-form is
analogous to the filtering problem encountered with the output voltage
of a rotating potentiometer. As illustrated in Fig. 5-18 the amount of
ripple in the output voltage depends, for a given filter time constant and
time rate of change of voltage of the envelope, upon the coarseness of
the data. In the case of the sinusoid the period of the carrier is a measure
of coarseness, which corresponds in the case of the potentiometer to the
time per turn of wire.

6-6. Linear Potentiometers.—When a voltage proportional to a shaft
rotation is desired, a linear potentiometer! is generally the most satis-

1 See Vol. 17, Chap. 8 for a discussion of the manufacture of potentiometers and a
listing of available types. In Vol. 21 will be found a discussion of potentiometers as
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factory device to use. However, an examination of the specifications of
available types of potentiometers shows that they can be used only if the
speed of rotation does not exceed 1 rps, if a life of approximately 10¢ cycles
is adequate, and if a resolution of approximately §° is satisfactory.

In the example shown in Fig. 5-18 the mechanical signal is the oscil-
lation of a shaft over a sector not exceeding 180° and at a rate not exceed-
ing 1 eps. The potentiometer signal is used to control the horizontal or
azimuth position of the cathode-ray-tube beam (B-scan). The deflection
coil requires a current of about 40 ma to cover the display area, and this
current is obtained with a 30-volt change on the grid of V;. The greatest
accuracy is required when the presentation is an expanded sector, map-

A

+300v reg,

+150v reg. %'ﬁ

Potentiometar AL 225A S 10k
mounted on scanner

Angle mark pot.
on control panel

Deflection
coil

VW WA

Centering
control

AAAAAAAAA
VW

Scanner oscillates
+90% or fess 4

AAAAAAAAAA
V

- “ A" position
Expanded scan of £30°
“B" position
Normal scan of £75°
Fia. §19.~—A radar application of a data-transmission system using a linear potentiometer

rotating less than 360°.

ping only +30° of azimuth on the cathode-ray tube. Consequently the
potentiometer is designed to be linear to +1° in the middle 60° sector of
the winding, with a departure from linearity of as much as 33° being
acceptable over the remainder of the winding. A typical potentiometer
has a life of about half a million cycles for 1 ma of brush current. It is
wound with 505 turns of 0.00275-in.-diameter nichrome wire and has an
angular resolution of 0.37°.

The information from the potentiometer controls the horizontal
position of the cathode-ray beam when the relay switch contacts are in
the position shown in Fig. 5-19. Whenever the switch is in the other
position, the cathode-ray-tube beam deflection is determined by the
position of the angle-index potentiometer arm. The relay can be
activated by a push button at any tirne and it is automatically activated
once per cycle when the expanded sector presentation is being used.
The potentiometer in the grid circuit of V', serves as a centering control

elements in computing circuits. Information on potentiometers as modulators will
be found in Vol. 19, Chap. 11.
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since the difference in the potentials of the grids of V; and V determines
the deflection-coil current. The rheostats are provided to adjust the
sensitivity (volts/degree) of the data potentiometer and the d-c level of
the amplifier grids. Filtering, in spite of the electrical noise and the
wire-to-wire jumps, was not found necessary in this system.

A second example is shown in Fig. 5:20. The potentiometer is turned
by a servomechanism at three times the scanner speed. Half a 6SN7W!
is used as a cathode follower to afford a low-impedance source of the
information for the display circuits. To compensate for the nonlinearity
of the cathode follower,? the potentiometer is driven from the plate of the

+300 v reg. tube. As the potentiometer out-
put voltage goes more positive
1200 with respect to ground, the out-

The outputis  PUb volts per degree of rotation of
used only when  the potentiometer decreases, cor-
texceeds 60V 1ooting for the increasing cathode-
follower gain. This principle can
be extended to introduce a desired
departure from linearity. A typi-
cal potentiometer for this purpose

Fic. 5:20.—An app]icatior-l to data trans- 18 _a Ger}eral Radio 433_A3 5-in.
mission of a linear potentiometer that turns  unit modified to turn continuously
through more than 360°. through 360° and supplied with
special contactors and slip rings. The winding consists of approxi-
mately 250 turns per inch of No. 41 nichrome wire extending over 322°
of the rotation and having a total resistance of about 10,000 ohms. The
unit is rated at 25 watts and is good for more than 107 rotations at
60 rpm. The potentiometer is operated without lubrication on the sliding
electrical contacts in order to reduce the electrical noise. Both the resolu-
tion and the linearity of the potentiometer are about 0.1° of potentiom-
eter rotation or about 0.03° of scanner rotation. This value is consistent
with the requirement that the display be good to 0.08° under certain
conditions.

5-7. Sinusoidal Potentiometers. Requirements and Types.—The pri-
mary function of these potentiometers is to provide four d-¢ potentials
that vary sinusoidally with the angle of rotation of the shaft of the
potentiometer. These four sinusoidally varying potentials have the

Potentiometer 5
type RL 255
3-speed shaft

Output

1 The reasons dictating the use of the 6SN7W in this application are unrelated to
the data-transmission problem. This tube has a heater-cathode rating of 200 volts.
If a 6SN7 is used instead, the heater should be operated 100 volts or so above ground.

2 See Fig. 15-8 for an application to elevation data.

3 Muter makes an almost identical potentiometer.
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same amplitude and are phased at 90° intervals with respect to each

other.

The potentiometers can turn continuously in either direction.

A Detailed Example—One of the most widely used of the sinusoidal

potentiometers! is the RL 14.
The sinusoidal variation of the
output voltage of the potenti-
ometer is obtained by moving a
small point-contact brush in a
circle upon a family of straight
parallel equipotential lines that lie
in a single plane and which have
a constant potential gradient.
The equipotential lines are pro-
vided by the wires of the linear
resistance winding illustrated in
Fig. 5-21. Four brush contacts
like the one shown in Fig. 5-22
rotate in thesame circle relative to
the resistance card and are always
90° apart from each other. Actu-
ally the card and not the brushes
is rotated in order to decrease the
number of slip rings required.
The camber, as shown in Fig

+0.016"
" 0.125"
008 I
D —
T ¥
Bowed bakelite card

“Brush circle” keeps wire taut
i.e., path trav-

ersed by the
four brushes

Fi1a. 5:21.—Wire-wound resistance card
for potentiometer type RL 14. Nichrome
wire, diameter 0.0025 in. enameled or coated
with Formex. Approximately 305 turns per
inch, Winding is varnished with GE clear
varnish No. 1170. Varnish and enamel are
removed from top of wire on entire convex
side of card, using special buffing procedure
that cleans and polishes tops of wires with-
out removing insulation from between turns.

521, is deliberately imparted to the

resistance card to hold the wires taut and in place and to enable a rela-
tively wide brush to contact no more than two turns of wire at one time.

Brush and eyelet
soldered to brush-arm

Phosphor bronze
(spring temper)

Fia. 5-22.—Brush arm in potenti-
ometer type RL 14.

The curved card abrades the tip of the
brush in such a fashion that the brush
becomes convex, forming a small point
contact.

The resolution expressed in terms of
rotation angle varies from 0.17° when the
brush is moving at right angles to the
turns of wire to infinity when the brush is
moving parallel to the wire. The resolu-
tion that is ultimately of interest, however,
is the angular resolution of the rotation

of the PPI sweep vector,? that is, the angle of the small but finite step

! For a description of other types together with much construction information the
reader is referred to Chap. 8 of Vol. 17 of the Radiation Laboratory Series.
2 The use of this potentiometer in PPI circuit is discussed in Secs. 13-8 and 13-13

of this volume.
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with which the PPI vector rotates. This angle varies from 0.17° when
two of the brushes are moving normally to the wires, to 0.24° when all
four are crossing the wires at 45°.

A simple single-section RC-filter is included in the circuit in series
with each output lead as shown in Fig. 13-30 in order to suppress poten-
tiometer noise. Both calculations and observations for one-section and
two-section filters failed to show any appreciable advantage in using
more than a single section. The filter introduces a small delay between
the scanner rotation and the rotation of the PPI sweep.

5-8. Nonlinear Potentiometers. Nonlinear Output Signals Oblained
by Use of Inherently Linear Potentiometers.—In Fig. 523 two linear

C

v

r+y—OB
ol
- Tg_ --0=0

\4

VAWVWW

'S
=
AAAARAAAA

S A

D

F1G. 5-23.—A means of obtaining an out- F16. 5-24.—Method of obtaining a re-
put voltage proportional to the square of a  sistance variation proportional to the square
shaft rotation with a dual linear potenti- of the rotation of the arm of a linear poten-

E ti ter.
ometer. IfR; > Ry, 11 = # and 13 = lometer
1

R
potentiometers are ganged together, the output voltage of one being the
input voltage to the other. If R;>> Ry, or if an isolating linear amplifier
is inserted between the potentiometers, the output voltage is proportional
to the square of the common shaft displacement.

In Fig. 5-24 is shown a method of obtaining a resistance variation
proportional to the square of the rotation of the shaft of a single linear
potentiometer. If the rotation 9is measured from the center of the wind-
ing of resistance R, the resistance between points A and B will be given by

1 1 1 3)

PR~ —
RAB RACB RADB

where R.cs, the resistance above the sliding contact, is —?(1 - %);
0,

and R.ps, the resistance below the brush, is —g (1 + ;), and 8y, in turn,
0

is the maximum angle, which corresponds to R/2. Expressed as a

function of 6,
R ‘AN
re = E[ (2)] ®



Sec. 5-8] NONLINEAR POTENTIOMETERS 205

An application of this ““quadratic potentiometer’ for approximating
the secant function is shown in Fig. 5-25. A simple calculation shows

that
E - (- ®
ri+ra{l — —,.)

Eo__ 71 1 27'2 52 1 27‘2 82 2
E; —r1+rz[1+§(r1+r2/§>+1(m7§) oo }’ ()

\ sec £ = 1 + §z + ofprt 4 - - - (7
Comparing Eqgs. (6) and (7) it is seen that
& . T J 27‘2 &2
E; ~7’1-¥'7'2sec 7‘:+7‘2P, (8)

the approximation being off about 55 part of the argument to the fourth
power. Togive an output proportional !
to sec 8 it is necessary that

‘J 2r 2 ~1_ =1
o+ g AR &
If the maximum angle 4 is 1 radian and
if 7y = rq, this relation will be satisfied.
Under these conditions the -circuit
shown in Fig. 5-25 gives an approxima-~
tion to the secant of the shaft rotation
good to 1 per cent or better in the
rang? +40°. Fie. 5-25.—-—Us—e of linear potenti-

Flgure 526 shows another useful ometer to approximate the secant
circuit using a linear potentiometer to function.
give an output voltage proportional to the reciprocal of the shaft dis-
placement as measured from the proper zero, which is K;/k less than
6 =0.

From Fig. 5:27 it can be seen that r = (8/60) (7o), and

E—e e E4e
— 9)

Resistance of
wit\ding:4r2

ro—1r E  to4r

These relations yield

e 2R 9 1
E 2B+7n\b), ___RB (OV
2R+Tq 00

2R 1 R 1\ R 1V
<Rt T\ Frat) "t 2E+rgg) *+ " |




206 POSITION-DATA TRANSMISSION [SEc. 5-8

Now,
tan 6 = 0 + ¥6% + 05+ - - - . (11)
.. . R 1 1
aring Eqs. (10) and (11) it is seen that if ;=——— —, = =, the output
Comparing Eqs. (10) and (11) B e 3 P
. A .
approximates tan 8 to within 5 + - -+, If8, = lradian, for example,
this condition is satisfied for ry = R.
+E
L
E" :ERI ——
‘P
r=ko ¢ Angle 8, e Ou(t)put
Resist. %, ¥ !
~ 00— R ~. Angle 8
=0 -] O Ey=E; ﬁf—,' *—— —-L Resist. r SR
L
SR, = R, 8, 7
=E; Ry+ke i_ _
1 B
Fia. 5-:26.—Use of a linear potentiometer F1a. 5:27.—Use of a linear potentiometer
to obtain a voltage inversely proportional to  to obtain an output voltage approximating
the shaft displacement. the tangent function.

Nonlinearly Wound Potentiometers—Potentiometers are available
in which the variation of the resistance between the sliding contact and
one end of the winding is a nonlinear function of the displacement of the
sliding contact. They are made by winding the cards with variable wire
spacing or with wire of variable resistivity, by winding the wire on cards
of nonuniform width, or by a combina-
tion of these procedures. High-preci-
sion nonlinear potentiometers are used
rather widely in computing circuits
but they have not found much use in
data-transmission systems of the type
being discussed in this chapter. Only
one example of the application of a
nonlinear potentiometer will be
discussed.

