





























































































































































































































accumulate on the grid capacitor and on the grid itself that the
flow of tube current will be cut off entirely (known as “grid
blocking”).

Fig. 6-1 also shows a feedback current (dotted green line)
flowing in the grid tank. This current is produced by the auto-
transformer action of the inductor. (For a fuller treatment of
the phase relationships between the grid-tank, plate, and feed-
back currents, refer to the chapter on the Hartley oscillator.)

This electron-coupled oscillator is a special tuned-plate—tuned-
grid configuration. Its distinguishing feature is that the grid and
plate oscillations are isolated from each other by the screen grid.
Hence, there can be no feedback from plate to grid. An unwanted
feedback current (solid blue line in Figs. 6-1 and 6-2) flows from
the top of the plate tank and back to the plate, where it is coupled
into the screen-grid circuit by interelectrode capacitance. In the
screen circuit we see it being bypassed harmlessly to ground
through capacitor C3.

There is nothing mysterious about this coupling from plate to
screen by means of interelectrode capacitance, nor about the
bypassing the feedback to ground. The same electrical principle
is employed for both—namely, the natural ability of a capacitor
(including two objeets having a capacitance toward each other)
to pass an alternating current. Fig. 6-1 shows a half-cycle of this
unwanted feedback current flowing from the plate tank to the
plate, from the screen grid to the upper plate of capacitor C3,
and finally from the lower plate of C3 to ground. In the negative
half-cycle of operation of Fig. 6-2, these directions are reversed.

You may wonder why feedback from the plate tank is unwanted
in this circuit; in others such as the crystal or TPTG, the con-
tinuance of the oscillation depends directly on feedback between
the output (plate) and input (grid) circuits. Obviously, the reason
is the Hartley oscillator in the grid circuit. As explained in Chap-
ter 3, it needs no feedback from the plate, since it generates its
own between the cathode and grid circuits.

One of the virtues of an electron-coupled oscillator circuit is
its frequency stability, made possible by the isolation between
the load circuit (plate tank) and the basic oscillation in the
grid tank.

The oscillating current in the plate tank is generated for the
sole purpose of getting it to perform some useful function. But in
order to do so, it must first be coupled out of this circuit and
into another one. One way is by transformer coupling between
L2 and another inductor (not shown). Another is to connect the
coupling circuit directly to the normal output point at the top
junction of C4 and L2.
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Whichever means is used, it is inevitable that a new current
will flow in the coupling circuit. Driven by the current/voltage
combination in the plate tank, it will have the same frequency
as, and its strength will be proportional to, the plate tank
oscillation driving it. Thus, it constitutes a load on the plate
tank oscillation and both weakens and detunes it. The detuning
can perhaps be better visualized by considering the frequency

formula:
1

f=— =
22vLC
and then recognizing that the proximity of additional coupling
components—whether they be capacitors, inductors, resistors, or
any combination—will change the effective values of L. and C,
and consequently the frequency.
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Fig. 6-3. A simple voltage-divider network.

The purpose of the screen grid and its bypass capacitor is to
shunt the feedback current harmlessly to ground before it reaches
the grid. The strength and frequency of the feedback will vary
with changes occurring in the plate tank oscillation as a result
of loading. Hence, if allowed to reach the grid circuit, such feed-
back will change the basic oscillator frequency being generated
in the grid tank.

A pentode tube is often used in place of the tetrode shown in
Figs. 6-1 and 6-2. Because its plate current is relatively unaffected
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by variations in plate voltage, a pentode will make a significant
contribution to the amplitude stability of the plate tank oscil-
lation. In simpler terms, any variation in coupling or loading
between the plate tank circuit and the next stage or circuit may
modify the strength of the oscillation, and accordingly, the
strength of the voltage peaks at the top of the tank. However,
these variations in plate voltage will cause no significant change
in the plate current coming through a pentode. It is true that
an unvarying plate current cannot correct existing deviations
in amplitude or strength—but at least it will not be the source
of new ones. In this respect, the pentode has the advantage over
the less stable tetrode. If the tetrode of Figs. 6-1 and 6-2 is re-
placed by a pentode, all other currents will remain relatively
unchanged.

The screen-grid biasing current (dotted red line) deserves
special mention. Driven by the power-supply voltage, this current
flows from the negative terminal of the power supply (the ground
or neutral point, in other words), upward through potentiometer
R2, and back into the positive terminal of the power supply. As a
result of this current, a voltage is developed actoss R2 and a
partial voltage exists at any point along this resistor, the amount
depending on the distance between the two segments on each
side of the contact point. Calculation of the voltage at any point
is a straight Ohm’s-law problem.

When a potentiometer is connected across a voltage source as
is done here, this combination becomes a special form of voltage
divider. Resistor R2 might be considered as being made up of
five or even ten smaller resistors, all connected in series across
a voltage source. Each resistor serves to divide the available
voltage into smaller ones which will always add up to the applied
voltage. This is the meaning of Kirchhoff’s law that all voltage
drops and all voltage increases around a closed circuit must add
up to zero. (Watch those polarity signs!) The following para-
graph makes the meaning a little clearer.

In interpreting Kirchhoff’s law, an applied voltage is considered
a voltage increase and given a positive sign, whereas voltages
developed across resistive loads are considered drops and given
an opposite, or negative, sign. Thus, when a certain number of
positive units are added to an equal number of negative units,
the sum is zero of course.

Fig. 6-3 shows a sample voltage-divider circuit closely resemb-
ling the one used in the screen circuit of Figs. 6-1 and 6-2. Three
resistances in series—R1, R2, and R3—have replaced the poten-
tiometer. Their values are 25,000, 75,000, and 100,000 ohms, so
the series resistance of the combination is 200,000 ohms. With an
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applied voltage of 200 volts, we can calculate the current flowing
in this closed circuit by using Ohm’s law, as follows:

~E
R

_ 200 volts
~ 200,000 ohms

=.001 ampere

I

= 1 milliampere.

Since this same current flows through each resistance, the
voltage developed—or dropped—across each resistor can also be
calculated from Ohm’s law.

Call the voltage across Rl E,:
E,=IR
=001 ampere X 25,000 ohms
= 25 volts.

Call the voltage across R2 E,:
E. =.001 ampere X 75,000 ohms
=75 volts.

Call the voltage across R3 E;:
E; = .001 ampere X 100,000 ohms
=100 volts.

Note that the sum of these voltage drops is 200 volts, the
amount of voltage rise represented by the power supply.

Voltage dividers are widely used in electronic circuitry for
obtaining an infinite variety of partial voltages from a single
source such as a power supply. They are usually the essence
of simplicity. Paradoxically, they can be quite difficult to rec-
ognize on a schematic, particularly for someone with an untrained
eye. First of all, they are rarely labeled voltage dividers. Also,
the resistors frequently are widely separated from each other
and from the applied voltage, often by a full page of the sche-
matic.

It is evident from Fig. 6-1 that the same positive voltage that
exists at the tap on the potentiometer will be applied to the
screen grid. It is also evident that the screen-grid current must
flow through the upper portion of R2 in order to reach the power
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supply. The voltage at R2 will be altered somewhat when this
happens. It is possible, by adjusting the tap, to compensate for
variations in amplitude of the plate tank oscillation (caused by
corresponding variations in the loading or coupling current from
circuits which come after the plate circuit). This self-compen-
sation enables the tetrode to exhibit some of the amplitude
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Fig. 6-4. Grid and plate waveforms in the electron-
coupled oscillator.

stability previously attributed to the pentode. Now let us con-

sider an example.

Fig. 6-4 shows one cycle of plate voltage for an electron-coupled
oscillator. (The plate voltage is the same as the oscillating voltage
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in the plate tank.) The positive half-cycle of Fig. 6-4 corresponds
to the current/voltage conditions depicted in Fig. 6-1. That is,
the grid voltage (line 3 of Fig. 6-4) reaches its most positive
voltage in the middle of the half-cycle, releasing a pulse of plate
current (solid curve in line 2 of Fig. 6-4). The current arrives
at the top of the plate tank when the latter is least positive
(solid curve of line 1 of Fig. 6-4) and thereby reinforces the
oscillation.

The negative hump in the middle of the first half-cycle of plate
voltage (solid curve of line 1) represents the addition of plate-
current electrons to the voltage across the plate tank capacitor.
Arriving as they do during this half-cycle, the electrons increase
this voltage and thereby reinforce the oscillation.

Continuing with our example, assume this plate tank oscillation
is weakened by, say, a variation in the load current being driven
by the tank current. Also assume the dotted curve in line 1 now
represents the voltage waveform at the plate and at the top of
the tank. Since the oscillation has been weakened, the plate
voltage at the center of the first half-cycle will not swing to as
low a positive value as before. So now a larger pulse of plate
current can be drawn across the tube. This condition, depicted
by the dotted curve of line 2 in Fig. 6-4, stems from the fact
that the plate voltage of a tetrode (unlike the pentode) does
affect the plate current somewhat.

