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PREFACE

Electronic devices are in evidence in virtually all branches of
industry today. In fact, many people credit the electron tube
with responsibility for the high standard of living currently
enjoyed by the civilized world.

As a result of the electronic revolution that has taken place
within the last twenty years, it has become necessary for persons
engaged in nonelectronic branches of industry to come in contact
with electron-tube terms and techniques. The steel-mill opera-
tor depends on tubes to perform many critical operations; the
worker depends on electronic instruments to check his work.
Doctors use tubes to take much of the guesswork out of their
diagnoses. Mining and drilling engineers rely on tubes to locate
and evaluate underground mineral deposits. Even at home
electronics is playing an important, part in the form of television
for entertainment, and in such luxuries as automatic garage-door
openers, burglar alarms, and so on. It is indeed difficult to
imagine a person today who is not in some way affected by some
form of electronic circuitry, either directly or indirectly.

The purpose of this book is to provide industrial personnel—
engineers and technicians—with enough fundamentals to permit
them to talk intelligently about electronics, to know what can be
expected of electronic devices and what their limitations are, and
to help them visualize new applications. In presenting these
fundamentals, practical tried and tested circuits are used as
examples. Many of these circuits have already found successful
application in industry, and sufficient information is presented
to enable the reader to evaluate each circuit with his own require-
ments in mind. These circuits and techniques will be directly
applicable to many new industrial jobs.

The complicated theoretical aspects of electron-tube tech-
nology have purposely been held to a minimum to prevent
clouding the reader’s mind with superfluous information. Exten-
sive references are provided for the reader who requires more
advanced or more detailed information. Most of these references
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cite original works in the literature that approach the subject at
a level that should be useful to the readers of this book.

The authors are indebted to the many engineers who have taken
time to describe their developments in the literature. Without
this unselfish flow of information, a great deal of wasteful dupli-
cation of effort and reinvention would retard progress in this
youthful but important industry.

Keira HENNEY
JaMes D. FAHENESTOCK
New York, N. Y.
August, 1952
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CHAPTER 1

BASIC CIRCUIT ELEMENTS

All electronic devices are constructed around a few basic com-
ponents. 1t is the proper combination of these basic elements
that makes possible the wonders of electronics. Properly
arranging the basic components into circuits gives man almost
complete and practically instantaneous control over the move-
ment of electrons, which is the basis of the electrical and
electronic industries.

Resistance. Present-day knowledge indicates that certain
materials have, in their cores, electrons which are relatively free
to move from one atom to another; and certain other materials
have so few such free electrons that virtually no exchange of
electrons takes place. Conductors, therefore, exhibit relatively
little resistance to electron movement, and insulators resist such
movements.

Each electron represents a known and fixed amount of what
we call “electricity,” and when enough electrons move from one
point to another, we say a measurable electric current “flows.”
One ampere, for example, is the electrical engineer’s word for the
flow of 6.28 million million million electrons between two points
in one second of time.

Voltage, Current, Power. What makes electrons move from
one point to another? Since each electron is really a pinch of
negative electricity, it will be attracted toward any postiively
charged body and repulsed by any negatively charged body.
The difference in charge between two points in a circuit—by
whatever cause this difference is produced—is the motive force
in the circuit which makes the electrons move. Our term for
this charge difference is potential or voltage.

Voltage, cwrrent, and resistance—the fundamental charac-
teristics of the electric circuit—are related by Ohm’s law, which
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2 ELECTRON TUBES IN INDUSTRY

states that E volts will cause the movement of 7 amperes through
R ohms. Thus,
I= % or E=IR or R = ?

In other words, one ampere of current will flow through a
material whose resistance is one ohm if a potential difference of
one volt is applied across the material. This condition is illus-
trated in Fig. 14, where the potential difference (voltage) is
supplied by a battery.

If two 1-ohm resistances are used instead of a single unit, the
current that flows will be 14 amp, as in Fig. 1B, and one-half of
the applied voltage will appear across each resistor. The current
in this case can be increased to 1 amp by doubling the applied
voltage.

In moving from one place to another, electrons bump into other
atomic building blocks—this is the essence of the resistance which
impedes electron movement. Heat is produced by these colli-
sions and this heat is a measure of the power required to move
the electrons against the resistance. Numerically the power is
Ee

P =TIR or 7

or 1E
where P is the power in watts, I the current in amperes, R the
resistance in ohms, and E the voltage in volts.

Direction of Current Flow. When a battery forces current
through a resistance, the voltage ‘“dropped”’ across the resistance
can be measured with a voltmeter. In making voltage measure-
ments (or current measurements) care must be taken to observe
the proper polarity. The positive terminal of a meter must
always be placed nearest the point which is toward the positive
terminal of the battery, as shown in Fig. 1. Otherwise the
needle will move backward.