This application is for a rectangu-
lar display in which azimuth angle is
Fig. 5-28.—A nonlinear potentiometer. plotted against range (B-scan) and it
is desirable that the beam move linearly with the scanner rotation. A
direct drive of the azimuth cathode-ray-tube deflection coil is employed
in the present case, which is illustrated in Fig. 5-28. The load, repre-
sented by R, “turns through’ an angle 6 of +75°. 1t can be shown
that, if the current through R is to be proportional to 6, the potenti-
ometer must be wound so that
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1
2
1+R£,,(1 —1’72)

If the value of R/R. were equal to 1, the width of a card that would
satisfy Eq. (12) would change by a factor of 7 over a 90° range. Not
only would such a tapered card be difficult to wind ‘but it would also be
more difficult to approximate with several linear sections (stepped card)

6= (12)

Tz
2R

than if R/R. were smaller.
sideration of power drain and power
dissipation, the value of § for R/R,
was chosen as being optimum. A
composition resistance element is not
suitable for the present use because
manufacturing tolerances are too
broad, humidity and temperature
would affect it unduly, and it would
wear teo rapidly.

The potentiometer, as manufac-
tured, is wound with a single size and
type of wire with uniform spacing on
a toroidal frame (see Fig. 5:29) which
is stepped to give a number of linear
resistance sections. These different
linear sections afford a sufficiently
close approximation to the required
resistance taper. The production
unit has four linear sections in each
90° section.

The potentiometer resistance R
was chosen to be 100 ohms. The

From these considerations and from con-

A

Output leads of
potentiometer

&S
TN

!

24-volt d-c
input to
potentiometer

Fia. 5-:29.—Potentiometer, type RI-B
See Fig. 11:16 for an application. A.
shaft of potentiometer .mechanically
connected to shaft of scanner; B, resist-
ance winding tapered to correct for load of
200 ohms, so that output voltage is linear
with respect to angle of rotation of shaft
of potentiometer.

load, which should be 200 ohms, is not too critical; the current in E;
departs by an amount equivalent to 1.2° at 6 = 45° if Ry is 220 ohms.
The brush contacts three or four wires at one time. Other pertinent
data are: linearity, 1.8°; 70 wires per inch, 520 wires total; resolution,
0.7°; wire, 0.012-in.-diameter nichrome; torque, 5 in.-0z; maximum
voltage, 24 volts; life, 10° cycles.

6-9. Sinusoidal Carriers. General Discussion.—Generally when a
synchro is used as a resolver, the output information is desired in the
form of two orthogonal components. When the synchro secondary has
a 2-phase winding the output intelligence is in this form. Many of the
available synchros have 3-phase windings, however, and although a
3-phase deflecting system can be used, 2-phase output signals are gen-
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erally required. Figure 5-30 shows one method in which the desired
output signals can be obtained. The center tap (C in Fig. 5-30) is not
brought out on any of the standard synchros, hence a center-tapped

_L 0000/
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1.15:1 Sin 0

———0
Cos 6
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g U e e
20kessec T 30,%; M Synchro !
oscillator Bendix AY-102D |
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50 k

]

i

| D
| I
' )
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} ‘ 1 unless otherwise noted

f IRREN St - T T

50v .|m

Time

v-v‘avefor-m at;l-- Synchro rotation Output waveform at D

waveform at B-C
Fia. 5-31,—Synchro data transmission for 30° quadrant.

resistance must be used. If the tap P is made adjustable, moreover,
the cosine output can be shifted a few degrees in phase while the ampli-
tude is kept almost constant. To get output voltages of the same peak
amplitude the transformer should bhave a voltage stepdown of 1.15 fo 1.
This procedure is of value as an altérnative to a mechanical zero-set
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adjustment if only one component is needed. Three-phage-primary
2-phase~secondary synchros can also be used for this purpose.

A simple data-transmission system designed to operate in one quad-
rant only (0° to 30° was actually used) is shown in Fig. 5-31. The synchro
stator winding forms part of the 20-kc/sec oscillator tank circuit. The
leads to the synchro were 50 ft long in the system from which this example
is taken. Both the autosyn (at maximum coupling) and the UTC 0-6
are roughly 1:1 transformers. The 50-uuf condenser across the trans-
former secondary tunes the transformer to approximately 20 ke/sec,

+300v

51k 250k
100 Amplitude e 10N ——TPm Selsyn
W adj. “ UX7914 5G Synchro | G.E. mark IV mod. 2
_ it l - size 1CT

>
>
>

‘i
2k2  F10

1
\
it ' N Upto?

20 { ~ ] more

AP~ y 1CT's
e T i
- 005 {
i
f
|
'
|
i
|

- Synchro
+300v 1500 ~ Osciflator L onscamner 1 Secor
synchro

100k

2w

25k T,

1w Grid of sweep

amplifier

24k

Fia. §:32.—Synchro data transmission.

and provides a better waveform and somewhat more amplitude than is
obtained without the condenser. The amplitude is substantially inde-
pendent of frequency over a considerable frequency range. The maxi-
mum angular velocity of the rotor is 150°/sec. The time constant of
the detector is twenty times smaller than the maximum allowable (see
Sec. 5-5), and gives a maximum peak-to-peak ripple in the demodulator
output of ¥ volt or 1 per cent.

A somewhat more complicated example is shown in Fig. 532. The
primary of the synchro mounted on the scanner is part of the tank circuit
of the 1500-cps two-stage tuned-plate oscillator Vi. The synchro is a
Navy 5G' synchro designed for 60-cps operation at 115 volts input and
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90 volts output. The primary can be operated at 6 watts dissipation.
This synchro has an average angular error of 0.2° and a peak angular
error of 0.6°,

The secondary output voltage is not utilized directly but is applied
to a second synchro,! which serves as a sector selector. It may be
regarded simply as a transformer. A fraction of the output voltage of
the second synchro is applied to the grid of the cathode follower V..
This fraction is chosen by the “azimuth expand’ potentiometer to give
the desired volts output per degree rotation. The reference d-¢ level of
the output voltage is determined by the setting of the “azimuth bias’
potentiometer. The keyed detector comprised of V; and associated
components is the type described in Sec. 5-5.

In this application the scanner turns continuously in one direction
and the output information is utilized only during some 50° each side of
zero as the output voltage is increasing. During the remainder of the
cycle the video signals to the cathode-ray tube are suppressed. The
circuit shown in Fig. 11-7 incorporates this method of sector selection.

6-10. Fundamental Characteristics of Synchros Used as Electro-
mechanical Modulators.—If a sinusoid is applied to the rotor winding
of a synchro, the waveform observed at the stator or output terminals
(open circuit) will ideally be a sinusoid of the same frequency as the input
waveform but with an amplitude that varies as the sine of the displace-
ment angle between rotor and stator. If the stator has a second winding
displaced 90° from the first winding, a second sinusoidal output waveform
whose amplitude varies as the cosine of the shaft displacement may be
obtained. The two output waveforms may be said to differ in amplitude
phase by 90°. The electrical phases of the two output waves and of the
input or carrier wave are the same to a first approximation; they differ
only in amplitude. For some rotor positions, one or both of the output
amplitudes are negative and this condition is equivalent to a 180° shift
in electrical phase.

Angular Accuracy.~—There are several factors to be considered in
specifying the accuracy of a synchro. As has been mentioned, the output
amplitude should be, ideally, directly proportional to the sine of the angle
of rotation of the shaft. The departure of the actual output from such an
ideal output gives a measure of the accuracy of the device. The accuracy
so measured depends not only on the synchro itself but also on the imped-
ance loading of the stator windings, and upon the amplitude of the input
wave because the iron, which is used in the construction of almost all

t This synchro is a General Electric, Mark IV, Model 2, size 1CT instrument
designed for 60-cps operation. With 90 volts on the primary (stator) the maximum
rotor voltage will be 55 volts. "This synchro is rated at 1.5 watts dissipation; it has
average and maximum errors of 0.2° and 0.6° respectively.
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synchros, will show saturation effects at high flux densities. Accuracy
measurements, to be of much value, must, moreover, be determined with
an input source or ‘‘driver’”’ of the same impedance characteristics as
that to be employed in any given application. Since synchros have both
leakage inductance and distributed capacitance that, in general, depend
on shaft position, the frequency chosen for the carrier, or the harmonic
components of a complex-waveform carrier, will have a determining
effect on the accuracy.

The accuracy is sometimes stated as an angular error: namely, the
difference between an actual shaft displacement and the displacement
that would ideally give the observed output. The angular errors
observed frequently show a tendency to vary periodically with shaft
rotation. For example, they are a maximum at 60° intervals for most
3-phase synchros. The absolute accuracy obtainable varies widely,
being confined to less than +0.1° in the case of the Bendix AY-100
Autosyn and being as large as +7° for an Army Mark XVII synchro.
If a synchro is improperly used, much larger errors may result.

The nature and magnitude of the angular error, in so far as it is
determined by the synchro itself, is dependent on numerous design
factors. Some of the most important are the number of poles on the
stator and rotor, whether or not the slots are diagonal, the uniformity of
the stator-to-rotor air gap, the method in which the coils are wound and
the degree to which they are matched, and the degree of magnetic
isotropy of the iron.

Generator Effect.—A synchro is not basically different in construction
from a generator. Therefore, if the primary current has a d-¢c component,
there will be superimposed on the desired output voltage a component of
the output voltage proportional in magnitude to the speed of rotation.
This effect cannot be ignored for applications involving relatively fast
shaft rotations.

It might be mentioned that the quality of the display is dependent
indirectly upon the angular velocity and acceleration of the electro-
mechanical data-transmission device, as determined by the transient
response of the associated circuits.

Waveform Distortion.—The previous paragraphs discuss errors that
are characteristic of synchros considered as rotating devices. Synchros
must also be considered as transformers when their performance is
evaluated. The transformer affects the waveform in several respects
other than amplitude, frequently in ways that are independent of rotor-
stator displacement. Because of the leakage inductance between rotor
and stator and because of distributed capacitances, an induced sinusoid
will, in general, be shifted in phase with respect to the primary sinusoid.
This consequence is of importance ¥in some applications. Complex
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waveforms, such as a triangular wave, will be distorted on passing through
a synchro in a way dependent on the frequency-response characteristics
of the device and on the amplitude of the waveform. Waveform distor-
tion is, of course, dependent upon output loading and driver character-
istics as well as on the synchro itself.

Applicability—Because of their sinusoidal angular response, synchros
are particularly adapted to the role of resolvers, that is, to produce output
voltages proportional to the sine and cosine, respectively, of the angular
shaft displacement.

They can be used as data-transmitting devices in cases where the
required electrical signal is some function other than the sine or cosine of
the primary mechanical displacement. One method is to use a nonlinear
mechanical link preceding the synchro, for example, a suitable cam
arrangement on the synchro shaft. Another is to synthesize the required
electrical signal from the available sinusoids. For example, an electrical
output approximately proportional to the shaft rotation may be obtained
by using two synchros. One synchro is driven in harmony with the
mechanical signal 8, the other as 26, and both are driven with a constant-
amplitude carrier. The output voltage of the first synchro less § that
of the second gives a composite signal

¢, = (A sin wt) (sin § — % sin 26)

=(Asinwt)(§0—£ ) (13)

where A is a constant. It isseen that e, is a linear function of 8 to within
1 per cent for values of 6 up to 42°, whereas sin ¢ departs from 8 by 1 per
cent at 14°.

A related method useful for obtaining a tangent relationship is illus-
trated by the following example. Suppose there are two synchros, as
above, the second being geared to have twice the angular displacement of
the first. Let the input voltage to the second be a constant-amplitude
carrier. If the output voltage of this synchro is added to a carrier voltage
of the proper constant amplitude and the sum applied to the first synchro,
it may be shown that the output voltage of the first synchro has an ampli-
tude proportional to the tangent of its shaft displacement accurate to 1
per cent at 30°.

Another method, which is possible for certain applications, is to
distribute the rotor and stator windings in such a way as to make the
synchro output voltage the desired function of shaft rotation.