As the plate current increases, more and more electrons flow
through the positively charged screen grid on their way to the
plate. Thus, more and more electrons are captured by the screen
grid and flow through the upper portion of R2, increasing the
voltage drop across the top of the potentiometer.

Subtracting this greater voltage drop from the power-supply
voltage, we end up with a lower positive voltage than before at
the potentiometer tap and consequently at the screen grid. The
lower screen-grid voltage now weakens the plate-current pulse
which had originally lowered the screen voltage. So, a form of
self-compensation exists.

These cumulative actions do not necessarily correct the am-
plitude variation already in the plate oscillation, but they do keep
the plate current from following the changes in loading. In this
sense they contribute to the over-all stability of the circuit—
including the frequency stability of the oscillation in the grid
circuit, because any change in the plate current drawn by the
tube will also change the strength of the feedback in the cathode-
to-grid tuned circuit. As is true for any tuned-circuit oscillator,
any such variations in the feedback, or in loading, coupling, etc.,
will raise or lower the basic frequency.
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Chapter 7

PHASE-SHIFT OSCILLATOR

The phase-shift oscillator circuit is widely used in laboratories
for generating an audio frequency, and for other testing where
precision is a must. A special combination of resistors and ca-
pacitors are employed to achieve regenerative feedback and thus
permit the circuit to generate a continuous alternating current.
Unlike other oscillators, the phase-shift oscillator has no tuned
circuit and hence is not as susceptible to detuning by occasional
stray capacitances and inductances. Consequently, the output
remains fairly stable at the desired frequency.

Figs. 7-1 and 7-2 show one of the several possible configurations
for this special application of the R-C oscillator. The -circuit
components and their functions are as follows:

V1—Conventional pentode amplifier tube.

C1—Cathode bypass capacitor for preventing degeneration.

R1—Cathode biasing resistor.

C2-—Screen-grid bypass or filter capacitor.

R2—Screen-grid voltage-dropping resistor.

R6—Plate-load resistor.

C3, C4, and C5—Feedback, coupling, and phase-shifting ca-
pacitors.

R3, R4, and R5—Phase-shifting resistors.

M1—DC power supply.

There are five electron currents at work in this circuit, and
each one needs to be analyzed before you can understand how
the circuit operates. These currents are:

1. Cathode-to-plate current (conventional tube current) (red).
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2. Screen-grid current (solid blue).

3. Current in the first R-C combination (R3 and C3) (dotted
green).

4. Current in the second R-C combination (R4 and C4) (dotted
blue).

5. Current in the third R-C combination (R5 and C5) (solid
green). Its associated voltage is applied to the control grid
as the feedback voltage.

CURRENT PATHS

Fig. 7-1 shows the current flow during the first half-cycle, which
begins when the grid is most negative and ends when it is most
positive. Conditions are just the opposite for the second half-cycle
in Fig. 7-2—it begins when the grid is most positive and ends
when it is most negative. In both illustrations, significant voltage
polarities are shown as they exist at the end of the half-cycle.

At the start of the first half-cycle, you will recall that the grid
voltage is most negative. However, in this circuit (unlike the
ones discussed previously), plate current must flow at all times.
Therefore, the most negative grid voltage merely restricts the
flow of plate current, instead of cutting it off completely. A low
plate current always leads to a high positive plate voltage, par-
ticularly when this current must flow through a resistive load
such as R6 on its journey to the power supply.

Line 1 of Fig. 7-3 shows a sine wave of plate voltage. At the
start of the first half-cycle this plate voltage has its maximum
positive value.

Line 4 of Fig. 7-3 shows two sine waves of grid voltage. The one
in dashed lines is developed across R5 by the current indicated
in solid green in Figs. 7-1 and 7-2, and represents the actual
voltage applied at the grid. The solid line is its hypothetical
value if the signal could pass through the R-C network un-
attenuated.

It is of course significant that the grid-voltage waveforms on
line 4 and the plate voltage on line 1 of Fig. 7-3 are 180° out of
phase with each other—or more simply, “out of phase,” or “of
opposite phase.” This out-of-phase condition is necessary for the
oscillation to continue. Now let us see how this phase shift be-
tween output and input can be achieved from the combination
of resistors and capacitors making up the phase-shifting network
in Figs. 7-1 and 7-2.

Fig. 7-1 shows the current conditions at the end of the first
half-cycle. Prior to this, the grid voltage has been increasing
steadily from negative to positive. Consequently, the plate cur-
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rent, shown in red, has also been steadily increasing, until it
reaches maximum. Now it is drawn across the tube by the posi-
tive voltage applied to the plate from power supply M1. (Although
shown as a large battery, the power supply can be a vacuum-
tube rectifier or any other device capable of furnishing DC).

Ohm’s law tells us the voltage developed, or “dropped,” across
a resistor by the current flowing through it is proportional to
the amount of that current. Consequently, the voltage drop across
resistor R6 will be much larger at the end than at the beginning
of the first half-cycle. Since the voltage at the plate is always
the supply voltage minus the voltage developed across the plate
load resistor, we can see why the plate voltage is lowest when
the grid voltage is at its highest.

At the end of the first half-cycle, when maximum plate current
is flowing, it is convenient to visualize the consequent reduction
in plate voltage resulting from the excess of plate-current elec-
trons flowing out of the tube, into load resistor R6, and on to
the power supply. Until these electrons can enter the load re-
sistor, they are in a sense “dammed up” at the junction of R6
and coupling capacitor C3. For this reason, during the first half-
cycle they are shown flowing onto the left plate of C3.

Conversely, during the second half-cycle, when the flow of
plate current is restricted by the negative grid voltage, it is
convenient to equate the drop in number of plate-current elec-
trons with the corresponding rise in plate voltage. This is done
by picturing it as current being drawn out of the left plate of
capacitor C3 and into load resistor R6, to the power supply.

Fig. 7-1 shows current (solid green line) flowing upward
through grid-driving resistor R5 during the first half-cycle.
Note that if there were no 180° shift in phase as the voltage
pulse from the plate passes through the three R-C combinations,
the current in R5 would flow downward instead.

Likewise, during the second half-cycle, the normal downward
flow of current through R5 would be reversed if it were not for
this 180° phase shift.

Suppose this phase shift did not occur? Then, when electrons
flowed onto the left plate of capacitor C3, other electrons would
flow in unison and in the same direction through all these ca-
pacitors, much as they would through a straight wire. Also, when
electrons flowed out of the left plate of C3, other electrons would
flow in the same direction through all three capacitors.

How, then, does a shift in phase occur in an R-C network?
Unfortunately, it is impossible to show the voltage pulse actually
changing phase. The dashed diagonal lines in Fig. 7-3 are meant
to strengthen your conviction that such a phase shift does occur,
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even though not clarifying exactly how. Let us now look more
closely at these waveforms, to see what makes them do so.
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Fig. 7-1. Operation of the phase-shift oscillator—positive half-cycle.

PHASE-SHIFT NETWORK

Suppose resistor R3, R4, and R5 each have the same resistance,
and C3, C4, and C5 the same capacitance. Then it is safe to
assume that each of the R-C combinations (R3-C3, R4-C4, and
R5-C5) will produce equal portions of the total phase shift of
180°; in other words, the applied voltage will be shifted 60° by
each R-C combination.

What would happen if no phase shift occurred in any R-C
combination during the entire first half-cycle of Fig. 7-1? Then,
the electron current shown by the dotted green line would flow
down through R3 and reach its maximum value at the same
instant the plate voltage drops to its minimum at the end of the
half-cycle. However, the voltage peak across R3 must occur 60°,
or one-sixth of a cycle, later. For this reason, the green arrows
in Fig. 7-1 point in both directions through R3. Admittedly this
is a crude presentation of what is happening within the resistor
and will require help from your imagination.

Fig. 7-3 shows the voltage waveforms at the plate and at feed-
back points A, B, and C. Each successive waveform is displaced
60° in phase, and consequently in time, from the preceding one.
As a result, a positive-voltage peak at point C occurs 180°, or
half a cycle, after the identical peak at the plate. Since the grid
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is connected directly to point C, this positive-voltage peak will
release maximum plate current through the tube. We already
know that in a vacuum tube a high plate current usually coin-
cides with a low plate voltage because of the voltage drop across
plate load resistor R6.
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CATHODE
FILTER
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Fig. 7-2. Operation of the phase-shift oscillator—negative half-cycle.

Also in Fig. 7-3, we see that a negative-voltage peak occurs
at point C a half-cycle, or 180°, after the plate voltage reaches
its minimum. This peak, applied to the control grid via the feed-
back line, drastically reduces the flow of plate current. Minimum
plate current usually coincides with maximum plate voltage,
because the lower current through load resistor R6 reduces the
voltage drop across it.