Alternating Current. In a-c circuits the voltage and current
are continually changing in direction and amplitude. Since the
instantaneous voltage varies, the instantaneous current will
vary in exact time phase in a resistive circuit, and this value of
current can be obtained by using Ohm'’s law, provided the instan-
taneous value of voltage is used. The heating effect, or power
consumption, in a resistive circuit, on the other hand, depends
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upon values of current and voltage which are somewhat less
than the maximum or peak value. Actually the heating effect
for sinusoidal voltages and currents must be obtained by multi-
plying the maximum values of current and voltage by 0.707 to
obtain the rms value.

Thus an rms current of 1 amp of alternating current will
produce the same heating effect as 1 amp of direct current when
flowing through identical resistances.

Most a-c¢ current and voltmeters read directly in rms values.

I= ompere I=% ampere
*(T)= 1)
N o/
+ | _I_volt + + | [ | volt +
- V= | volt ! OF'S"_L = lohm
Eb - E V= Lvoit -
| ohm
(A) (B) l @

F1a. 1. Basic circuits containing series resistance and a d-c voltage source
illustrate the application of Ohm’s law.

Resistance is only one of the several factors which affect the
flow of electrons in circuits. It is the only impeding influence
of a d-c¢ circuit. But when one deals with a-c circuits, other
factors enter the picture and must be taken into account when
figuring currents and voltages.

Nonlinear Resistors. Resistors, devices which possess resist-
ance in usable form, are obtainable in many shapes, sizes, and
forms, some of which do not obey Ohm’s law; that is, the resist-
ance they possess is not independent of the current through them,
or the voltage across them, or the temperature at which they
operate. A rectifier, for example, may be considered as a resistor
which passes current only if that current flows in a certain direc-
tion, and a rectifier may be employed as a one-way type of
resistor.

A varistor is a device whose resistance is highly sensitive to
voltage or temperature. It is made up of metallic compounds
of several sorts, copper oxide and silicon carbide being typical
examples. Thyrite (silicon carbide) has a very steep charac-
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teristic indicating that at normal voltage the resistance is very
high but that if the voltage rises appreciably, the resistance may
drop to a very low value. It may be used, therefore, as a protec-
tive device across points where high voltage surges may occur.

Thermastors have high negative temperature coefficients; that
is, their resistance decreases with increases in temperature.
They are useful in temperature measurement and control.

It should be noted that all resistors have some temperature
coefficient, positive or negative, but these variations of resistance
may be extremely small.

Inductance. A piece of No. 20 copper wire 100 ft long will
have a d-¢ resistance of about 1 ohm. If this same length of wire
is wound up in the form of a coil, its resistance to direct current
remains the same, but its opposition to the flow of alternating
current increases. 'The higher the frequency of the alternating
current, the greater the opposition offered by the coil. This
phenomenon is due to an effect known as inductance. Inductance
is the property of a coil that tends to resist any change in the
current flowing through it. It is caused by the magnetic field
that is established around any current-carrying wire. At the
moment the current starts flowing, the field is established in the
form of invisible concentric lines of force extending outward from
the wire. As the current increases, these lines of force move out
from the wire and generate a voltage in any wires lying in their
path. In a coil, adjacent turns lie directly in the path of these
lines of force. The polarity of the voltage induced in these
turns is such that it tends to oppose the original current change.
Once the current is established at some constant value, the
effect of inductance disappears, because the lines of force
are now stationary, and no opposing voltage, or back emf, is
generated.

Inductance in a D-C Circuit. Consider the basie circuit shown
in Fig. 2. If only resistance were involved, the current would
immediately rise to its final value as soon as SW; was set to
position A. However, the presence of inductance L changes the
situation. When the battery is connected in the circuit, the
current rises slowly because of the inductance effect. This is
illustrated by the curves representing resistance voltage V&, coil
voltage V., and circuit current I with respect to the time when
SW,is first connected to points 4 and B. When SW is switched
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to position B, the current that has been flowing in the circuit
will not drop to zero immediately, but will decrease as shown in
the curves (J).

It will be noticed that the voltage across the coil is maximum
at times when the value of the current is changing most rapidly.
This is stated mathematically by the equation

di
e =1L Ei
where ¢ is the instantaneous voltage in volts, L the inductance of
the coil in henrys, and di/dt represents the rate at which the
current is changing at the instant the voltage is measured.

A ® W\

Ep
) oo

cv"

i

F1g. 2. Transient effects in a circuit containing resistance and inductance.
When SW, is moved to position A, the battery voltage is impressed across
the coil and its resistance. When SW is moved to position B, the battery is
disconnected and the inductance is shorted.