§-11. Fundamental Characteristics of Variable Condensers Used as
Electromechanical Modulators.—A variable condenser, used generally
as part of a voltage-divider circuit, can serve as a modulator to change a
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mechanical signal into an electrical signal.! The simplest and most
common case is illustrated by C; and C: in Fig. 5-34a. If an alternating
‘voltage signal e, such as a sinusoid, is applied across C; and C; in series
and the output voltage ¢; taken across Cy, then

€3 Cl

e Ci+Cs (19

Let the desired cutput signal be a function of 8, the shaft rotation of the
variable condenser, expressed by

e =14 + KO 55 (15)

Equation (14) shows that this output signal will be obtained if

A — kf(6)

Cy=C AT EB)

(16)

The way in which C; depends on 6 is determined by the shape and
size of the condenser rotor and stator plates. In designing a condenser
for a precision application, edge effects must be considered and particular
care must be given to the mechanical design.?

The variable condenser as a position-data-transmission device has
some advantages and some limitations when compared to other electro-
mechanical devices. For applications where the angular speed is high,
condensers are decidedly better than potentiometers and are better than
most synchros, almost all of which have been designed for low-speed
operation. The condensers, which in almost all applications to date
have been designed specifically for the job in question, are built to with-
stand high accelerations. They withstand shock, vibration, humidity,
and long use very well. Unlike synchros, they can readily be designed
to give almost any desired variation of output voltage as a function of
shaft rotation.

A variable condenser, if it is to be kept to a reasonable size and be of
good mechanical design, cannot have a maximum capacitance greater

“than a few hundred micromicrofarads. Because of the small capacity
of the device, considerable care must be exercised in the wiring, and the
use of short leads to and from the condenser is almost imperative. Stray
and lead capacitances may cause undesirable variations of output voltage
with angle and will result in attenuation of the output signal. Because
of the necessity of having the carrier generator and the detector close to
the condenser, and because the manufacture of suitable variable con-

18ee Vol. 19, Chap. 11 of the Radiation Laboratory Series.

2 Chap. 9, of Vol. 17 of the Radiation Laboratory Series discusses the design
problems in detail.
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densers is very expensive, the variable condenser as a data-transmission
device is generally less satisfactory than a potentiometer or a synchro.
5-12. Use of a Condenser Modulator with a Sinusoidal Carrier.
General Discussion.—It is possible with condensers, as with synchros,
to use any a-¢ waveform as the input signal. For example, for a PPI
display a variable condenser may be used either with a pre-time-base-
resolution gystem or with a resolved-time-base system (see Sec. 13-9).
Either the pre-time-base-resolu-

1 | oscillator Output | _ o tion method or a combination of
amplifier .
the two methods is almost always
=, } used because any practicable con-
) denser divider presents a very
Detector Filter . .

np high impedance to the lower fre-
ﬂ Ce quencies that are present in most

= time-base waveforms.
Fia. 5:33.—Block diagram of a condenser- Figure 5-33 shows a block dia-

divider data-transmission ter. ..
° TADSIMSSION eysie gram of a data-transmission system

employing a sinusoidal carrier wave. In the way in which the condenser
is generally driven by the oscillator (for example, Fig. 5-3+; vhe frequency
shifts somewhat as C is varied, but if the circuit has a fairly high “Q”
the amplitude will remain constant. This slight frequency shift is of no
consequence in most applications.

Two push-pull condenser networks are shown in Fig. 534 in which
the total capacitance, and hence the frequency, does not change. The

¢,
A c)
€; &
(o8 T T G
®

Fi1G. 5-34.—Push-pull condenser voltage divider.

capacitances are designed to follow the relationships

_ . Bt Kkf(8)
Ce = CIA ~%(6) an
, _ o B = kf(6)
Ci= Oy i) (18)

where 4 and B are constants, giving output voltages
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- 14— (15 5)
%—M+MMQ+Q (19)
The total capacitance Cr is

C.C. C.Cs 2B

Cr=oxatata-Carp

(20)

and is seen to be constant. The analysis shows that equations of the
form of Eq. (19) hold for both Figs. 5-34a and 5:34b. Network b is
generally preferred in practice because cable and e
other stray capacitances from the output ter- ?
minals to ground are generally much larger than
the stray capacitance between input and output TG
terminals. Stray capacity across the output ter-
minals of network b may simply be considered as 'Teo
part of C1.  Experience with a push-pull network c
of this type led to the conclusion that in practice
it would not be eapable of theaccuracy of a single
divider primarily because of the great difficulty of
accurately aligning the two variable condensers.
The condenser network shown in Fig. 5-35
has been found useful for producing output voltages that are certain
nonlinear functions of condenser-shaft rotation. For this network

e O
;. C+C+Cy

LY

E

Fia. 5-35.—Condenser-di-
vider network.

(21)

from which e, as a function of § may be determined when C as a function
of 8 is specified. Bendix condenser No. 74747-1 for which C = A 4 k6
has been used in this way to produce a desired nonlinear output. In one
such production application, €y = 122 puf, C» = 194 puf, and C varies
linearly with 6 from nearly 0 to 110 puf. Other condenser networks
with still different characteristics can be used. A condenser for which
f(® in Egs. (17) and (18) is sin 9 has been designed but not put into
production.}

Ezample—Two condensers have been designed which yield an output
voltage for which f(6) in Eq. (15) is linear in 8, that is,

= A + k. (22)

One is Bendix OAR 971-30-1; the other is Rauland CV-11. Thefollow-
ing data pertain specifically to the latter: Temperature coefficient of

1 8ee Chap. 9, Vol. 17, of the Radiation Laboratory Series.
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capacitance is 100 parts per million per degree centigrade; output voltage
is linear to 4% per cent; the condenser is operable from —40°C to +70°C
and with 95 per cent humdity at 45°C; it withstands the salt-spray test,
10g-shock test, and 0.03-in. amplitude of vibration from 10 to 55 ¢ps.
1t is designed for 400 volts rms input. It will last for 10,000 hr at speeds
in the range from 10 to 2000 rpm, and it requires 4 in.-oz of torque. It

Fre. 5-36.—Rauland CV-11 sweep condenser: (1) housing; (2) end plates; (3) stator
plate assembly; (4) stub steel driving shaft; (5) ceramic main shaft; (6) counterweights;
(7) rotor plate assembly; (8) index marks for zeroing rotor; (9) slip ring; {(10) solder connec-
tion from slip ring to stator plates; (11) brush; (12) bearing retainer plates; (13) shims for
longitudinal rotor position adjustment; (14) loading spring; (15) ball bearings.

is constructed (see Fig. 5:36) of 17 fixed, and one adjustable, stator
plates that are 0.160 in. +0.001 in. apart, and of 17 rotor plates, each
plate being 0.04 in. thick. The capacitance varies from 50 to 200 uuf in
the usable 320° of rotation. Mechanically the shaft turns continuously.

In Fig. 5-37 is shown a circuit that makes use of a condenser divider
that satisfies Eq. (22). The condenser divider forms part of the tank
circuit of the 1-Me/sec Hartley oscillator V;. The peak-to-peak output
of 575 volts does not change appreciably even when the heater supply
changes over the range from 4 to 8 volts. The tank circuit and all
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radiating components including V' are shielded in copper, and the entire
oscillator is mounted only a few inches from the variable condenser and
is connected to it by a shielded cable. The trimmer condenser C, is
adjusted so that C, plus C; is equal to C; plus the stray capacitance
(about 15 uuf) for 8 = 0°. The proper adjustment is ascertained by
comparing the observed output vs. angle curve with the calculated curve.

The 6SL7 V3 and R; and C, serve as a detector. The shift in d-¢
level of the output voltage with heater voltage for a 6SL7 is only about
half that observed with a 68N7. Tube V; is a cathode follower that
affords the low output impedance necessary in this case to drive the
several feet of cable to the indicator circuits. Both the detector and the

+300v
Trimmer Vi
C, ,6-25 uuf Vv, 6SN7
sty Rac1M
-l
Angle vol-
— tage out
Oto55v
> 33k
conden: >2w
ser ¢
-105v W -105v
50k-4w 30Kk- 10w Note: L =50 uh
50 turns of #18 wire

on 2" form tap-
ped 12 turns up

Fig. 5:37.—Angle-voltage generator.

cathode follower are mounted very close to the slip rings of the variable
condenser to minimize the stray capacity. With the Rauland condenser
in use the output voltage varies from 0 to +55 volts for a variation in
shaft rotation from ~— 160° to +160°.

The calculated peak-to-peak carrier ripple in the output is less than
0.05 volt and the calculated phase shift for 10 rps is about 4°. Since,
in this particular application, the condenser is geared up 32 to 1 with
respect to the scanner, this delay is permissible. Replacing R; by a 0.25
henry choke reduces the phase shift to 0.02°.

6-13. Resolved-time-base Applications Using Condensers. General
Discussion.—If a time-base waveform is to be attenuated by a condenser
divider, frequencies as low as the repetition rate of the time base must be
passed. With available condensers and for ordinary radar applications,
the divider must have an impedance of about a megohm for the low-
frequency components. At this level, leakage resistance becomes partic-
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ularly troublesome. Consequently, variable condensers are unsuited
for most resolved-time-base applications of the type commonly employ-
ing synchros. Laboratory models have, however, been constructed.
Another laboratory system that used a synchro and a sinusoidal con-
denser in parallel as a resolver for a PPI system was tried. The system
worked satisfactorily, but it was felt that a lower-inductance synchro
was better for the fast sweep waveforms in question.

E
PP 03
100 uuut
3 . L
_/L $01M 27k 303M fogr——o
0.1 - 3 ‘[0-0005 To horizontal
O————4 = o N— deflection
Sawtooth 75 wut amplifier
input {¢
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{
[}
]
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k1) I

! 03M
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100 gt o= L
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F1a. §-38.—Circuit of resolved-time-base PPI using a condenser for data transmission.

Use of a High-frequency Carrier—Resolved-time-base systems that
employ high-frequency carriers have been built and have performed
satisfactorily. Figure 5-38 shows the schematic diagram of a PPI data-
transmission system using Cardwell-type sinusoidal condensers. Section
C, is the cosine condenser, and Cs, the rotor of which is 90° out of phase
with that of C,, is the sine condenser.

Section C, together with C; and C,, constitutes a push-pull voltage-
divider network similar to that shown in Fig. 5-34. For the Cardwell
condenser, C1 = A + k sin 0 and C] = 4 — k sin 8. From Eq. (14)
it is seen that the difference in the output voltage is

2](301 sin 6

“{CF4)? —k?sin?f (23)

€y — €9 =
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If C, is about 10 times as large as k, the sin?  term introduces a departure
from true sinusoidal push-pull output of less than 1 per cent. A cosine
output is similarly obtained from C,; with C; and Cs. In order that a
balanced output signal may be obtained, (3, C4, C5, and (s may be made
adjustable. The input waveform is a modulated sinusoid of about
2-Mc/sec frequency. The envelope of the waveform is a sawtooth wave
and the modulation is accomplished by applying a triangular wave to
the screen of the oscillator.? An automatie amplitude-control circuit
has been used successfully with this oscillator, the control voltage being
applied to the suppressor grid. The detectors are bypassed cathode
follower circuits. The output signals are push-pull sawtooth waveforms
varying in amplitude as the sine and cosine of the condenser-shaft dis-

Sawtooth wave-
form controls Push-pull saw-
amplitude | 3y /sec e F-M -+ tooth waveforms
oscillator |“17& o | detetctor [+ with amplitude
N proportional to sin @

Sinusoidal condenser
varies frequency from
29 to 3.1 Mc/sec

F1a. 5:39.—Modulation of sawtooth waveform by means of sinusoidal condenser.

placement. The circuit shown, together with suitable auxiliary circuits
and equipment, gives a PPI presentation of suitable quality for shaft
rotations as high as 30 rps. Additional intelligence can be transmitted
by frequency modulation of the carrier.

Frequency-modulated-carrier Examples—Figure 5-39 is the block
diagram of another system of the resolved-time-base type which employs
a carrier; in this case, the carrier is amplitude-modulated by a sawtooth
waveform as in the previous example and also frequency-modulated by
the variable condenser. A frequency-sensitive detector produces push-
pull sawtooth waveforms of amplitude proportional to the frequency
deviation and, since the frequency varies linearly with C', proportional
to sin 6. Since the output is proportional to the input amplitude also,
the wave shape is preserved. Such a circuit can be used in the genera-
tion of a B-scan presentation (no amplitude modulation), or together
with another similar unit with the condenser shifted 90° in phase, to
produce a PPI display. Such a system performed satisfactorily in a
laboratory test.