From the two preceding paragraphs and Fig. 7-3 we may con-
clude that the feedback has the appropriate phase to control the
current flow in the tube and deliver an alternating current or
oscillation at the output point. Several important approximations
have been made in arriving at Fig. 7-3. The signal voltage will of
course be attenuated as it passes through the R-C network.
The solid curves of lines 2, 3, and 4 represent the theoretical
voltage waveforms at point A, B, and C, respectively, if no
attenuation occurred. The waveforms shown in dashed curves
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indicate the actual reduction in strength at each point. The feed-
back voltage at point C is only a small fraction of the output
voltage which causes it. This is normal for all oscillators-—the
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Fig. 7-3. Voltage waveforms at four key points in the phase-shift oscillator.

tube acts as an amplifier; hence, only a small grid-driving voltage
is required to control a much larger plate current through the
tube and thereby contribute to large swings of plate voltage.

The values of resistors R3, R4, and R5 and capacitors C3, C4,
and C5 determine the basic frequency of the voltage delivered to
the output point. As an example, if each capacitor has a value
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of .01 microfarad, and each resistor a value of 10,000 ohms, the
circuit will oscillate in the region of 700 or 800 cycles per second,
well within the range of the human ear.

Let us consider each R-C combination separately (an approxi-
mation which the actual currents and voltages refuse to recog-
nize). It is often said of capacitors that the current “leads” the
voltage, frequently cited as unassailable evidence that some other
related condition exists or will occur. Recall that in inductors
the opposite is true—the current lags the voltage. (This latter
property has been adequately described in earlier chapters.)
Let us give some thought now to the significance of the axiom
that the current leads the voltage in capacitors.

This statement is directly related to another widely quoted
truth that capacitors will oppose any change in voltage. The ex-
isting voltage across the plates of a capacitor can be changed
only by adding or withdrawing charged particles (electrons) and
these electrons must enter or leave the capacitor first, in order
for the voltage to change.

By using trigonometry it is possible to calculate the exact
number of degrees the voltage developed across the capacitor
will lag the current which produces it. The resultant is called the
vector relationship between reactances and resistances, or be-
tween reactive and resistive voltages.

The maximum voltage developed across R3 should occur one-
sixth of a cycle after the maximum current flow into C3. Hence,
the reactive voltage across the capacitor will be 1.73 times the
resistive voltage. The only frequency which satisfies these con-
ditions turns out to be 920 cycles per second.

The reactance and resistance at the given frequency are arrived
at from the trigonometric relationship existing between two legs
of a right triangle with an included angle of 60°, as follows:

C = .01 microfarad (10—2 farads),
R = 10,000 ohms (10* ohms),
XC =173R

We know the formula for capacitive reactance is:
1
Xe=g1C

Therefore, substituting this formula for X we have:
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Rearranging for f:

1

f= X 6x TR

Substituting the known values and solving:

_ 1
T 628X 10—*x 1.73 x 10*

_ 1
T 628X 1.73x10-*

f

1

=920 cycles.

If each of the three R-C combinations could be considered
separately, a frequency of 920 cycles per second would satisfy
the requirement that the reactive voltage lead the resistive volt-
age by 60°. This is another way of saying that the capacitor
current should lead the resistor current by 60°, since the current
through a resistor is always in phase with the voltage devel-
oped across the resistor. The three R-C combinations would then
cause a 180° phase shift between the input current and feedback
voltage.

This solution is not 100% correct because all the current driven
through capacitor C3 does not flow downward through R3, but
divides between C4 and R3 in proportion to the impedance offered
by each path. Likewise, when there is a negative-voltage peak
at point A, the current it drives into C4 does not all flow down-
ward through R4 (the current shown by the dotted blue line),
but again divides between R4 and C5 in proportion to the im-
pedance offered by each path.

The significance of these multiple-current paths is that the
amplitudes and phase shifts of the voltages achieved at points
A, B, and C cannot be calculated separately as was done earlier.
Also, these amplitudes and phase shifts will be modified by the
type of circuit which follows.

Summary
1. Current must first flow into or out of a capacitor before
the voltage across it can be changed. Therefore, the current
leads the voltage in a capacitor.
2. In an R-C combination, maximum current will flow through
the capacitor before it will through the resistor.
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3. The voltage developed across a resistor by a current flowing
through it is in phase with that current. Consequently, the
voltage across a resistor lags the capacitor current.

4. A capacitor opposes the flow of electron current, the amount
varying inversely with the frequency of the applied current,
in accordance with the standard reactance formula.

5. The current in a capacitor leads the resulting voltage and
the resistor current by the same number of degrees, which
can be calculated by triangulation. The capacitance and re-
sistance are considered two legs of a right triangle. When
these two values are known, the third, or phase, angle can
then be determined.

SCREEN-GRID AND FILTER CURRENTS

Little has been said so far about the remaining currents in
the circuit. The screen-grid current, shown in solid blue, follows
a closed path within the tube, from cathode to screen grid. Here
it exits and flows through screen-dropping resistor R2 and the
power supply, then through common ground and cathode biasing
resistor R1, and back to the cathode.

During the first half-cycle, the control-grid voltage becomes
more and more positive, and the plate- and screen-grid currents
also steadily increase. This demand is satisfied by the electrons
on the upper plate of cathode filter capacitor Cl, and their
departure from the top plate draws an equal number (labeled
“cathode filter current”) from ground to the bottom plate.

The increase in screen-grid current during the first half-cycle
also drives an excess of electrons onto the upper plate of screen-
grid filter capacitor C2. Coincidentally, an equal number of
electrons are driven from the lower plate to ground. This is the
screen-grid filter current, also shown in solid blue.

In Fig. 7-2 we see that during the second half-cycle, when the
control-grid voltage goes negative and reduces the plate and
screen currents, both filter currents flow in the opposite direction.
The upper plate of C1 becomes positively charged and draws
electrons to it through R1, permitting an equal number to flow
back to ground from the lower plate. Therefore, the cathode filter
current will always have the same frequency as the basic oscil-
lator frequency. The cathode filter capacitor acts as a “shock
absorber”’—it keeps the voltage at the cathode from changing as
the tube current changes.

The reduction in screen current during the second half-cycle
permits the excess of electrons on the upper plate of C2 to be
drawn off through R2 and the power supply. An equal number
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will then be drawn upward from ground to the lower plate
of C2. Thus this capacitor also acts as a shock absorber by
keeping the screen-grid voltage from changing. It does this by
maintaining the flow of electrons constant through R2 so that
the voltage drop (or rise) across it will likewise be steady.
Thus, the screen-grid filter current will also remain at the basic
oscillator frequency.
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Chapter 8

BLOCKING OSCILLATORS

The blocking oscillator is one of the most widely used relaxa-
tion oscillators. It is often employed in the vertical section of a
television receiver, as well as in the timing circuit of many radar
sets, oscilloscopes, and similar electronic equipment. A typical
blocking-oscillator circuit, along with the current flows during
each part of the cycle, is given in Figs. 8-1 through 8-3. The circuit
components and their functions are:

T1—Pulse transformer, which operates within a specific range
of pulse-repetition frequencies (PRF’s).

V1—Triode amplifier tube.

Cl—Input and blocking capacitor.

R1 and R2—Grid-leak bias and grid-drive resistors (R2 is a
potentiometer used for varying the basic repetition fre-
quency).

C2—Output capacitor.

R3—Plate-load and isolating resistor.

M1—Power supply providing a fairly high positive voltage to
the plate of V1.

CIRCUIT OPERATION

You will recall from Chapter 1 that feedback in the normal
sense is not required to sustain oscillations in a relaxation circuit.
Let us consider that a cycle of operation begins when the grid
voltage first permits plate-current electrons to pass through the
tube.

This plate current, shown in red on the circuit diagrams, flows
through the primary winding of transformer T1 and induces a
current of equal value but opposite polarity in the secondary
winding.
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The polarity of the two windings is such that the induced
current in the secondary makes the grid voltage more and more
positive as the plate current increases in the primary. These are
the conditions depicted in Fig. 8-1. In fact, the effect is cumu-
lative——as soon as the slightest amount of plate current flows into
the primary winding, transformer action responds to the changing
current and begins to drive the grid positive. As the grid becomes
more positive, more plate current flows, causing another positive
rise in the grid voltage and a still larger plate current. Soon,
maximum plate current is flowing, and any rise in plate voltage
will no longer increase the current. When this happens, the tube
is said to be saturated.

PLATE CURRENT
(ALSO TRANSFORMER
PRIMARY CURRENT)
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RETURNING THROUGH
GROUND TO CATHODE

Fig. 8-1. Operation of the blocking oscillator—first part of conduction
period.

When saturation occurs, the primary current remains steady;
therefore, transformer action between the primary and the sec-
ondary (which is dependent on a changing current) ceases. There
is a temporary stoppage of the secondary current, and also of
the grid-driving current flowing upward through R1 and R2.
Both currents are shown in dotted green lines, since they are
so directly related to each other.