6-14. Generators.—Generators have been used in two different ways
as data-transmission devices. In some applications the generator is
used as a tachometer: the output voltage, whose amplitude is proportional

t Linear electrical modulation is assumed. See Vol. 19, Chap. 12 of the Radiation

Laboratory Series.
2 See Vol. 19, Chap. 11 of the Radiation Laboratory Series.
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to the speed of the driving source, is most often utilized by the so-called

“triggered” display system to be discussed in Sec. 5:17. The other way

in which a generator may be employed makes use of the fact that, for

constant angular velocity, the output voltage of an a-c generator varies

sinusoidally with shaft displacement. In an application of the first kind

Instantaneous position the intelligence is conveyed by the

of center line of amplitude of the output waveform.

radio-frequency beam  This amplitude is a measure of the

shaft speed and is used as a means

of compensating for variation in

& shaft speed. In contrast to this, if

§_Axis a generator is employed in the

second way, it is assumed that either

Locus of beam  the angular velocity is constant, in
for constant & . .

Fra. 540,—CGeometry of conical soanning. which case the 1nstantangous value

of the output voltage is propor-

tional to the sine of the shaft displacement, or any variation in rate is

compensated.

A simplified version of a radar application of the second (displacement
information) method is illustrated in Figs. 5-40 and 5-41. In thisinstance
the radio-frequency beam is rotated at 20 cps making a small angle § with
respect to a fixed axis, the locus of the “pencil” beam thus tracing out a

Position
of scanner

Epp
Horizontal
deflection plates
Scan angle Nr;d angle of 3 C%T
[:]

27v ! X
d-c = .
Centering
bias
—— Amplitude Push-pull
Generator 20 cps - cor:mol amplifier

Eyy

Fia. 5-41.—Data-transmission system using a generator and potentiometer.

cone. The received radar signals are presented as an azimuth angle vs.
range, or B-scope. The azimuth position of the beam is 3 sin  measured
from a vertical plane passing through the axis of the conical scan. The
output of the generator, mounted to rotate as 6, is proportional to sin 6,
and, for a fixed value of 3, therefore, to & sin @, the azimuth angle.

In order to search all the space lying within an angle &, of the axis,
within the range of the set, the angle 4 is continuously varied between
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limits of +8; and —3&. The amplitude of the cone half-angle & goes
through one complete cycle in about 4 sec. The fact that & actually
goes negative means that the phase of the generator output curve must
be effectively shifted by 180° each time the amplitude goes through zero.
The amplitude of the output sine wave is varied proportionally to §, and
cognizance is taken of the sign by means of the linear potentiometer R;.
When § is zero the potentiometer winding is grounded at the center.
The output from the center-tapped resistor Rs is zero under these cir-
cumstances. The amplitude of the output waveform increases linearly
with & as the brush of By moves downward, and reaches a maximum when
the lower end of the potentiometer is grounded. As the brush moves in
the opposite direction the amplitude increases, approaching thé same
maximum value but with the phase changed by 180°.

Monitor .
photo Mor:_::_or F—--— Amplifier |————e
cell ampiifier Output
N l
1 1
1 ]
. e - Photo-
Light | 0
source electric

[~ ~ N - =1 cell

8

Cam Slit

P16, 6542, —Electromechanical data-transmission system consisting of a cam and photo-
electric cell.

Both a permanent-magnet-field and a d-c¢ excited-field generator!
have been used in this application. The output waveform shows a
variation from sinusoidal shape indicative of the number of poles of the
generator. A 1-uf filter condenser across the generator output terminals
has sometimes been used. The generator output is about 60 volts rms
at 20 cps.

5-16. Photoelectric-mechanical Data Transmission.—An electro-
mechanical data-transmission system that has been used in experimental
systems consists of a cam turned by a shaft (the mechanical signal) that
modulates the light falling on a photoelectric cell,? which, in turn, pro-
duces an electrical signal. Such a system is illustrated in Fig. 5:42.

One such system employed a “constant’’-intensity light source, a
lens system for controlling the light beam, and an RCA 929 high-vacuum
photoelectric cell. The output voltage of this photoelectric cell is very
nearly proportional to the light intensity. Since it was required that the

! Production generator is type 1401 made by Electrical Engineering and Manufac-
turing Co., Los Angeles.

*John Strong, Procedures in Experimental Physics, Prentice-Hall, New York, 1939,
Chap. 10.
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output voltage indicate the shaft position even when the shaft was at
rest, a direct-coupled amplifier had to be used. Counsiderable difficulty
was encountered in making an amplifier with an output that did not
“drift” excessively.! A monitor photoelectric cell was used to obtain
a signal proportional to the intensity of the light source. Such a signal
could be used to vary the gain of the amplifier and thus compensate
completely for light-intensity fluctuations. In this case, however, the
monitor signal and the main signal were the two input signals to a differ-
ential amplifier; the output for a given (midrange) value of 8 was thus
kept fixed. Another, and generally a better, method of monitoring is
to control the light intensity in accordance with the moritor output to
make that output a given value.

In a second laboratory model neither a lens nor a monitor was em-
ployed; an a-c amplifier was used. The use of an a-c amplifier requires
that the cam be rotating (600 rpm normally), but the use of an inter-
mittent light source obviates this difficulty.

For certain applications, the photocell compares favorably with other
electromechanical devices. It has the advantage that the cam can be cut
to give almost any desired functional relationship between the rotation
angle and the output signal. Inherently it is capable of applications
analogous to those using a ‘‘“d-c carrier” (a constant-intensity light
source), a sinusoidal carrier (intermittent light source), or to resolved-
time-base applications (light intensity controlled by a time base).

SYNCHRONIZED TRANSMISSION OF ANGULAR DATA

In almost all of the foregoing discussion the remote signal was derived
directly from the primary signal by mechanical or electromechanical
devices. In applying such techniques the primary signal is generally
thought of as being an independent variable and the remote signal as
being a dependent variable. In some cases, however, both the primary
and the remote signal may be considered dependent; dependent, gener-
ally, on time. Two techniques have been used in such cases. Oneis the
use of synchronous motors to drive the primary shaft and the remote
shaft; the other is the use, as the remote signal source, of an electrical
circuit giving an output signal that varies in time in some prescribed way
in synchronism with the primary signal, which is assumed to be a pre-
scribed function of time. In both applications, generally the only data
actually ‘“transmitted’’ is a synchronizing signal.

6-16. Synchronous Motors.—A means of synchronizing the rotation
of two shafts is by the use of synchronous motors, an example of which
is shown in Fig. 5-43. Its advantages are very light weight, high accuracy
for continuous rotation, and the lack of necessity for an auxiliary ampli-

1t See Chap. 11, Vol. 18 of the Radiation Laboratory Series.
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fier. On the other hand, it is difficult to phase the motors initially, and
any slipping of the motor or momentary loss of power requires rephasing
of the entire system. In the example shown, the switch is manually
adjusted until the antenna and the rotating coil are in phase. Because
the phasing feature of this system is not positive, the system is very
rarely used. Another disadvantage of this method is its inability to
sector scan with any accuracy.

6-17. Triggered Circuits.—If the primary signal is a function of time
which repeats itself periodically or upon the reception of a triggering or
initiating signal, then a remote electrical signal can be derived from an
appropriate waveform generator that oscillates or that is triggered in
synchronism with the primary signal. For example, if the primary
signal is the displacement angle of a uniformly rotating shaft, an electrical

1x 100 x
Antenna 3¢ Gear box A:"t:tr:’r;a

Synchronization L__g 115v
switches ‘T_ 'T 60 cps
1x 100 x

PPI Gear train PPl motor

~

1800 rpm
synchronous
motors

Fia. 5-43.—Synchronized data transmission with synchronous motors.

signal proportional to this displacement can be derived from a sawtooth
generator that is triggered by a synchronizing signal from a switch
operated by a cam on the shaft. The duration of the sawtooth waveform
must be somewhat shorter than the period of the shaft rotation.

Methods of Triggering and Gating.—Several methods have been
employed for obtaining the synchronizing signal, and two types of syn-
chronizing signal have been employed. One type of synchronizing
signal is a trigger or initiating pulse (Figs. 5-44b or ¢) which serves to
start the waveform generator. The other is a gating or switching wave-
form (Fig. 5-44d) which is a signal having one value for the duration of
the required voltage waveform and another value for the rest of the time.

When the trigger pulse is obtained from a switch controlled by a cam
on the shaft, the closing or opening time of the switch, or of a relay con-
trolled by it, is of the order of magnitude of a few milliseconds—which
is too long for many applications. Another disadvantage is that it is
often inconvenient to use cams and switches because proper adjustment
ig generally difficult.
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A disk containing a magnetic “slug” may be fixed to the shaft in
question. A signal derived from a coil held near the surface of the disk
can be used to synchronize the waveform generator with the shaft rota-
tion. The waveform of the pulse, shown in Fig. 5-44%, has an amplitude
proportional to the shaft speed and consists of both a positive and a
negative part. It is not very steep at any part, and therefore it is diffi-
cult to derive a ‘‘jitter free’” narrow synchronizing pulse from the coil
output.

Mechanical
displacement

() T fime —

©

1 T
0 {e) T 27

Fig. 5-44.—Some waveforms illustrating triggered-circuit data transmission.

A third method consists of a rotating slotted disk or cam that inter-
rupts a beam of light to a photocell. This method (see Sec. 6-2), which
is the most suitable for most applications, can give either a synchronizing
pulse (Fig. 5-44c) or a switching waveform (Fig. 5-44d). The output
signal is, moreover, independent of shaft speed and has a faster rise time
than the voltage waveform obtained with the magnetic-slug method.

The output-signal waveform generator must be turned off in time to
allow adequate recovery of the circuit before the initiation of the next
cycle. If a gating waveform is used, the shutoff is automatic. If pulses
are used, the shutoff can be effected by a second pulse derived in the same
manner as the first, or by an automatic timing circuit at a fixed time after
the start.
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Use of a Tachometer—The output signal waveform e(t) (Fig. 5-44e)
will have a value at any time which is proportional to the mechanical
displacement y(Z) of the shaft only if both de/dt and dy/dt are constant
or vary proportionally. If the mechanical system is such that dy/d¢
cannot be held constant within the desired limits, a tachometer generator
can be connected to the shaft and its output can be used to modulate
the slope or amplitude of the time-base waveform.

Figure 5-45 shows ths circuit used in one experimental system employ-
ing a d-c tachometer generator to correct for rate variations. The gener-
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Fi1a. 5:45.—Triggered data-transmission circuit using tachometer generator and phototube
blanking disk.

ator is geared to turn at five times the cam shaft speed, the latter being
about 10 rps. The positive generator output is applied to the cathode
follower V,. Tubes V. and V; and the associated parts form a ‘““boot-
strap’’ sawtooth-generator circuit (see Sec. 4-6). The slope of the
output sawtooth waveform is proportional to the initial current flowing
through the l-megohm resistor. This current, in turn, is proportional
to the generator output voltage since V, is conducting before the start
of the sawtooth waveform. Thus, if the speed of rotation increases, the
sawtooth slope increases proportionately. The voltage waveform on the
grid of V¢ is shown. The time from ¢, to {5 is the duration of the saw-
tooth, and the bias on the cathode of V, is adjusted so that the tube is
nonconducting from ¢, to {. The cam that interrupts the light beam
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introduces smaller modulations of the light intensity at regular intervals.
The corresponding fluctuations in output voltage are below the cutoff
potential for V, but are present in the output of V. These signals
serve to brighten the trace on the associated cathode-ray-tube display
and thus produce angle marks. The switching signal from ¥V, serves,
through circuits not shown, to blank the cathode-ray tube beam from ¢;
to the next .



CHAPTER 6

ELECTRONIC MARKERS AND INDICES
By H. O. Marcy, III

6-1. Introduction.—A display index is commonly a line indicating a
particular value of a function that may or may not be one of the coordi-
nates of the display. Either a number of indices that allow interpola-
tion, or a single movable index may be employed. The latter is especially
convenient for automatic data transmission. In general, it is desirable
that the indices be more sharply defined and more accurately fixed than
the particular signal to be evaluated. For example, a sharp line may be
used to bisect a broad signal with an error of less than one-tenth the
width of the signal.

Overlays are the simplest means for applying indices to a display (see
Sec. 16:5). They consist of dark lines or illuminated scratches engraved
on a transparent plate placed directly in front of the display tube. They
are not always satisfactory because parallax errors are usually present,
and because it is essential that the display be stable in position and size.
in spite of line-voltage or tube-characteristic fluctuations. Greater
accuracy can usually be achieved by the use of electronic indices, which
appear in the display area as brightened lines or dots, because these may
be made independent of any variability or distortion in the display and
are not subject to parallax. Unfortunately, circuits for the generation of
electronic markers are often costly and complex.

With most two-dimensional displays, scanning is much more rapid in
one coordinate than in the other. The B-scope of a radar display is an
example of a cartesian-coordinate display with the fast scan in the y-
coordinate representing range, and the slow scan in the z-coordinate repre-
senting the azimuth angle of the antenna. As the x-scan progresses
across the tube, the y-scan, sweeping successively across, forms a series
of parallel slanting lines. All values of y are covered in each y-scan,
but only discrete values of z are displayed for each x-scan, the separation
of the lines being determined by the ratio of the scanning repetition
rates of x and y. An index for a particular value y,, made by intensify-
ing edeh y-scan for a short interval at the value y,, will then appear in
the display as a row of brightened dots as shown in Fig. 6:1la. On
successive x-scans, when there is no synchronization between the x and ¥
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repetition rates, this row of dots will move bodily to the right or left at
random and the dots will merge into a smooth line because of the persis-
tence of the observer’s vision or of the screen. The vertical width of the
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Fia. 6:1.—Diagram of a cartesian-coordinate display.
line depends only on the steadiness of the y-scan and on the interval of
time during which each scan is intensified.

An index for a particular value z;, on the other hand, is more dif-
ficult to obtain with a clean-cut appearance, especially when the separa-
tion of y-scans is large. 1In this situation the value z, may fall where no
y-scan ig present during a given x-scan, but is present during the next
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x-scan because of the random relation between the z and y repetition
rates. 'This fluctuation will cause the index to fade in and out of view
or to flicker in an annoying manner. The difficulty can be avoided by
broadening the index to include values of x from z; to z; + Az where Az
is greater than the separation between successive y-scans. In this way,
there is certain to be a y-scan during the intensified portion of each x-sean,
but such broadening of the index can introduce other defects if Az is much
more than the spot size of the cathode-ray beam. The random position
of the y-scan in the interval Az may cause the intensified line to move
about from one x-scan to the next (Fig. 6-1b) or the intensified line may
start in the middle of one y-scan and continue into the next (Fig. 6-1¢).
With a persistent screen, these effects may not be noticed individually,
but they do cause the index to waver and to appear defocused.

To avoid these difficulties, it is possible to stop the x-scan at z, until
there is a complete y-scan (¥Fig. 6-1d). After the index has been formed,
the x-scan is made to catch up to its correct position.

Another method of generating slow-scan indices, useful with per-
sistent cathode-ray-tube screens, is to remove the normal x-scan and
momentarily replace it by substitution of the single value ;. The fast
y-scans are allowed to continue and may be intensified to give a bright
line index of value z,. This method may be used to advantage if a por-
tion of the slow-scan cycle is not used. An example is an expanded dis-
play in which only a portion of the x-region observed by the scanning
device is displayed on the tube. During the undisplayed part of the
scan a relay may switch the presentation to the particular value z; of
the index. Figure 6-1¢ shows this diagrammatically. If all of the scan
should be displayed, a sacrifice of duty ratio is necessary.

6-2. Slow-scan Indices.—These indices may be subdivided into two
classes, flashing indices and substitution indices. To obtain flashing
indices the fast sweep may be intensified in one of several ways.

Mechanical Switching.—Figure 6-2 shows the generation of an angle
mark on a PPI display by the use of a cam coupled to the device that
rotates the position of the radial sweep on the cathode-ray tube. At the
proper position the cam closes a microswitch which, in turn, actuates a
two-circuit relay. As soon as the first relay closes, it energizes a second
relay. This relay opens the circuit that was closed by the first relay.
The net result, shortly after the microswitch is closed by the cam, is a
circuit closed during a short interval that is determined by the “actua-
tion time”’ of the second relay. This closed circuit is used to change
the grid bias of the cathode-ray tube in such a way that the trace is
brightened. The duration of the angle mark is determined only by the
actuation time of the second relay and is independent of the shape of
the cam. By the choice of a suitable relay, the interval may be varied.



230 ELECTRONIC MARKERS AND INDICES [SEC. 62

In general, this method is applicable only to angular scan rates less
than 5 rpm. Its accuracy is determined by mechanical considerations
and by the uncertain delay in closing the microswitch and the first relay.
Easy phasing of the index is accomplished by the use of a mechanical
differential between the antenna and the cam.

Photoelectric Method.—This is the most precise method of generating
indices. A slotted disk, mechanically coupled to the scanning device,
is 80 placed that it intercepts a collimated light beam that would other-
wise fall on the sensitive surface of a photocell. Whenever the light
beam passes through a slot in the disk, the photocell signal is generated.

Bright angle-mark

Angle-mark intensity <

Rotating
coil

|
1st relay 2nd relay

Cathode-ray-

tube bias
~50 v‘—'\l/\;—:L

Fi16. 6-2.—Mechanical switching to intensify sweeps at a particular angle.

After suitable amplification, this signal may be applied to the cathode or
grid of the cathode-ray tube and thereby change the brightness of the
trace. The electrical circuit is shown in Fig. 6-3. A gas-filled phototube
is used because of its greater sensitivity, and because the linearity of
response is unimportant. Collimation of the light from a six-candle-
power bulb is accomplished by using a narrow slit placed in the light
shield surrounding the bulb. Accurate alignment of this slit with the
slit in the rotating disk is required. With good alignment the width of
the index is proportional to the width of the light beam plus the width
of the slot in the disk. By rotating the disk at several times the speed of
the scanning device, multiple indices of proportionately narrower width
may be generated. The errors of this method, subject to the provision
that the interval between fast scans be sufficiently small, are only those
introduced by the mechanical coupling to the scanning device and the
errors inherent in the scanning device itself. Phasing of the index may
be done mechanically. This process will prove cumbersome if the scan-
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ning device and the photocell unit are remote from the display, and
therefore photoelectric indices are usually fixed.

Synchro-null Methods.—When a carrier is applied to the rotor of a
steadily rotating synchro there will appear across any two output ter-
minals a sine modulated-carrier wave. For a complete revolution of the
synchro there are two positions, 180° apart, at which the phase of the
carrier reverses and the amplitude passes through a minimum. If this
carrier is demodulated by means of some type of peak detector, the
resulting wave consists of a series of positive sine-wave half cycles. At
the minimum value there is a rapid reversal of the slope of the demodu-
lated waveform and both the negative and positive slopes are at their
greatest values on either side of this minimum. Narrow pulses that

Rotating disk +250v
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Light bulb photo tube b o1 To CRT
A SOk 3+ nlt:deft Ty grd
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F1a. 6:3.—Photocell index circuit.

occur at two definite angular positirns 180° apart can therefore be formed
from the demodulated waveform.

The advantage of this method is that the phase of the index may be
controlled at a position remote from the scanning device to which the
rotating synchro is attached. The stator of another synchro located
on the control panel may be connected to the stator of the first synchro.
Rotation of the second synchro rotor will phase the index to-any position
desired since the second synchro acts as an electrical differential.

The carrier energizing the synchro must be of a sufficiently high
frequency to furnish information to the demodulator at intervals more
frequent than those corresponding to the maximum allowable error of the
index. In general an upper frequency limit to the carrier is set by the
transfer characteristic of the synchro at high frequencies and the stray
capacity in the synchro itself and in the transmission lines. Capacity
unbalance frequently causes the minimum values of the carrier to vary
for different settings of the second phasing synchro. A change in the
d-c level of the minima of the demodulated wave then results. In most
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circuits this change in turn causes a variation of the angular width of the
index itself. A circuit for generating indices by the synehro-null method
is shown in Fig. 6-4. An oscillator (4'5 ke/sec) is used to excite the rotor
of a synchro mechanically coupled to the antenna. Although the fre-
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Fia. 6-4.—Synchro~null indices.

quency stability of this oscillator is of no consequence, amplitude varia-
tion in the oscillator will cause a proportional increase in the width of the
index. For any position of the control synchro there are two correspond-
ing positions of the scan synchro in which the output from the secondary
of the control synchro goes to zero. At all other positions of the scan
synchro there is an appreciable carrier signal. This signal is amplified
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by a two-stage amplifier and coupled into a peak detector that is biased
just beyond cutoff. When there is any appreciable signal, the peak
detector conducts over part of the cycle and the condenser in the plate
circuit discharges. During a null, the detector tube fails to conduct and
the plate condenser is charged to B4 voltage. The amount of input
signal required before the detector tube conducts depends upon the bias,
controlled by E;. The bias thereby controls the width of the positive
plateau in the plate waveform, which is generally used to cut off a cathode
follower, an amplifier, or an oscil-
lator! at all times when the plate
voltage is not at B4+. Thus R,
is the width control for the index.
Indices with a width of 2° out of
the 360° rotation of the antenna
synchro may be obtained with
ease;sharper indices require stable
amplifiers, stable power supplies,
and care in the reduction of stray-
capacity effects. Variations of
the circuit shown in Fig. 6-4 may
be deduced from the data on de-
modulation in Chap. 5. Lower-
frequency carriers have been
successfully used for the genera-
tion of indices by this method.

Elimination of alternateindices
may be aceomplished if desired by
the addition of the circuit shown
in Fig. 6-5. The control transformer synchro used to phase the index
in Fig. 6-4 is replaced by a differential synchro. By suitable connections
a carrier whose modulation envelope is 90° in scan angle behind that used
for the generation of the index may be obtained from this differential
synchro. This carrier is added to a suitable fraction of the unmodulated
carrier, and the sum is then demodulated to give a wave proportional to
the cosine of the scan-synchro rotation angle. When the cosine wave is
near a maximum, a vacuum tube driving a relay conducts and thereby
actuates the relay, which allows the index to be transmitted to the display
tube.

Indices Derived from the Cathode-ray-tube Sweep-control Potential.—
A varying voltage, related to the position of the scanning device, is
usually generated as the means of controlling the cathode-ray-tube

1 An oscillator, V5 of Fig. 64, is used to allow passage of the index signal through
video circuits.
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Fig. 6-5.—Elimination of alternate index.
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sweep. A particular value of this voltage usually corresponds to a single
position of the scanner. It is, therefore, possible to generate an index
by a circuit that reacts discontinuously at this particular voltage. The
circuit shown in Fig. 6-6 makes use of a “flopover” V: and Vs, which
fires when the V; grid potential changes from negative to positive with
respect to the grid of V3. The cathode follower V' isolates the sweep-
control from the index circuit and offers a low impedance to the divider
R:and R;. The potential at the junction of By and R, can be varied by
means of the low-impedance potentiometer B;. The value of the sweep-
control voltage at which the flopover ecircuit fires may thus be selected
at will. Since the potential at the plate of V. shifts abruptly negative
whenever the grid of V', changes from a potential below that of the grid
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Fig. 6:6.—Index from sweep-control potential.

of V3 to one above, V, is cut off instantaneously. After an interval,
determined by R.C: V. again becomes conducting as C, is charged
positively through R, There will appear, therefore, at the plate of ¥,
a positive pulse whose start corresponds to a particular value of the scan-
control potential, determined by the setting of R;, and whose duration is
determined by By, When the sweep-control potential decreases to the
critical value, the flopover will return to the initial condition. No index
will be generated since only a positive pulse appears at the grid of V..
If an index were generated at each traqsition of the flopover, a slight
difference in the potentials corresponding to the indices produced by
alternate transitions would be observed. This -method of generating
indices is therefore restricted to scan-control voltages that vary unidirec-
tionally during the useful portion of the scan.

Sweep-stopping Circuit.—Variations of the position and intensity
of a slow-scan index x; that are due to a variation of the aiscrete values
of z corresponding to the start of the fast scans will oceur in some cases.
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It is therefore often desirable to stop the slow scan momentarily at the
value ;. After intensification of a fast y-sweep at x;, the slow x-scan is
allowed to catch up to the correct value. The block diagram, Fig. 6-7,
shows a sweep-stopping circuit for the special case of sawtooth sweeps.
At a time corresponding to the value z;, a negative trigger pulse, gener-
ated by any of the methods already described for the generation of indices,
flips a scale-of-two circuit, which unclamps a sawtooth generator. The
resulting positive sawtooth voltage is then resistance-mixed with the
negative sawtooth waveform from the scanner. If the positive sawtooth
voltage is adjusted to the correct slope, the sum of the two sawtooth
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1rtJL

o,
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8 L — Intensifying
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voltage in voltage to
sweep

Fia. 6:7.—Block diagram of sweep-stopping circuit.

waveforms will not change during the interval in which the scale-of-two
circuit is in this state. To cause a transition of the scale-of-two circuit
back to the original state a negative trigger pulse, derived from the end
of the intensifier-gate circuit associated with the fast scan, must be
applied to the grid of the second tube. As soon as the scale-of-two cir-
cuit flips back, the sawtooth generator is clamped. The sum of this
sawtooth waveform and the scanner sawtooth waveform immediately
becomes equal to the value 6f the scanner sawtooth voltage alone. The
scan is therefore in the same position in which it would have been if the
sweep had not been momentarily stopped. To intensify the cathode-ray-
tube beam during the index, a pulse is developed from the scale-of-two
circuit and applied to the cathode of the cathode-ray tube.