Meanwhile, early in the conduction cycle, the grid is actually
driven slightly positive and attracts a substantial number of
electrons from the plate-current stream. These grid-leak elec- -
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Fig. 8-2. Operation of the blocking oscillator-—-second part of conduction
period.

trons, as they are called, leave the tube via the grid and accumu-
late on the right plate of capacitor C1. (This flow is shown by
the solid green line in Fig. 8-1.) Because of them, the grid is
prevented from rising to its full positive voltage during the
transformer action. The dotted lines in Fig. 8-4 show how positive
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Fig. 8-3. Operation of the blocking oscillator—nonconducting period.
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the grid would be driven, were it not for this accumulation of
grid-leak electrons.

As soon as plate-current saturation stops the transformer action,
the negative voltage represented by these grid-leak electrons
“takes over” and begins to reduce the flow of plate current
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LEAKAGE

0
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/

— s ——

NEGATIVE
PEAKS

GRID VOLTAGE EXPONENTIAL
DISCHARGE CURVES

Fig. 8-4. Plate and grid waveforms during free-running operation of the
blocking oscillator.

through the primary winding. This leads us into Fig. 8-2, the
second part of the conduction period. Now the transformer action
is reversed-—the secondary current flows in the opposite direction
and makes the grid voltage more negative.

These two events are also cumulative—Iless plate current leads
to a more negative grid voltage, which reduces the plate current
still more, and so on. The net result is that the plate current
through the tube is cut off almost instantaneously. There is
nothing to prevent the grid from being driven very negative by
the transformer action, as it is by the negative peaks in Fig. 8-4.

During the much longer nonconduction period (Fig. 8-3), there
are two currents flowing in the grid circuit. Both of them—the
grid-leakage and the grid-driving current—discharge through the
grid resistors.
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The discharge of grid-driving electrons, which accounts for the
sudden negative peak in the grid voltage at the start of each
nonconducting period, is completed almost instantaneously.

The flow, or “discharge,” of grid-leakage electrons through the
grid resistors occurs at an exponential rate which is governed

LONG NONCONDUCTION COMJUCTION

/ PERIOD \Psmoo
ZERO.

GRID VOLTAGE
GRID CUT-OFF—
VOLTAGE

\EXPOMNTIAL DISCHARGE REQUIRES MORE TIME

Fig. 8-5. Blocking-oscillator grid waveform, showing decrease in pulse
frequency when grid resistance is increased.

by the time constant of the R-C circuit formed by capacitor C1
and resistors R1 and R2.

The exponential curve of the grid voltage during the non-
conduction periods in Fig. 8-4 represents the voltage at the grid
as the leakage-current electrons discharge to ground. This grid
voltage rises towards zero until it reaches the cutoff value (the
point where the grid voltage is no longer negative enough to
keep the plate current from flowing). With a 6SN7 tube and
a plate-supply voltage of about 250 volts, the grid-cutoff voltage
will be in the region of —10 volts. The cumulative effects asso-
ciated with Fig. 8-1 then begin, and a new cycle of oscillation
is underway.

As long as the values of Cl, R1, and R2 do not change, the
oscillation frequency of a blocking oscillator should be fairly
stable. However, the number of electrons coming out of the tube
and onto the grid capacitor may vary from cycle to cycle because
of slight changes in plate voltage, heater voltage or temperature,
ete. Consequently, each discharge period may have a slightly
different negative voltage than its predecessor, and will thus re-
quire more or less time to reach the cutoff voltage and start a
new cycle. When a blocking oscillator is running unsynchronized
in this manner, it is said to be “free-running.” Fig. 8-4 shows the
grid-voltage waveform in such an oscillator.
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The waveform in Fig. 8-5 has a longer discharge time, resulting
in a lower pulse-repetition frequency (PRF). This condition is
achieved by moving the tap downward on potentiometer R2, so
that the discharging grid-leakage electrons will encounter more
resistance as they flow to ground. In other words, the time con-
stant of the grid circuit is increased.

The opposite effect can be created by moving the potentiometer
arm upward so that the leakage path contains less resistance;
this will shorten each cycle and increase its PRF.

Thus, potentiometer R2 acts as a frequency control (in a tele-
vision receiver it is labeled the Vertical or Horizontal Hold
control). Its application will be more clearly understood after
you have studied the discussion on synchronization of the os-
cillator.

Summary

1. The grid voltage reaches cutoff and plate current begins
to flow through the primary winding.

2. This increasing current in the primary winding is coupled
to the grid circuit by transformer action. The transformer
is connected so that this rising current causes the grid
voltage to become less and less negative, thereby increasing
the plate current even further.

3. The plate current reaches saturation, and can no longer
increase.

4. The grid voltage becomes positive, and the grid draws grid-
leak current from the tube.

5. The plate current in the transformer primary collapses and,
the current induced in the secondary drives the grid highly
negative, cutting off the tube.

6. Grid-leakage electrons leak off until the grid voltage is again
raised to the cutoff point. Plate current again flows, and the
cycle is repeated.

SYNCHRONIZING A BLOCKING OSCILLATOR

To synchronize a blocking oscillator, positive-going voltage
“spikes” from an external source are applied to the grid. Here
they add to the existing voltage and raise it enough to trigger
the cycle prematurely. Fig. 8-6 shows the sequence. Reading from
left to right, you can see that the first cycle of oscillation begins
before the trigger or synchronizing spike arrives. In the second
and third cycles, the spike is applied to the grid when its voltage
is very negative. Notice, however, that the combined voltages
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still are not sufficient to raise the grid voltage to cutoff. It is
evident from Fig. 8-6 that the oscillator is running faster, or at
a higher frequency, than the spike frequency, and cannot be
synchronized.

Fig. 8-7 shows the opposite condition. Here the oscillator is
running slower, or at a lower frequency, than that of the syn-
chronizing spikes. This is the desirable condition, because now
the oscillator can be synchronized. Positive spikes of trigger
voltage are applied to the grid near the end of each nonconduction
period. Now the spike is sufficient to raise the grid voltage to the
cutoff point. Thus, each new cycle starts the instant a trigger
spike is applied.

In a television receiver these trigger spikes are known as syne
pulses and are part of the received signal. At the transmitter,
their frequency is rigidly held to the correct frequency (60-cps
for the vertical-sync pulses, and 15,750 cps for the horizontal-syne
pulses). At the receiver the pulses are separated from the picture
information and amplified to the point where they are able to
trigger the blocking oscillator. It in turn generates a much more
powerful pulse, at the same frequency, which is further amplified
and used to sweep the beam back and forth, and up and down,
on the screen.

When horizontal or vertical sync is lost in a television receiver,
it is most likely caused by an increase in the natural frequency
of the corresponding oscillator. As a result, the picture infor-
mation does not arrive in step with (is not synchronized with)
the beam as it moves across the screen. The remedy is to decrease
the natural frequency of the oscillator by lengthening the non-
conduction period. This is accomplished by adding resistance to
the grid-leak discharge path. In a television receiver, potenti-
ometer R2 would thus be connected directly to an adjusting knob
and labeled the Vertical Hold control.

A second (and less likely) reason for loss of horizontal or
vertical sync is a decrease in oscillator frequency, of such mag-
nitude that the trigger pulses arrive too early during the non-
conduction period (too far down on the exponential curve), in-
stead of near the end as they should. This is not too likely to
happen, because a much greater deviation in natural frequency
is required here before loss of sync occurs. When it does, the
remedy of course is to increase the natural frequency of the
oscillator by shortening the nonconduction period. This is ac-
complished by decreasing the resistance of potentiometer R2 in
the grid circuit, in order to speed up the discharge time of the
grid-leakage electrons so that the pulses will again trigger the
oscillator.
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Fig. 8-6. Blocking-oscillator grid waveform when oscillator is running too
fast to be synchronized.

EACH TRIGGER PULSE ARRIVES JUST BEFORE
NORMAL CONDUCTION WOULD BEGIN

/TRIGGER VOLTAGE PULSES
—

A

Fig. 8-7. Blocking-oscillator grid waveform when oscillator is being syn-
chronized by applied trigger voltage.
OUTPUT COUPLING

Output voltage (shown in Fig. 8-4) can be coupled out of the
blocking-oscillator circuit via coupling capacitor C2. The output
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point is connected to the junction of the transformer primary and
secondary windings and thus exhibits the voltage at this point.
In Fig. 8-1, which shows conditions during the first part of the
conduction period, the current flows from right to left in the
secondary winding. This can only mean that the secondary volt-
age is more positive at the left side winding, accounting for the
initial rise in output voltage shown by the waveform in Fig. 8-4.

Toward the end of the conduction period, as depicted in Fig. 8-2,
the secondary current reverses direction and flows from left to
right, in accordance with the concept of counter emf discussed
in Chapter 1. Now the voltage at the left side of the winding
is negative. Actually, it does not reach its most negative value
until shortly after the nonconduction period begins. This accounts
for the negative peak in the output waveform of Fig. 8-4.