Figure 6-8 shows the actual sweep-stopping circuit. The scale-of-two
circuit uses a pentode, Vs, and a triode, Vs. The screen of the pentode
acts as the anode in the scale-of-two circuit. The plate of the pentode
is an electron-coupled switch used to clamp C:. The rate of charge of C
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is determined by R, and the potential E; to which C; charges. E; may
be controlled by means of a potentiometer.

The Use of Carriers to Allow Amplification by Video Amplifiers.—
Very often the indices of siow-scan sweeps must be comprised of long
intensifying pulses. The duration of these pulses may be as much as a
tenth of a second. In many types of displays, particularly radar dis-
plays, the signal amplifiers do not have a low-frequency response suffi-
cient to pass such a long pulse. The long pulse may be used to modulate
a carrier in order that the index signal may be mixed with the video
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F1a. 6-8.—Sweep-stopping circ}xit.

signals before amplification. In Fig. 6-4 the circuit involving V5 is a
Hartley oscillator that is gated at the grid by the index pulse and pro-
vides a frequency high enough to pass through the video amplifier.
This signal will be demodulated by the nonlinear response of the cathode-
ray-tube gun.

Substitution Indices.—Figure 6-9 shows a circuit in which the index is
placed on the screen of the cathode-ray tube during the interval when the
normal slow sweep would cause the cathode-ray beam to be deflected off
the face of the tube. When the sweep-control voltage E, is sufficiently
positive to sweep the cathode-ray beam off the screen, the relay switch
tube V3 conducts and thus actuates the relay. This relay switches the
grid of the sweep amplifier tube from the scanner potentiometer to a fixed
potentiometer, which is adjusted so that the cathode-ray-tube sweep is
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in the correct position for the desired index. The relay also switches the
cathode-ray-tube grid bias so that it intensifies all fast scans occurring
while the slow sweep is held in the index position. At the same time
signals are removed. As soon as the sweep control voltage falls below
the critical value, the relay is released and normal operation is restored.

This method of generating indices requires that only a portion of the
scan be presented, and that the unused portion of the scan be sufficiently
long to allow the relay to operate. It requires further that the display-
tube screen have sufficient persistence.
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Fia. 6:9.—Substitution index using relay.

For relatively rapid scans an index may be generated in a somewhat
analogous manner using electronic switches to clamp the sweep amplifiers
momentarily to the desired value. Transients in the deflection system,
especially with magnetic deflection, become troublesome when the clamp-
ing interval is small, but these transients may be reduced if clamping is
done at a time when the sweep is near the desired index position. A
portion of the scan is sacrificed under this condition, but an index is not
usually required for every scan. ’

Summary of Slow-scan Indices.—Five general methods of generating
electronic indices directly from the mechanical position of the scanner
have been described. The choice of a suitable method will depend on
(1) the number of indices required, (2) the phasability of the indices,
(3) the accuracy needed, (4) the speed of the scanner, (5) the amount of
scan displayed, and (6) the type of scan.
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Multiple indices may easily be obtained by photoelectric methods,
certain mechanical-switching methods, and, if submultiple spacing is
assumed, by synchro-null methods. Substitution methods, on the other
hand, are in general not suitable for generating more than a single index.
The fifth method, pickoff of several indices from the sweep waveform,
vequires duplication of the pickoff circuit and may therefore become
uneconomical.

The mechanical-switching method and the photoelectric method
are relatively difficult to phase. All the other schemes described are
designed to be phasable by a simple remote control..

The most accurate indices may be generated by the photoelectric
method. The synchro-null method has the inherent inaccuracy of the
synchro, about 1° if the synchro is geared 1 to 1 to the scanner. Pickoff
of an index from the sweep waveform has the errors inherent in generating
the waveform. Substitution indices depend upon the stability of the
sweep amplifiers, and are therefore less accurate than the photoelectric
or synchro-null methods.

Mechanical switching to brighten particular sweeps, as well as sub-
stitution indices, requires low scanner speeds, but the other methods are
limited in scanning speed chiefly by mechanical considerations.

All substitution methods also require the sacrifice of a portion of the
scan. Unidirectional scanning is desirable with mechanical switching
and with methods utilizing the sweep control voltage. Photoelectric
and synchro-null methods may have a small amount of backlash, but
are otherwise indifferent to reversal of the scan.

6-3. Timing Indices.—In many cathode-ray-tube displays such as
are used for test oscilloscopes and radar sets, time is one of the principal
coordinates. It is nearly always represented by the faster sweep in a
two-coordinate display. Since every sweep will present all values of time
throughout the desired interval, the problems arising from the disconti-
nuities in the slower sweep of a two-dimensional scan are absent. The y;
time index consists of a series of dots, each of which is generated by the
intensification or deflection of a small section of each y-sweep. With the
faster time sweeps, the interval that this section represents may have to
be as short as 0.1 usec. The generation of such short pulses presents
_problems in itself.

Usually, it is desirable to generate time indices entirely independently
from the sweep. Stable oscillators employing crystals or LC tank circuits
are often used. These oscillators may be pulsed at the start of the sweep,
or the start of the sweep may be synchronized with the phase of the
oscillations. Precise sawtooth delay circuits, often measuring time from
a value other than that at the start of the sweep, provide an alternative
means of accurately measuring time intervals. The particular method
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used for generating the index will depend on whether it is desired to
measure a single variable-time interval or to use multiple fixed indices
equally spaced. The latter method requires interpolation to determine
the time of any signal.

Presentation of the time index will depend on the display used.
With a one-dimensional time scan and signals presented as deflection
modulation, it is usual to indicate a particular value of time by means
of a rapid transverse deflection such as a step or notch. Indication of
this type gives the greatest precision, but care must be taken to prevent
distortion of the signal by the deflection of the time index. Intensity
modulation is always used with two-dimensional scans and often with
one-dimensional scans in which the use of fixed indices is likely to cause
distortion of the signals to be observed. Such intensity-modulated
indices have the disadvantage of poor focus when bright marks require
high instantaneous beam currents.

Movable Time Indices.—A ‘‘flip-flop,”’ the circuit for which is described
in Sec. 44, may be used to measure a time interval. However, the
changes of tube characteristics caused by aging, tube replacement, and
variations of heater voltage lead to considerable inaccuracy. It is
therefore usual to calibrate the time intervals corresponding to particular
potentiometer settings of the RC time constant involved against a more
reliable delay circuit. However, the economy of such a multivibrator
recommends its use when great accuracy is not required. The particular
circuit shown in Fig. 423 holds its calibration, for extremes in normal
operating conditions and for reasonable lengths of time, to +5 per cent.!
In some cases the tendency of the multivibrator delay time to vary
rapidly over a small interval or to ““jitter” will broaden the index enough
to confuse the observer.

Greater accuracy and stability may be obtained at considerably
greater expense with the sawtooth delay circuit shown in Fig. 6-10.
The switch tube V; holds C, and C» discharged until a negative square
wave starting at time ¢, cuts off this tube. To insure a linear sawtooth
waveform both ‘‘bootstrapping” and compensation by means of R:C;
are used. At the end of the sawtooth waveform V. and V, allow a
rapid return to initial conditions. When, at time ¢,, the plate of the diode
Vs becomes positive with respect to the cathode, the remainder of the
sawtooth waveform is transmitted through the diode to the grid of the
pentode amplifier V. The pulse transformer in the plate of V4 differ-
entiates and inverts the amplified segment of the sawtooth wave. After
further amplification by V7 this waveform triggers a pulse oscillator Vs.
The resulting sharp pulse may be used directly as an index of the time

1 See the Radiation Laboratory Series, Vol. 20, Chap. 5 for a more detailed discussion
of this circuit and its stability.
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interval t;-t,. The critical parts in this circuit are V,, which determines
the voltage at the start of the sawtooth wave; V5, which may require
slightly varying plate-to-cathode potentials for conduction; the critical
time constants, B.C, and R:C,; and the voltage at the arm of the delay
potentiometer. Variation of this voltage causes a linear variation of the
time interval. This circuit will hold its calibration to about +0.5 per
cent for extremes of normal operating conditions. A detailed discussion
of its stability appears in Vol. 20, Chap. 4.
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F1a. 6-11.—Phantastron delay circuit.

Another delay circuit, similar in some respects to a multivibrator but
controlled by a linear sawtooth waveform, is shown in Fig. 6-11.! Nor-
mally, both g: and the cathode of V, are held positive with respect to g..
Screen current flows, but the plate is cut off by go. The plate potential
of V, is controlled by the delay potentiometer through the diode V,. If
a negative trigger pulse is allowed to reduce the cathode potential below
that of ¢, plate current will low momentarily and thus cause g, to be held
at a lower potential by the integrating condenser C,. After a small
initial drop, the plate potential will be able to become more negative only
as C; discharges through R,. The plate continues to become more nega-
tive with a sawtooth waveform until it reaches the potential of g;. At
this point g, rapidly becomes positive until it exceeds the potential of
g2; the plate current is then cut off and the circuit returned to the original
conditions. The time interval is determined by the potential at which
the negative plate sawtooth waveform starts and by the conditions for
which plate current can no longer increase. The initial plate voltage

1 The action of this circuit, known as the “phantastron” delay circuit, is deseribed
in detail in Chap. 5, Vol. 20 of the series.
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may be varied by the delay potentiometer to give an almost hnear varia-
tion of delay. Critical parts of the circuit are R.C,, which determines the
slope of the plate sawtooth wave, the screen potential of Vy, and the
suppressor potential of V,. The output waveform may be taken from
either the screen or the cathode. Since the screen has a steeper negative
wavefront, a shorter minimum delay time is available there.

More elaborate circuits employing stable oscillators, phase shifters,
and a delay circuit to allow selection of a
particular sine-wave cycle relative to some
other previous sine-wave cycle are de-
scribed in Vol. 20, Chap. 5. By the use of
continuous crystal oscillators and accurately
made phase shifters, errors may be reduced
to less than 0.1 gsec.

Deflection Presentation of a Stngle Time
Index.—To allow very accurate setting of

A an index on a particular signal, a section of
f ~Signal the time sweep in the vicinity of the signal
V[X{ \may be expanded. On an A-scope. a step,
Notch ‘notch, or pedestal can accomplish this ex-

pansion by a deflection transverse to the
time sweep. Since the signal is also in-

ty
, )

J[\(smal dicated by a transverse deflection, care
T must be taken that the signal is set only

Pedestal to the edge of the step. For best accuracy
the slope of the step must be a maximum
Equal t at this edge. A good step will, therefore,

signals . ) break sharply. Figure 6-12 shows how the
ﬁ/\\" \ E position of a pulse may be measured by a
T T step, a notch, or a pedestal. Experience
Exp:;'g:‘de:t"gf'g\f;s;"ed indicates that for a step 1 in. high a sharp
Fra. 612—Methods of set- Signal may easily be set to one-tenth of At.
ting a signal to a time index f An alternative method of expansion
from radar A-scopes. employs a sharp increase in the rate of the
time sweep for a short interval starting at ¢ (Fig. 6-12). During
this interval the CRT beam is intensified for easy identification. The
accuracy of measurement is thus ‘increased without distorting the
signal amplitude. However, this distortion of the time base may be
objectionable, and, in general, this method does not yield such accurate
results as the step method.
Figure 6-13 shows one form of step-generating circuit. The sawtooth
waveform used for the delay will cause V; to conduct when the sawtooth
potential reaches a value equal to the potential £, from the delay poten-
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tiometer minus the cutoff bias voltage of V.. When V; conducts, a
sawtooth voltage appears at the cathode. This sawtooth waveform 1s
amplified by Vi, until V, reaches saturation. The negative step that
appears at the plate of V5 is further amplitied by the wideband amplifier
Vs and is applied directly to the cathode-ray-tube deflection plate.