The positive output pulse can easily have a magnitude of a
hundred volts or more. Even without additional amplification, it
is thus able to provide a variety of functions in electronic circuits.
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Chapter 9

MULTIVIBRATORS

The multivibrator circuit is widely used for providing the
timing function in television, computers, radar, and many other
applications. The basic free-running multivibrator circuit is given
in Figs. 9-1 and 9-2. Its components are:

R1—Plate-load resistor (about 20,000 ohms) for V1.

R2—Grid-biasing and -driving resistor (about 2 megohms)
for V1.

R3—Plate-load resistor (about 20,000 chms) for V2.

R4—Grid-biasing and -driving resistor (about 1 megohm)
for V2.

C1—Grid coupling and blocking capacitor (800 micromicro-
farads) for V1.

C2—Grid coupling and blocking capacitor (also 800 micro-
microfarads) for V2.

V1 and V2—Triode amplifier tubes.

M1—Power supply.

There are six currents at work in this circuit, and their move-
ments must be understood in order to comprehend how the circuit
operates as a whole. Each of the current paths is shown in a
different color in Figs. 9-1 and 9-2. These currents, and the colors
representing them, are:

. Plate current for V1 (solid red).

. Grid-leak biasing current for V1 (solid green).

. Grid-driving current for V1 (solid blue).

. Plate current for V2 (dotted red).

. Grid-leak biasing current for V2 (dotted green).
. Grid-driving current for V2 (dotted blue).

UL W=

The voltage waveforms resulting from the current flow at the
plate and grid of each tube are given in Fig. 9-3.
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CIRCUIT DESCRIPTION

As mentioned previously, the circuit in Figs. 9-1 and 9-2 is
connected to operate as a free-running multivibrator. Its pulse-
repetition frequency is determined by the values of the resistors
and capacitors, and by the conduction characteristics of the two
vacuum tubes.
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CUTS OFF AT START OF
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Fig. 9-1. Operation of free-running multivibrator—first half-cycle.

Operation begins when plate voltage is applied to V1 and V2
simultaneously. As each tube conducts electrons from cathode
to plate, the voltage at each plate will drop—but not by the same
amount. If both tubes conducted exactly the same number of
plate-current electrons (which they never do) and if the two
plate-load resistors were exactly the same value (which they
never are), then both would be identical. But such an assumption
is purely hypothetical—the two drops will never be the same.

Let us assume that V1 conducts the greater amount of plate
current. As a result, its plate voltage will drop to a lower posi-
tive value than V2’s. Let us also assume that it drops to +100
volts, and that the supply voltage is 4250 volts.
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It is true to say that capacitors oppose any change in voltage,
or another way of saying the same thing: “it is impossible to
instantaneously change the voltage across a capacitor.” The fun-
damental meaning of these statements will be made clearer by
now observing the action within capacitor C2. Before tube V1
conducts, the voltage on the left plate of C2 (and also on the
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Fig. 9-2. Operation of free-running multivibrator—second half-cycle.

plate of V1) is the -+250 volts from the power supply, while the
voltage on the right plate is essentially zero since it is connected
to ground through grid resistor R4. Thus, the moment before
conduction begins, the voltage across the two plates of the ca-
pacitor is +250 volts.

We know that the voltage across C2 does not change at the
same instant the tube conducts and the plate voltage drops. It will
remain at +250 volts momentarily, and then decrease to +100
volts as the electrons flow onto the left plate of C2. As they do,
an equal number will flow from the right plate and downward
through R4. This grid-driving current, shown in dotted blue in
Fig. 9-1, produces a voltage drop across R4. Now the voltage at
the junction of R4 and C2 (hence, the grid voltage) is —150 volts.
Line 4 of Fig. 9-3 shows the voltage waveform at the grid of
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tube V2. At the start of the first half-cycle this voltage suddenly
goes from zero to —150 volts, and then returns toward zero at
an exponential rate determined by a corresponding exponential
decay in the grid-leak current (shown in dotted green) flowing
downward through R4 to ground.

The sudden drop immediately cuts off the plate current through
V2 and thus allows its plate voltage to rise toward the value of
the supply voltage. It will stay at 250 volts until the grid voltage
has gone from —150 volts to the cutoff value of —10 volts. The
first half-cycle has now ended.

The second half-cycle begins when the rise in plate current
through tube V2 causes a drop in its plate voltage, similar to the
action in tube V1. Since plate-load resistors R1 and R3 are both
equal in value, the voltage at the plate of V2 drops from +250
to +100 volts, just as the plate of V1 did.

Capacitor C1 starts this second half-cycle with 250 volts across
it, since its one plate is connected to the plate of tube V2 and its
other plate is connected to ground through grid resistor R2.
C1 will also oppose any change in voltage across its plates. The
voltage on the right plate, which is also the voltage applied to the
grid of tube V1, immediately goes from zero to —150 volts as
current flows downward through grid resistor R2. This current
decays exponentially to zero, and the resultant voltage across
it (which is also the voltage applied to the grid of tube V1) will
likewise decay toward zero at the same exponential rate, as shown
in Fig. 9-3.

It is important to note why the second half-cycle is so much
longer than the first. You will recall that C1 and C2 have equal
values of 800 micromicrofarads; but R2 is 2 megohms, or twice
the value of R4. Using the formula (T =R X C) explained ear-
lier, we can calculate the time constant for the C1-R2 combi-
nation as follows:

We know:
R =2 megohms = 2 X 10¢ ohms,
C = 800 micromicrofarads = 800 X 10—? farads,
T=RxC.

Therefore,

T=2x10°X% 800 x 1012
=2X800x10—¢
=1,600 X 10— ¢ seconds
= 1,600 microseconds
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Similarly for C2-R4, where the only new value is R4 which is
1 megohm (1 X 10° ohms), the time constant is:

T=1x 10% x 800 x 10—
= 800 X 109 seconds

= 800 microseconds

Thus, the time constant of C1-R2 in the grid circuit of V1 is
twice as long as the one for C2-R4 in the grid circuit of V2.
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Fig. 9-3. Grid- and plate-voltage waveforms for free-running multivibrator.

Remember that the time constant of an R-C circuit is the length
of time it will take the capacitor to discharge to 63.2% of its
original value. Therefore, during the first 800 microseconds after
the first half-cycle starts, the grid voltage on V2 will discharge
to about —55.2 volts, or 36.8% of its original —150 volts. This is
shown in line 4 of Fig. 9-3.

After three time periods of 800 microseconds each, the grid
of V2 will have discharged to about —7.5 volts. Since its cutoff
value is —10 volts, V2 will start conducting before the third time
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period is completed, ending the first half-cycle and starting the
second one.

Now the grid of V1 will also discharge to —7.5 volts after three
time periods of 1,600 microseconds each. Slightly before the end
of the third time period, V1 begins conducting and the first half-
cycle starts all over.

Thus, we see that the first half-cycle is slightly less than 3 X 800
microseconds, or 2,400 microseconds; and that the second half-
cycle is twice as long, or not quite 4,800 microseconds.
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Fig. 9-4. Operation of a modified Eccles-Jordan multivibrator—first half-
cycle.

The waveforms at the plates of V1 and V2 will be rectangular,
as shown by lines 1 and 3 of Fig. 9-3, because of the unequal
half-cycles. If the two half-cycles were equal—that is, if R2 and
R4 had identical resistances—the waveforms would be square,
and the multivibrator could then be considered a crude form of
square-wave generator. (Actually, they would only be approxi-
mations of square waves. However, the term square wave is ade-
quate for conveying a general understanding of how the circuit
operates.)

Note in lines 2 and 4 of Fig. 9-3 that the grid voltage rises
exponentially until it reaches —10 volts (its cutoff value). At this
point, it almost immediately jumps to a slightly positive value,
then drops back to the zero-voltage line and hovers there during
the remainder of the half-cycle that the tube is conducting.

What prevented the grid from being driven positive instead
of remaining at (or near) zero? Whenever the control grid is
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driven positive (as it was here), it will attract electrons from
the plate current. These grid-leak electrons, sometimes more
loosely described as “grid current,” collect on the control grid
and drive the positive-going grid voltage back to zero.

The dotted portions of lines 2 and 4 in Fig. 9-3 show how high
the grid voltage would rise, were it not for the grid-leak current.
At the start of the first half-cycle (Fig. 9-1), for example, the
current through V2 is suddenly cut off, and the voltage at the
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Fig. 9-5. Operation of a modified Eccles-Jordan multivibrator—second half-
cycle.

plate rockets from +100 volts toward the supply voltage of
+250 volts. Capacitor Cl1, connected to the plate of V2, opposes
this sudden change in voltage across its plates—it tries to drag
the V1 grid 150 volts in the positive direction, from —10 volts
to +140 volts, but is prevented from doing so by the grid-leak
current flowing out of V1 and onto the left plate.

A series of similar events also occurs at the start of the second
half-cycle (Fig. 9-2) and prevents the V2 grid voltage from rising
any further after it passes the zero-voltage point.

During the first half-cycle, the grid-leak and -driving currents
flowing through R2 travel in opposite directions. The driving
current predominates and “triggers” V1 to start the first half
cycle. Through R4, however, the two currents flow in the same
direction. (Remember that grid-leakage electrons always flow
downward, in an attempt to discharge from their storage points
on the grid sides of the grid capacitors.)
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In Fig. 9-2 the situation has been reversed—the currents flow
in the same direction through R2, but in opposite directions
through R4. The driving current is more temporary than the
leakage current, since it flows only while the plate voltage in the
other tube is rising or falling.

Summary

Both multivibrator tubes will begin to conduct plate current
when the supply voltage is applied. One of the tubes inevitably
will conduct slightly more current, even though the two circuits
are identical. When this happens, its plate voltage will fall and,
by capacitive coupling, reduce the voltage at the grid of the
second tube.

The lower voltage will reduce the current through the second
tube and raise its plate voltage. This rise is capacitively coupled
to the grid of the first tube, increasing the plate current and
reducing the plate voltage of the first tube still further. The effects
are cumulative, so that the first tube conducts more and more
heavily until it cuts off the second tube.

The grid voltage of the second tube will have been driven con-
siderably below cutoff during this sequence; and because of the
grid-leakage electrons it has accumulated, the second tube re-
quires considerable time to discharge this negative voltage to
ground before it can conduct again.

When this does happen, the earlier sequence is repeated, only
this time in reverse. The plate voltage of the second tube begins
to drop because of the rising plate current. Since the plate is
capacitively coupled to the grid of the first tube, its voltage drops
accordingly, reducing the plate current and raising the plate
voltage of the first tube. By capacitive coupling the grid voltage
of the second tube is raised still higher, and so on, in another
cumulative series of events. The first tube will soon be cut off,
and will remain off until its negative grid voltage can again
discharge to the cutoff value.

Shifting conduction from one tube to the other in this manner,
the multivibrator circuit will oscillate indefinitely. For this reason
it has been aptly named a “flip-flop” circuit.

THE ECCLES-JORDAN MULTIVIBRATOR

The modified Eccles-Jordan multivibrator (Figs. 9-4 and 9-5)
is also known as a “one-shot” or “trigger” multivibrator. Unlike
in the free-running multivibrator described previously, only one
of the tubes has its plate coupled back to the grid of the other.
This feature prevents the circuit from cycling repeatedly. Also,
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both tubes use a common cathode-biasing resistor to drive the
voltage at both cathodes in the positive direction, in a manner
which will be explained later. The grid of V1 is returned to
ground, whereas in V2 it is returned to the cathode. Since ground
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Fig. 9-6. Voltage waveforms during one cycle of operation of the Eccles-
Jordan multivibrator.

is at a lower voltage than the cathodes, normally V1 remains
cut off and V2 conducts.

The components of this circuit include:

R1—Plate-load resistor (about 20,000 ohms) for V1.
R2—Grid driving resistor for V1.
R3—Plate-load resistor (about 20,000 ohms) for V2.
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R4—Grid blocking and driving resistor (about 1 megohm)
for V2.

R5—Common cathode-biasing resistor (about 1,000 ohms)
for V1 and V2.

C1—Grid coupling and blocking capacitor (about 800 micro-
microfarads) for V2.

V1 and V2—Triode amplifier tubes.

The currents at work in this circuit appear in the following
colors in Figs. 9-4 and 9-5:

1. Grid driving current for V1 (blue, in Fig. 9-4.)

2. Plate current for V1 (solid red, Fig. 9-4).

3. Grid driving current for V2 (dotted green, in Fig. 9-4).
4. Plate current for V2 (dotted red, in Fig. 9-5).

5. Grid-leak current (solid green, in Figs. 9-4 and 9-5).

The first half-cycle begins with the arrival of a positive trig-
gering pulse at the control grid of V1. This pulse, shown in blue
in Fig. 9-4, draws a small electron current upward through grid
resistor R2 and into whatever coupling device is at the left of V1.

V1 is normally cut off (nonconducting) because its grid is
connected to ground and thus is at zero voltage, whereas its
cathode is at the positive voltage produced by the current flowing
upward through cathode biasing resistor R5. On the other hand,
V2 normally conducts a substantial amount of plate current.

Plate current for either tube will flow upward through resis-
tor R5. Since both tube cathodes are connected to the top of R5,
the two will always have the same positive voltage on the cath-
ode, irrespective of which tube is conducting. Let us assume it
is +11 volts.

Tube V1 is normally cut off because its control grid is connected
to ground, or zero voltage, through resistor R2. Hence, the grid is
at zero volts also, and we said earlier that the cathodes are at
+11 volts. This leads us into bias, an often misused term.

Bias, in the correct sense, refers to the difference in voltage
between the grid and cathode. In this circuit we would normally
say the cathode is 11 volts more positive than the grid. But it
would be just as correct to say the grid is 11 volts more negative
than the cathode. This 11-volt difference in voltage between the
grid and cathode is the bias. (If the cathode were at zero volts
instead and the grid were at —11 volts, the bias would still be
the same —11 volts.)

If we assume that the grid cutoff voltage is —10 volts, V1 will
remain cut off as long as its bias is —11 volts. Nothing happens
until a trigger pulse exceeding +1 volt arrives at the grid and
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raises its voltage above the cutoff value. When the pulse arrives,
plate current begins to flow through V1, marking the beginning
of the first half-cycle (Fig. 9-4).

Now the V1 plate voltage begins to fall. This drop in voltage
is coupled from the plate of V1, via C1, to the grid of V2. The
flow of plate current through V2 is cut off, causing the plate
voltage to rise rapidly toward the value of the supply voltage.

Unlike in the free-running multivibrator discussed previously,
this rise in plate voltage is not coupled back to the grid of V2.
Consequently, the grid voltage of V1 will not rise as high, and
V1 will conduct less plate current, than it would if connected as
a free-running multivibrator.

This reduction in plate current through V1 (compared with
that which would flow in the free-running multivibrator) has
two important effects. First, the plate voltage of V1-——and hence
the voltage at the grid of V2—will not be reduced to as low a
value. Secondly, the cathode-bias voltage developed across R5
will be lower during the first half-cyecle. Line 3 of Fig. 9-6 shows
this reduction in cathode voltage.

Let us assume the cathode voltage across R5 drops from +11
volts during the second half-cycle to +5 volts during the first one.
This has the effect of reducing the total grid bias from —11 to
=5 volts.

Line 4 of Fig. 9-6 is essentially an inversion of Line 3; it shows
the actual bias on V1. Once the trigger voltage has started this
tube conduecting, the grid returns fairly quickly to zero volts and
the bias stabilizes at —5 volts—enough to permit a reasonable
amount of plate current to flow.

Line 5 of Fig. 9-6 shows the plate-voltage waveform for tube V2.
At the start of the first half-cycle when the plate current is cut off,
the plate voltage rises to the value of the supply voltage, and
remains there until the plate current is turned on again at the
start of the second half-cycle.

Line 6 of Fig. 9-6 is quite similar to the grid-voltage discharge
curves shown in Fig. 9-3 for the free-running multivibrator, and
will therefore not be reanalyzed in detail here. Tube V2 will
remain cut off as long as the difference in voltage between its
grid and cathode is greater than the cutoff value of —10 volts.
The discharging of capacitor C1 consists of grid-leakage electrons
flowing downward through grid resistor R4. The rate of flow,
which decreases exponentially, determines the voltage developed
across R4.

The first half-cycle ends when V2 begins to conduct. This cuts
off the flow of plate current through V1, but in a different manner
than in the free-running multivibrator. The increase in total
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current through cathode resistor R3 raises the voltage at both
cathodes, immediately restricting the flow of plate current
through V1. As a result, the plate voltage of V1 begins to rise.
This increase is coupled via C1 to the grid of V2, raising the grid
voltage and hence the plate current of this tube still further.
This increase in V2 plate current, flowing through common-
cathode resistor R5, further reduces the plate current through V1,
cutting the tube off very quickly.

The second half-cycle, once begun, will continue indefinitely
unless retriggered by an outside voltage source. Thus, it will
usually last longer than the first half-cycle. The grid voltage
of V2 will rise momentarily to a slightly more positive value
than the cathode, but will then begin to acquire some grid-leak
electrons from the tube, preventing it from rising any further.
Throughout the second half-cycle, the two voltages will remain
close to the same value.