A much sharper step may be obtained by the use of a flip-flop fired
by a precisely delayed trigger pulse (Fig. 6-14). The start of the step is
very sharp because of the large amount of regeneration in the flip-flop
circuit. The screen of V' is used as the anode in the second stage of the
flip-flop. The plate of V' is electron-coupled to the flip-flop and acts as a
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F1a. 6-13.—Step-generator circuit with sawtooth-waveform input.
constant-current source to discharge the stray capacity C, in parallel
with the load resistance R;. Condenser C; will be discharged almost
linearly with time until the plate potential of V; has fallen to a relatively
low value. The remainder of the discharge of C; will continue at a
gradually decreasing rate. The automatic clamp tube V; sharply
arrests the step appearing at the plate of V', at a potential set by the step-
height potentiometer. This relatively expensive circuit will give a steep
break of 1 in. in 0.1 psec with a typical electrostatic cathode-ray tube.
The break of the step at ¢ is almost instantaneous and the step can
therefore be reset to a particular signal with a precision of approximately
0.01 psec. If R,C,is adjusted to a low value the step will become a notch.
Only the step appears on the time sweep when the value of RC is made
large.

Periodic Time Indices.—When multiple indices are used, they are
usually required to be equally spaced. Therefore, they may be economi-
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cally generated with the aid of a stable sine-wave oscillator. The sine-
waves are amplified, clipped, and differentiated to give sharp indices.
Crystal oscillators are the most stable but, unfortunately, are difficult
to pulse if it is required that the indices start at an arbitrary time.
Shock excitation of an LC resonant circuit will easily generate a train
of sine waves starting at any time, but regeneration, ag by the use of a
Hartley oscillator circuit, is advisable if more than three or four oscilla-
tions are required. In addition, lower-Q tank circuits, which recover
more rapidly and therefore allow higher duty ratios, may then be used.

» 300 v
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1220k sk |20k $100k
Slw 215w 210w Tiw
S~ 100 uut H‘eig:t
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:( r— " '
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U 280k § jcapactty
5% 3 '

-105v
FiG. 6-14.—Fast-step generator with delayed input trigger.

A typical circuit is shown in Fig. 6-15. The shock-excited LC-circuit
in the cathode circuit of V, should be temperature compensated and
shielded. Care should be taken that the negative gate used to cut off
V1is larger than the peak of the sine wave by at least the amount of the
cutoff bias required by V. Otherwise, V, will conduct over a portion of
the oscillation, thereby damp the tank circuit, and alter the period of
the first few oscillations. The amount of regeneration from the Hartley
oscillator tube V. is adjusted by changing the value of R; until the oscil-
lations are maintained at the natural peak amplitude of the first oscilla-
tion. This amplitude is approximately I, v/L/C where I, is the current
flowing through the tank circuit just before application of the negative
gate to the grid of V;. With approximately the correct value for R,
changes in V. will have very little effect on the frequency of oscillation.
Changes in the value of Ry, however, will affect the frequency appreciably.
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If the value of € in the tank circuit is reduced to approximately 100 upf,
a change of the interelectrode capacity between cathode and heater of V,,
which might occur if V; were replaced, will affect the tuning of the LC
tank circuit and alter the interval between the indices.

Tubes V3 and V, form a cathode-coupled flip-flop circuit. With V,
conducting, V3 conducts because the grid of V5 is held positive with
respect to the grid of V, by the current from V', and V, passing through
R:. When V, is cut off, the grid of V', goes negative and thus causes the
plate of V;to rise until V, becomes conducting. Thereafter the regenera-
tion between V3 and V, greatly increases the rate at which the plate
potential of V;increases. The heavy pulse of current required to charge

+300¢
Negative
square
wave $
input
39
0.1 o
:— 1 k0.5
t
] 'Ry C,
Loor=—=0 15k T o005
R
/ , W $330 100 322
L/C Ratio=2.5x 10 1w
k-

Equally spaced time indices output
Fig. 6-15.—Generator of multiple time indices.

C, is drawn through V, and the pulse transformer, and hence triggers the
pulse-sharpening tube V5. When the sine wave at the grid of V; goes
positive, V; again conducts and V, is cut off. The pulse appearing
across the pulse transformer is now of the wrong polarity to trigger V.
When the sine wave again goes negative, V3 and V, regenerate at pre-
cisely the same value of the sine-wave potential if the voltage across C,
has not changed. This voltage is approximately constant if C, is suffi-
ciently large and if the grid current from V, is limited. All indices are
then generated at the same sine-wave voltage. Since this voltage occurs
near the zero value of the sine wave, variations in sine-wave amplitude
do not greatly affect the phase of the sine wave at which the index is
generated. The sine waves generated by the Hartley oscillator are,
moreover, fairly constant in amplitude, a condition that could not be
achieved if they were obtained merely by shock-exciting a simple LC
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resonant circuit as has sometimes been done. It will be apparent that
a small delay, before the ‘“zero” time index is generated, is inherent in
this circuit.

Intensity Modulation.—The spot diameter of a 5-in. magnetic cathode-
ray tube is approximately 0.5 mm. If the sweep speed is 1.5 mm per
usec, a typical figure for a fast sweep, the duration of a pulse equivalent
to one spot diameter will be about 0.33 psec. A sharp intensity-modu-
lated index requires that the duration of the intensifying pulse applied
to the cathode-ray tube correspond to less than one spot diameter.
Such a short pulse requires very good peaking circuits.

In the circuit of Vj in Fig. 6-15, the pulse sharpener is triggered
through the third winding of the pulse transformer. The voltage across
a small resistor in the cathode circuit of V; is used for the index. It is
proportional to the current pulse. Since the latter is unidirectional,
there is no overshoot at the end of the index. The rate of rise of the pulse
depends upon the mutual conductance of the tube, the transfer character-
istics of the pulse transformer, and the rate of rise of the trigger pulse.
The length of the pulse is almost entirely dependent on the pulse trans-
former. Series grid or plate resistance will decrease the rate of rise and
increase the length of the pulse.

Since it is often necessary to use short pulses for intensity-modulated
indices, difficulty in obtaining sufficient light intensity without defocusing
the cathode-ray beam is common, especially when the repetition rate of
the time base is low. For best results the pulse length should be increased
when changing from a fast sweep of high repetition rate to a slower sweep
of necessarily lower repetition rate.

Presentation of Multiple Markers.—Either deflection- or intensity-
modulated indices, short in duration compared with the signal-amplitude
changes, may be used with A-scopes. With displays presenting two
coordinates, intensity modulation is always used. When many indices
are used, it is helpful to have every fifth or every tenth index brighter
than the others. This contrast may be obtained by selecting every
fifth or tenth index by means of a dividing circuit. An additional intensi-
fying pulse from this index may then be mixed with the other indices
before they are applied to the cathode-ray tube.

6-4. Special Types of Indices. Indication of Two Coordinates Simul-
taneously.—Although a grid made up of separate indices is ordinarily used
to indicate two coordinates, it is sometimes convenient to use a single
specialized index. An example is the index on a radar B-scope display
shown in Fig. 6-16. In this case the range and bearing of a signal are
measured by terminating an angle index of a particular bearing at a
particular range.

A second type of specialized index is the intensification of a small
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Fig. 6-16.—Range-angle index generator.

F1G. 6:17.—Area intensification to indicate the position of a sector display.

area of a display. Often it is desired to center an expanded sector display
on a particular point of a second more generalized display. The area
covered by the expanded sector can be indicated by brightening this
portion of the second display. Figure 6-17 is a photograph of a radar
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PPI scope on which is shown the position of an expanded sector scope.
The intensification of the PPI is economically accomplished by mixing
a portion of the intensifier for the sector display with the signals applied
to the PPI. Figure 6-17 alsoillustrates the use of range and angle indices.

Derived Indices.—Indices that are functions of one or both of the
coordinates used in scanning the display tube are often useful, but these
functions may be too complicated to be generated by simple electrical
or mechanical computation from the fundamental scanner information.
These indices may be more easily generated by the method of video
mapping described in Chap. 16.

Other indices may be computed directly from information generated
by the scanning device. An example of such an index is a height marker
on a radar display of elevation angle . -
versus slant range. The height ma.rlfer %ﬂit—hetght index F sin 8
is a function of both coordinates, given
by R sin 8, where R is slant range and
6 is the elevation angle of the radar
beam. A circuit that will generate a
variable height index is shown in Fig.
6-18. The input waveforms to the cir-
cuit are a voltage proportional to sin 8,
generated by means of a sine potenti-
ometer attached to the radar antenna, Siant range R
and a negative square wave starting at  Fia. 6:19.—Height index on display of
the instant the radar pulse is trans- range vs. elevation angle.
mitted. This negative square wave cuts off the switch tube V; so
that C'; becomes charged through R; toward a voltage proportional to
sin 8. To insure a linear sawtooth wave with a slope proportional to
sin 8, a bootstrap circuit, Vzand Vi, is required. A cathode-follower buffer
tube V4 then applies the sawtooth voltage to a flopover amplifying circuit.
The flopover fires when the sawtooth waveform at the cathode of V,
reaches a critical voltage. Then V', conducts and Vi, is rapidly cut off;
thus there is generated an overpeaked square wave, which may be
differentiated to give a useful positive index. Since the flopover fires
at a constant value of k¢ sin 6 for a given setting of the height potentiom-
eter, the index is generated at a constant value of R sin 8 or height. To
vary the value of k¢ sin 8 that corresponds to the index, the initial value
of the a-c—coupled sawtooth voltage at the cathode of Vg is adjusted by
means of the height potentiometer. This potentiometer may be cali-
brated to read directly in height. The diodes V3 and V5, together with
the triode clamp tubes V4 and Vs, are required to insure that the initial
conditions at the start of the sawtooth waveform are independent of
repetition rate or values of sin 6.

Elevation angle @
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The constant-height index may be presented on an E-scope as shown
in Fig. 6-19, where elevation angle is plotted against slant range. With
this display. the index is nearly a segment of a hyperbola for values of
elevation angles up to 35°. (If the sine of the elevation angle were
plotted against slant range, constant-height lines would be rectangular
hyperbolas.) Figure 6-20 is a photograph of a display with height
plotted against range. Since the sweeps, however, are generated as
radial lines, the height index cannot be formed by intensifying a single
sweep. The photograph shows the straight constant-height line and

Fie. 6-20.—Range-height-index display showing constant-height index.

also range indices in which every fifth index is intensified. The start of
the display is delayed.

Indices Transformed to New Coordinates.—I1f indices referred to some
new set of coordinates are desired, it is sometimes convenient to trans-
form the scan intermittently to the new set of coordinates. Indices
may then be generated by simple means while scanning is taking place
in these coordinates.

An example of this method is a radar PPI in which range and angle
are to be measured from some point off the center of rotation. It is
possible intermittently to shift the center of rotation of the scan to this
point. The normal signals are removed, and range or angle indices,
generated in the usual way, are then applied. With rapid angular scans
it may be convenient to apply the indices every fourth or fifth scan.
With slow scans every few range sweeps may be shifted to the new center
of rotation.



CHAPTER 7

DEFLECTION-MODULATED DISPLAYS

By R. P. Assennousg, P. F. Brown, anp D. F. WINTER

7-1. A Simple Test Scope. Purpose—This simple test scope was
designed as a test instrument to be permanently installed in a radar
equipment. Since great accuracy was not required, very simple circuits
could be used to provide deflecting voltages for the cathode-ray tube.
Figure 7-1 is the complete circuit diagram of this scope. All the necessary
power was obtained from the parent radar equipment.

Circutts.—The positive input trigger pulse (at least 50 volts in ampli-
tude, and rising to 90 per cent in at most 0.5 usec) is applied to the grid
of one half of a 6SL7 tube that is normally nonconduecting (the ““off” tube
of the flip-flop). The grid and screen circuits of the following 6ACY
combined with this portion of the 6SL7 form the complete flip-lop whose
action provides a rectangular voltage wave initiated by the input trigger
pulse. The repetition frequency must be between 100 and 2500 pps.
The positive output wave, taken from the screen of the 6AC7, is applied as
the intensifier signal to the grid of the type 2AP1 cathode-ray tube. The
plate of the 6AC7 acts as a clamp in the sawtooth generator. Between
sweeps the grid is at zero bias and the plate potential is therefore firmly
fixed slightly above ground. Since the grid of the 6AC7 is held negative
for the duration of the pulse because of the time constant (R.C,), the
plate moves toward B+ at a rate determined by the RC time constant
of the plate load resistor (R, + E;) and the capacity to ground consisting
of either C, or the distributed wiring capacity. The resultant waveform
is a fairly linear sawtooth wave, which is applied directly to one horizontal
plate of the 2AP1.

The other half of the single 6SL7 acts as a sweep amplifier and inverter
to provide a negative sawtooth waveform for the other horizontal plate
of the cathode-ray tube. The input voltage to this half of the 6SL7 is
that fraction of the sawtooth voltage at the plate of the 6AC7 which,
when amplified by the 6SL7, will give a reversed-polarity sawtooth wave
of the same amplitude. This input is provided from a tap in the charging
resistor (B, and R;). Negative feedback from a cathode resistor helps
to maintain linearity of response.