The different amount of plate current through each tube is
reflected by the waveform voltages at the two plates. When not
conducting, each tube plate will rise to the +250-volt supply
voltage. However, since V2 conducts more than twice as much
current as V1, and since R1 and R3 are equal in value, it follows
from Ohm’s law that the resulting voltage drop across R3 will
be more than twice the one across R1. Consequently, approxi-
mately 182 volts has been indicated at the plate of V1 during
the first half-cycle, as opposed to 100 volts for V2 during the
second half-cycle.
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Chapter 10

THYRATRON SAWTOOTH
GENERATORS

A thyratron differs from a vacuum triode in that it is filled
with an easily-ionized gas, rather than being evacuated. Under
certain conditions the gas will become ionized, when grid and
plate voltages are applied, and permit a very heavy electron
current to flow between cathode and plate.

An important characteristic of the thyratron is the inability
of its control grid to cut off the plate current—once a thyratron
begins to conduct, the only way it can be cut off is for the plate
voltage to be lowered almost to zero—15 or 20 volts is not ab-
normally low.

The schematic symbol is the same for a vacuum tube or thyra-
tron except for a dot within the tube envelope, as shown for the
thyratron in Figs. 10-1 and 10-2.

Thyratrons are capable of generating sawtooth-voltage wave-
forms (so named because of their shape) which are used for
sweeping the electron beam across the face of a cathode-ray tube
in an oscilloscope, radar set, or other application where it is
desired to gradually move the beam across the face of the tube
and then quickly return it to the starting point. Fig. 10-3 shows
the waveform generated at the plate.

The only significant current in this circuit crosses from cathode
to plate and could perhaps be called “plate current.” However,
its movement during the conducting and nonconducting period
of each cycle is quite different from the plate-current flow in a
vacuum tube. Let us start at the beginning, when the power
supply is turned on and applies a positive voltage to the plate.

In order for the plate voltage to rise from zero to the power-
supply voltage, free electrons must be drawn away from the
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plate of the tube, the upper plate of capacitor C1, and from any
component connected to the output. This is the charging process
and the amount of time it takes depends on the values of plate-
load resistor R1 and capacitor C1 in Fig. 10-1. R1 is very large,
several hundred thousand ohms; and C1 is 1,000 micromicro-
farads or so. The plate-voltage curve begins at zero and rises
exponentially toward the power-supply voltage, as shown in
Fig. 10-3. (An exponential curve is one which does not rise or
fall at the same rate from left to right.) The dashed-line portions
of the curves in Fig. 10-3 represent the voltage which would
exist at the plate if the charging process were completed.

CHARGING
CURRENT

_Li =
:E $— OUTPUT

>
FILTER .
CURRENT i (D)

SEPARATE -

GRID~BIAS
VOLTAGE

53 ‘1_‘: POWER,

Fig. 10-1. Operation of the thyratron sawtooth-voltage generator—charging
half-cycle.

In a thyratron tube, the value of plate voltage at which the
gas “breaks down” or becomes ionized is called the firing voltage.
When this happens, the molecules of gas becomes ionized and
release their free electrons, and the interior of the tube becomes
filled with both positive ions and negative electrons. Attracted
by the positive voltage at the plate, the negative electrons flow
there in a steady stream and are replaced by other free electrons
emitted by the heated cathode.

The value of the firing voltage depends partly on the applied
grid-bias voltage, shown as a separate battery in Figs. 10-1
and 10-2. In a typical thyratron tube, this grid bias is on the
order of —5 volts, and the firing voltage at the plate is 75 to
100 volts.

Once the tube begins to conduct, it delivers electrons to the
plate much faster than high-value plate-load resistor R1 can
pass themn. The electrons accumulate on the upper plate of ca-
pacitor C1 and reduce its charge to a very low positive voltage,
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as depicted in Fig. 10-2. The charged capacitor is now said to
be “discharging through the tube.” Strictly speaking, the capaci-
tor is not discharging through the tube, but its positive voltage
is being discharged because the tube supplies a large number
of free electrons (in the form of plate current) to the capacitor.
This discharging process occurs in only a tiny fraction of the
time required for the charging process, as shown by Fig. 10-3.

Once the gas has been ionized, the grid can no longer control
the flow of current. Now it can only be stopped by reducing the
plate voltage to a very low value—on the order of 15 or 20 volts.
This might be called the “cutoff”’ voltage for a thyratron.

PLATE CURRENT
( DISCHARGE CURRENT)

y 4

\li}
. @l

$——> ouTPUT
>

FILTER ‘

CURRENT i Q

POWER
SUPPLY

SEPARATE 53

GRID-BIAS
VOLTAGE/:[ =

-l|}-—'|:[lll|l

Fig. 10-2. Operation of the thyratron sawtooth-voltage generator—discharg-
ing half-cycle.

The exponential charging curve is almost a straight line in the
low plate-voltage regions, between the cutoff and firing voltages.
This area, referred to as the linear portion of the curve, is where
the sawtooth voltage is generated.

As in any tube, the current must have a closed path leading
back to the cathode. In Figs. 10-1 and 10-2, the complete path is
from cathode to plate, through the load resistor and power supply
to ground, and back to the cathode.

The much shorter discharge half-cycle makes the thyratron an
ideal sweep generator. After the beam has been swept across the
face of the screen, it must be retraced as quickly as possible or
the viewer will see a flickering picture. The short discharge period
is normally used for retrace, so that the beam will be out of action
as briefly as possible.

A filter current, shown in green, flows between the lower plate
of capacitor C1 and ground. In Fig. 10-1 the current flows upward
because of normal capacitor response to the voltage changes at
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Fig. 10-3. Sawtooth output voltage generated at plate of thyratron gen-
erator.

the plate of the tube, but is driven downward in Fig. 10-2 by the
plate-current electrons flowing onto the upper plate.

Obviously, a high positive value of plate-supply voltage con-
tributes to greater linearity of the charging half-cycle, whereas
a lowered value would lead to greater curvature in the discharge
curve.
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INDEX

A

Alternating RF currents, TPTG
oscillator, 64-68

Amplitude stability, pentode
tube, 78

Atom, construction of, 8-9

Audio frequency oscillator, 83

Autotransformer action, Hart-
ley oscillator, 48

B

Bias, Colpitts oscillator, 59-60
definition of, 112
grid-leak, 38

desirable discharge time, 38

thyratron, 116

Blocking oscillator, 93-101
feedback in, 93
frequency control, 98
grid voltage, 97
output coupling, 100-101
synchronization of, 98-99
transformer action, 93-96
unsynchronized, 97

C

Capacitance, 10-13
formula for, 13

Capacitance—cont’d

-inductance combinations,

21-26

interelectrode, 14, 36
Capacitor, check of, 11-12

construction of, 13-14

dielectric of, 14

filter, 70

purpose of, 91-92

properties of, 13

working voltage of, 14
Capacitive reactance, 14, 40
Choke, radio frequency, 55
Class-C operation, 38
Classification, of oscillators, 7-8
Coils; also see Inductors

inductance of, 20-21
Colpitts oscillator, 53-61

bias voltage, 59-60

feedback current in, 58

grid-driving current, 54-35,

59-61

grid-leak current, 58-59

plate current, 55, 58

tank current, 54, 58
Condenser; see Capacitor
Conductors, characteristics of, 9

electron movement in, 9-10
Constant, dielectric, 14

time, 38-39, 60-61
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Construction, capacitors, 13-14
inductors, 19-21
Coulomb’s law, 30-31, 69
Counter emf, 18
Coupling, inductive, 15-18
output, blocking oscillator,
100-101
TPTG oscillator, 67
Crystal, properties of, 33-34
Q of, 41
voltage swing for, 38
Crystal current, 37
Crystal oscillator, 33-42
feedback current, 36-37
feedback voltage, 40
plate current, 35
tank circuit, 40-41
Current, crystal, 37
electron, definition of, 9
feedback, Colpitts oscillator,
58
crystal oscillator, 36-37
electron-coupled oscillator,
74
Hartley oscillator, 44, 48-51
TPTG oscillator, 64, 67-72
filter, phase-shift oscillator,
91-92
grid-driving, Colpitts oscilla-
tor, 54-55, 59-61
TPTG oscillator, 67-68
grid-leak, Colpitts oscillator,
58-59
electron-coupled oscillator,
75-76
Hartley oscillator, 48
TPTG oscillator, 68-70
grid tank, electron-coupled
oscillator, 74
in crystal oscillator, 35
in capacitor, 12-13
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Current—cont’d
in inductor, 15-19
oscillating, crystal oscillator,
36
plate, Colpitts oscillator,
55-58
Hartley oscillator,
48, 49, 50
phase-shift oscillator, 84
TPTG oscillator, 68, 70
screen-grid, electron-coupled
oscillator, 75, 78-81
phase-shift oscillator, 91-92
tank, Colpitts oscillator,
54, 58
electron-coupled oscillator,
75-76, 81
Hartley oscillator, 44-47
TPTG oscillator, 64-68
through inductor, 81
thyratron, 115

D

Damping, 25-26
Decoupling, power supply, 70
Definition, bias, 112
Class-C operation, 38
current, 9
harmonic oscillator, 7
nonsinusoidal, 7
oscillator, 7
sinusoidal waveform, 7
squegging, 39
time constant, 30
voltage, 9
Dieleectric constant, 14
Dielectric strength, 14
Divider, voltage, 78-79
Drift, electron, principle of, 8-9



E

Eccles-Jordan multivibrator,
110-114
Electron, drift principle of,
7-8
flow, in capacitor, 11
free, 8-9
movement in conductor, 9-10
Electron-coupled oscillator,
73-81
advantages of, 76
feedback current, 74
grid-leak current, 75-76
grid-tank current, 74
plate and grid isolation, 76
plate tank current, 75-76, 81
screen-grid, purpose of, 77
screen grid current, 75, 78-81

F

Feedback, blocking oscillator,
93
erystal oscillator, 35
TPTG oscillator, 63
Feedback current, Colpitts
oscillator, 58
crystal oscillator, 36-37
electron-coupled oscillator,
74
Hartley oscillator, 44, 48-51
TPTG oscillator, 64, 67-72
Feedback voltage, crystal
oscillator, 40
Filter, power supply, 70
Filter current, phase-shift
oscillator, 91-92
Firing voltage, thyratron, 116
Flip-flop circuit, 110
Flux lines, 23

Force, magnetic lines of, 22-23
Formula, capacitance, 13
capacitive reactance, 14, 40
inductance, 20-21
inductive reactance, 19
Q, of circuit, 25
resonant frequency, 25, 45
derivation of, 40-41
time constant, 30
Free electrons, 8-9
Free-running multivibrator,
103-110
Frequency, definition of, 23
operating, determination of,
40-42
multivibrator, 104
resonant, 40-41
formula for, 45
Frequency control, blocking
oscillator, 98
Fundamentals, electrical, 8

G

Gas-filled tubes, 115-117
Grid-driving current, Colpitts
oscillator, 54-535, 59-61
TPTG oscillator, 67-68
Grid-leak bias, 38
Grid-leak current, Colpitts
oscillator, 58-59
electron-coupled oscillator,
75-76
Hartley oscillator, 48
multivibrator, 109
TPTG oscillator, 68-70
Grid resistor, size limitations,
39
Grid tank current, electron-
coupled oscillator, 74
Grid voltage, phase-shift
oscillator, 84
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H
Harmonic oscillators, types of,
7
Hartley oscillator, 43-51
feedback current in,
44, 48-51
grid-leak current, 48
plate current, 48, 49, 50
tank current, 44-47

I

Inductance, 14-21
formula for, 20-21
self, 18-19
-capacitance combination,
20-21
Insulators, characteristics of, 9
Inductor, construction of, 19-21
inductance of, 20-21
properties of, 15
Inductive reactance, 19, 40, 55
Inductive tuned circuit, 40, 71
Interelectrode capacitance,
14, 36
Ionization, thyratron tube, 116
Isolation, plate and grid, elec-
tron-coupled oscillator,
76

K
Kirchhoff’s law, 78

L

Law, Coulomb’s, 30-31, 69
Kirchhoff’s, 78
Obm’s, 31, 69
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L-C circuits, 21-26
Loading, grid circuit, 61
Long time-constant, 27-28, 29-31

M

Magnetic lines of force, 22-23
Multivibrator, 103-114
circuit description, 104-110
Eceles-Jordan, 110-114
free-running, 103-110
pulse repetition frequency,
104

N

Network, phase shifting, 86-90
Nonharmonic oscillators, 7, 8
Nonsinusoidal oscillators, 7
Nucleus, of atom, 8-9

0

Ohm’s law, 30, 69
One-shot multivibrator, 110-114
Operating frequency determi-
nation of, 41-42
Oscillating current, crystal os-
cillator, 36
Oscillations, in L-C circuit,
22-23
Oscillator
blocking, 93-101
feedback in, 93
frequency control, 98
grid voltage, 97
output coupling, 100-101
synchronization of, 98-99
transformer action, 93-96
unsynchronized, 97
classification of, 7-8



Oscillator—cont'd
Colpitts, 53-61
bias voltage, 59-60
feedback current in, 58
grid driving current,
54-55, 59-61
grid-leak current, 58-59
plate current, 55, 58
tank current, 54, 58
crystal, 33-42
feedback current in, 36-37
feedback voltage, 40
oscillating current in, 36
plate current in, 36
tank circuit, 40-41
definition of, 7
electron-coupled, 73-81
advantage of, 76
grid-leak current, 75-76
grid-tank current, 74
feedback current, 74
plate and grid isolation, 76
plate tank current, 75-76,
81
screen-grid, purpose of, 77
screen-grid current, 75, 78-
81
Hartley, 43-51
feedback current in,
44, 48-51
tank current, 44-47
harmonic, 7
nonharmonic, 7, 8
nonsinusoidal, 7
phase-shift, 83-92
filter current, 91-92
grid voltage, 84
phase-shift network, 86-90
plate current flow, 84-85
screen-grid current, 91-92
relaxation, 8

Oscillator—cont’d
sinusoidal, 7
TPTG, 63-72
feedback current, 64, 67-72
grid-driving current, 67-68
grid-leak current, 68-70
plate current, 68, 70
tank circuit tuning, 71-72
tank current, 64-68
tank voltage, 66
unidirectional currents,
68-70
Output coupling, blocking os-
cillator, 100-101

|

Pentode tube, advantages of,
77-78
Phase relationships, 40
Phase shift, R-C network,
86-90
Phase shift oscillator, 83-92
filter current, 91-92
grid voltage, 84
phase-shift network, 86-90
plate current flow, 84-85
screen-grid current, 91-92
Piezoelectric effect, 33-34
Plate current, Colpitts oscilla-
tor, 55, 58
crystal oscillator, 35
Hartley oscillator, 48, 49, 50
phase-shift oscillator, 84-85
TPTG oscillator, 68, 70
Plate tank current, electron-
coupled oscillator, 75-
76, 81
Power supply decoupling, 70
Protons, characteristics of, 9
Pulse repetition frequency,
blocking oscillator, 98
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Q
Q, circuit 25
crystal, 41
tuned circuit, 41
Quality, tuned circuits, 25

R

Radio-frequency choke, 55
R-C circuits, 26-31
R-C combination, selecting
suitable values, 61
R-C oscillator, 83
R-C phase shifting networks,
86-90
R-C time, 30
Reactance, capacitive, 14, 40
inductive, 19, 40, 55
Relaxation oscillators, 8
Resistor, decoupling, 70
grid, size limitations, 39
purpose of, 10
Resonance, 21-22
Resonant frequency
formula, 25, 45
derivation of, 40-41

S

Sawtooth generator, thyratron,

115-118
Screen filter, purpose of, 92
Screen-grid current, electron-
coupled oscillator, 75,
78-81
phase-shift oscillator, 91-92
Self inductance, 18-19
Short time-constant, 28-29
Sinusoidal, definition of, 7
Squegging, cause of, 39
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Storage, voltage, 38-39

Strength, dielectric, 14

Synchronization, blocking
oscillator, 98-99

T

Tank circuit, crystal oscillator,
40-41
tuned inductive, 40-41
tuning of, 71-72
Tank current, Colpitts oscilla-
tor, 54, 58
Hartley oscillator, 44-47
TPTG oscillator, 64-68
Tetrode tube, 81
Thyratron, characteristics of,

115-117

Thyratron sawtooth generator,
115-118

Time constant, 26-31, 38-39,
60-61

formula for, 30
lengthening of, 39
long, 27-28, 29-30
multivibrator circuit, 106-108
short, 28-29
TPTG oscillator, 63-72
feedback current, 64, 67-72
grid-driving current, 67-68
grid-leak current, 68-70
plate current, 68-70
tank circuit tuning, 71-72
tank current, 64-68
tank voltage, 66
unidirectional current, 68-70
Transformer; see Inductor
Transformer action, 15-18
blocking oscillator, 93-96
Trigger pulse, blocking oscil-
lator, 98-99



Trigger pulse—cont’d
Eccles-Jordan multivibrator,
112
Tube, pentode, advantages of,
77-78
tetrode, 81
Tuned-plate-tuned-grid;
see TPTG
Tuning, inductive, 40, 71
tank circuit, 71-72

A\

Voltage, across capacitor, 12
bias, Colpitts oscillator,
59-60
definition of, 9
feedback, crystal oscillator,
40

Voltage—cont’d
firing, thyratron, 116
grid-leak, desirable discharge
time, 39
storage of, 38-39
swing, crystal, 38
transformer secondary, 18
Voltage divider, 78-80
Vector relationships, 89

W

Water tank analogy, R-C cir-
cuits, 26-31

Waveform, classification of, 7

Working voltage, of capacitor,
14
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