Two sweep speeds are provided. The long sweep, as determined by
C., provides a range of approximately 300 usec. With the switch S, in

251



252 DEFLECTION-MODULATED DISPLAYS [Sec. 7-2

the alternate position a short sweep of about 5 usec (as determined by the
distributed capacity at the plate of the 6AC7) is obtained.

. The circuit is simplified by dispensing with centering controls. The
deflecting plates are direct-coupled to the source of sweep voltage. The
d-¢ voltage levels of the source automatically center the sweep in the hori-
zontal plane while a fixed d-c voltage applied to one vertical plate
provides for vertical positioning of the trace.

Flip-flop Sweep generator Inverter
R, +300v
130k

0,001 +300v
0.001] R, = =550
— 510k 100k 53¢

75 uut & Bav |AC

2 F65L7
T80k : 390 |6 .
T s
[~}
S‘—_- 0.001
180 uut = El M 20k
1M
AN
+300v +300v
Note: all resistars *10% j— 2AP1
1watt unless otherwise
: specified in legend 120k 10k 150k
Iw 1w ah S
v -300v I\ 68k
05T 0.001
6AC7 470k
-09v 901
@ 120k 270k =
Video
25k =01 250k =
= = -490v =
Video amplifier Intensity Focus

F1a. 7-1.—Circuit diagram of simple test scope.

A single stage of video amplification couples the input signal to the
other vertical deflecting plate. The input voltage is required to be nega-
tive and not more than 0.9 volts.

7.2. P-4 Synchroscope. Purpose—The P-4 synchroscope was de-
signed primarily as a general-purpose test scope for the laboratory study
of short pulses.

The following are its characteristics:

1. Time-base speeds are 0.04, 0.166, 0.5, and 2 in./usec.
2. Synchronizing voltages:
a. It will accept either a positive or negative external signal or
trigger pulse at a range of repetition frequencies of from 150 to
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4000 cps. There is about a 0.05-usec delay from this signal to
the start of the time base.

. It will accept a sine wave from an external oscillator (approxi-

mately 15 volts rms) of from 200 to 4000 cps, and derive from
it a trigger pulse of positive polarity and 135 volts amplitude.
This output trigger pulse is phasable with respect to the start
of the time base by plus or minus nearly 90° of a cycle of the
oscillator voltage.

. An internal sine-wave oscillator whose frequency can be fixed

by a selector-switch circuit at either 500, 1000, 2000, or 4000 cps
is available. Trigger pulses can be derived from the internal
sine wave in the same manner as from an external sine wave.

3. Signal input to a deflecting plate of the cathode-ray tube is either
direct or through an r-f detector and video amplifier. This attach-
ment is described at the end of this section.

4. Time-base calibration within 5 per cent is provided for the sweeps
on Positions 1 and 2 of the sweep-selector switch by means of a
damped oscillation from a simple LC-circuit operating at 2 Me/sec.

Figure 7-2 is a block diagram of circuit operation.
When fitted with an r-f detector and video amplifier this equipment
also serves as an r-f envelope viewer. Figure 7-3a shows the P-4 synchro-

. . Phase uarer Differentiator + Tri
Oscillator shift -——--LSq_J-»-{ and output C.F. eger

External sine wave

Internal -~
synchronizer Rectangular
m wave Time base |—a»~
_/— generator J CRT

+Trig |
g . ?-—Trig.
External trigger *
. O
©— Amplifier |nverterJ I Intensifier

F1g. 7-2.—Block diagram of circuit operation.

scope so modified by the installation of the video attachment beside the
cathode-ray-tube socket support.

Circuits.—The P-4 synchroscope includes the following ecircuits:
(1) an internal oscillator for setting the repetition rate of the system under
observation; (2) a delay or phasing network that can vary the time posi-
tion with respect to the start of the time base of an output trigger pulse

derived

from a sine wave; (3) squaring and differentiating circuits for

deriving rectangular waveforms and trigger pulses for synehronizing



254 DEFLECTION-MODULATED DISPLAYS [SEC. 7-2

Tre. 7-3.—P4E synchroscope. (a) Left interior view. (b) Bottom view. (Courtesy of
Sylvania Electric Products, Inc.)
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external apparatus and other internal circuits from the sine-wave oscil-
lator; (4) a time-base generator; (5) an intensifying ecircuit for the
cathode-ray tube; (6) input-trigger-pulse amplifiers and inverters. A
conventional power supply furnishes these circuits and the cathode-ray
tube with the necessary d-c voltages. See Fig. 7-4 for the complete circuit
diagram.

Trigger Generator and Associated Circuits.—1f the repetition frequency
is determined by either an internal or external sine-wave oscillator, then
phasing, squaring, and peaking circuits are used to derive the trigger
pulse. The internal oscillator consists of a Wien-bridge circuit and a
6SN7 tube V,, which provide a sinusoidal voltage having a high degree
of frequency stability. The lamp in the cathode circuit of V; acts as a
nonlinear element to stabilize the amplitude. The oscillator operates at
four frequencies: 500, 1000, 2000, and 4000 cps. Its output is amplified
by V.4, and a conventional RC phasing network in the secondary of the
plate transformer of Vs, furnishes two sinusoidal voltages, one of which
is of variable phase with respect to the other. The reversing switch in
the output of the phasing network alternates the variable-phase voltage
between the output trigger circuit and the internal time-base-triggering
circuits. By means of this switch, it is thus possible to start the time base
either before or after the output trigger pulse is generated, and at a time
determined by the setting of the phasing controls located on the front
panel. Hence, any portion of the signal from the external circuit under
observation can be superimposed on the time base.

The generation of trigger pulses from the phased sine waves is accom-
plished by two separate channels. One of these contains a rectifier,
three amplifiers, and a cathode follower: Vo, Vi, Va, Vi, and Vg,
respectively. Peaking is used between Vi and Vi, (1-psec time constant
of Ci1R,) to provide a sharp output trigger pulse. The other channel
contains only a rectifier and two amplifier stages, Vs, Vi, and Ve,
respectively. The output of this channel is actually a negative rectangu-
lar wave that is further differentiated to form a synchronizing trigger
pulse on the grid of V.

If external trigger pulses are used for synchronizing, they are peaked,
amplified, and inverted (either once or twice) to produce negative trigger
pulses. These trigger pulses are coupled from the trigger amplifier V4
to the multivibrator. A peaked portion of the input trigger pulse is
coupled to the intensifier tube V4 to produce a rapidly rising intensifying
pulse. (Less than 0.05-psec delay is desirable.)

The selection of the synchronizing voltage is accomplished by a three-
position three-gang switch S;. The three positions correspond to sine
wave, negative-trigger in, and positive-trigger in. Gang 4 on the switch
connects the input terminal of the rectangular-wave generator to the
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F1a. 7-4a.—Schematie circuit diagram of P-4 synchroscope.
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proper point, Gang C is used to bias the trigger-pulse inverter, and Gang B
is used to supply the peaking to the intensifier tube. Sine-wave syn-
chronization requires about 15 volts rms of input signal, which can be of
any frequency from 200 to 4000 cps. The input trigger pulses can be
from 10 to 150 volts in amplitude.

Time-base Generator—The time-base-generating circuits include a
multivibrator V; operating as a flip-flop, and a constant-current discharg-
ing circuit Vg and Vs for the capacitors associated with switch Ss. A
circuit of this type is discussed in detail in Sec. 4-4. The multivibrator
runs freely at a low frequency but readily ‘“locks on” to the frequency of
the trigger pulse applied to it through the switch Si,.

The output of V7 is a negative rectangular wave that is about 200
wsec long. This length is longer than the longest sweep and is not
changed with sweep speed. (The length of the intensifier pulse and the
amplitude of the sweep sawtooth are switched with changes in sweep
speed.) The negative rectangular wave is used for three circuits:
the sweep generator (through Cj), the intensifier (through Cs), and the
calibration markers (through Cs).

The time base is started by applying the negative rectangular wave
to the grid of Vg, thusits plate current is cut off and the capacitor selected
by switch 8., discharges linearly through V. The plate voltage applied
in this circuit is high enough to result in a negative-going sawtooth wave-
form of sufficient amplitude to deflect the cathode-ray beam across the
cathode-ray-tube screen. Although the discharge continues for the
duration of the negative rectangular wave, the length of time required
to reach full screen deflection is changed by switching condensers by
means of Ss,.

At precisely the same time that the time base is applied to the deflect-
ing plates, the cathode-ray beam is intensified by a positive rectangular-
voltage pulse applied to the grid of the cathode-ray tube. The length of
the intensifier pulse is set to equal the length of the sweep (that is, the
time it takes for the sweep trace to travel across the entire tube face).
This pulse is obtained from V,, which acts as a sharp-cutoff amplifier.
The negative differentiated front edge of the rectangular wave from ¥V,
is applied to the grid. This edge cuts off tube V, and the tube remains
cut off until the condenser Cyis charged. Thus, the grid rises exponen-
tially with a time constant of C;, R, R; and the resistor chosen by Sa.
When the grid goes above cutoff the plate voltage decreases, thereby
ending the intensification.

The time base can be calibrated by a sinusoidal voltage of 2-Me/sec
frequency obtained from the LC-circuit on one position of switch S;.
This circuit is excited into a damped oscillation by the negative rectangu-
lar wave from the time-base multivibrator V.
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Cathode-ray Tube.—Conventional circuits involving a voltage-doubler
rectifier furnish the necessary operating potentials for the type 5LP1
cathode-ray tube. These potentials are such that the vertical deflection
factor is about 60 volts per inch. A voltage from the low-voltage supply
and a potentiometer with connections for a voltmeter are supplied for d-c
voltage calibration of the amplitude of signals being observed.

General—It will be noted that the time base is applied to only one
horigontal deflecting plate of the cathode-ray tube. Because this instru-
ment was not designed for extreme precision in measurements of observed
signals, this feature was not considered a great disadvantage. Excessive
astigmatism of the trace and an apparent deceleration of the beam, which
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All resistors are % w unless otherwise specified,
Fig. 7-5.—R-f detector and video amplifier.

causes a slight but perceptible rotation of the trace when it is moved
appreciably above or below the center of the screen, limit the accuracy
attainable when a single-ended time base is used.

The 1000-chm resistors in series with the horizontal deflecting plates
minimize the effects of cross coupling from the vertical plates when volt-
age pulses having a very steep wave front are being observed. The
0.001-u4f condensers in parallel with the 0.1-uf condensers (C5,C,) are
present because they are higher-quality condensers and will bypass the
high frequencies better than the large tubular 0.1-uf condensers can.

Video Attachments.—I1f an 1-f detector and video amplifier are in-
stalled, a specially designed input connector is used to couple the r-f
power to the grid of a 954 acorn tube operating as a square-law detector
(see Fig. 7-5). A concentric-disk resistor of 50 ohms, located inside the
coupling, terminates the coaxial transmission line. The vertical deflec-
tion of the trace on the cathode-ray tube is then proportional to the input
power. The two-stage resistance-coupled video amplifier shown in Fig.
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7-5 has & gain of about 100 over a band of from about 200 cps to 4.5
Mc/sec.

Other video attachments have been used with this synchroscope.
A wider-band higher-gain video amplifier having four resistance-coupled
stages has been frequently used where greater sensitivity was required.
This attachment is shown in Fig. 7-6. It has a maximum bandwidth of

(a)

F1a. 7-6.—High-gain video circuit. (@) Circuit diagram. (b) Inside view.

from approximately 120 cps to 54 or 82 Mc/sec in accordance with the
setting of the gain control. Maximum gain is about 2000 and minimum
gain about 200. The wider bandwidth is available at the lower value of
gain,

As seen in the circuit diagram, shunt peaking is used in all four stages
to compensate for loading effects of the output shunt capacities. Input
voltage to the amplifier may be from +0.16 to ~0.8 volts without serious
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saturation effects. Saturation occurs when the output amplitude reaches
+140 volts. If a crystal detector is connected to the input terminal,
with not over 12 in. of video cable, this amplifier may be used as an r-f
envelope detector. The output voltage is then nearly proportional to
r-f input power when the gain control is at the medium setting.

Another attachment that has been used with the P-4 synchroscope is
a cavity-type r-f envelope detector.! With this device, the input imped-
ance of the synchroscope is no longer the limitation on the rise time of a
pulse being viewed.

7-3. Model b Synchroscope. Purpose.—This synchroscope was
designed in order to meet t