When the steady flow of current through a coil is suddenly
interrupted by opening a switch in series with the coil, the
inductance tends to maintain this current flow. So rapidly is
the current changing when the circuit is interrupted that the coil
voltage is very large—large enough, in fact, to cause electrons to
actually jump between the opening contacts of the switch in the
form of a spark as the circuit is broken. This voltage may be
many times the voltage that was originally applied to the circuit.
The high voltage that is generated when a switch is opened in a
circuit containing considerable inductance is known as the induc-
tive kick. In designing such circuits, care must be taken to see
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that switch contacts and coil insulation are sufficient to with-
stand these high surges of voltage.

Inductance in an A-C Circuit. When an inductance is placed
in a circuit containing an a-c voltage source, the effect of the
inductance is, again, to oppose changes in current flow. Butl|in
this case the current is constantly changing, and so is the

Phase angle = 0° where
circuit has resistance only

Phase angle = 90° where

/ ¥Es \(I circuit has inductance only
L Ay =7
\ /
\ /
\ /
\’/
7 \ Phase angle lies between
/7 ‘el 0°and 90° where circuit
L \— has resistance and inductance
\
Es\N /
3 \\ /,

1 ] 1 | !
o° 90° 180° 270° 360° 90°
Fic. 3. In an a-c circuit containing only inductance, the voltage maximum
occurs 90 deg before the current maximum.

opposition to the current flow. The result is that the maximum
values of current and voltage do not occur at the same instant,
but in fact the maximum value of the current is delayed behind
the maximum of voltage. In a circuit containing inductance
only—no resistance—this time delay amounts to one-quarter
cycle of the alternating current, or 90 deg. If resistance as well
as inductance is in the circuit (Fig. 3), the time lag, or phase,
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between current and voltage is less than 90 deg. The angle
may be determined by the vector diagram shown in Fig. 44.

The effect of inductance upon the flow of current is called
inductive reactance and may be calculated from

X; = 2fL

where X, is the reactance in ohms, f is the frequency in cycles
per second, and L is the inductance in henrys.

The effect of a combination of resistance and inductance is
called an ¢mpedance (Z) and is calculated as shown in Fig. 44.
It will be noted that the combined effect is always less than the
direct sum of the resistive and the reactive effects. Thus if a

Vr

(A) (8)

Fig. 4. Inductive reactance (X1) and resistance (R) are combined vee-
torially to produce the combined effect, impedance (Z).

1-ohm resistor and a 1-ohm reactance are placed in a circuit, the
combined effect is 1.41 ohrs,

In using Ohm’s law in a-c¢ circuits containing both resistance
and reactance, the impedance must be employed to find the
current if the voltage is known. Thus,

E
I'=3z
where
7= VET X

Capacitance. Another element of a-c circuits is capacitance.
It is possessed by a condenser, or capacitor, made up of two or
more conductors separated from each other by an insulator.
Two sheets of aluminum separated by a sheet of glass, for exam-
ple, constitute a condenser. If such a device is connected to a
battery, one of the plates to the positive terminal and the other
to the negative battery terminal, any free electrons existing on
the condenser plate connected to the positive battery terminal
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will move through the connecting circuit toward the battery,

attracted by the positive charge there.
electrons constitutes an electric current.

This movement of
Note, however, that

no electrons actually move through the glass plate of the con-

/__
Y| N
N

4

Fia. 5. Transient effects in a cir-
cuit containing resistance and ca-
pacitance. When SW; is moved to
position A, the condenser begins
charging from battery. When SW,
is moved to position B, condenser
begins discharging through the re-
sistance.

denser. In a circuit in which
such a condenser exists, it is
not necessary for electrons to
move through the barrier im-
posed by the dielectric of the
condenser to make it possible
for current to flow in the ex-
ternal circuit.

Since electrons have now left
one plate of the condenser,
there is an unbalance or poten-
tial across the condenser, one
plate having more electrons
than the other. This unbal-
ance in electrons constitutes a
voltage, and it can be meas-
ured with appropriate appara-
tus. The more electrons that
leave one of the plates, or the
more that arrive at the other
plate (from the battery), the
greater will be the measurable
voltage across the condenser.

Capacitance in a D-C Cir-
cuit. InFig.5, when theswitch
is moved to position 4, elec-
trons move through the con-
necting circuit, the condenser
begins to charge, and a voltage
begins to appear across the
condenser. As more electrons
move through the circuit and
more voltage appears acrossthe

condenser the circuit current decreases, indicating that the

voltage across the condenser opposes the flow of current.

It is,

in fact, of opposite polarity to that of the battery and acts like
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another battery in series with the original battery but so con-
nected that it opposes the effect of the original battery.

The condenser voltage continues to rise until the voltage across
it is equal to the battery voltage, and at this point current ceases
to flow—the two voltages are exactly equal and opposite in
effect. Itisnow fully charged. If the battery were removed and
if there were no possible paths for the electrons to move through,
the voltage across the condenser would exist forever.

The fundamental property of a condenser is its capacitance,
and this property resists any change in voltage across its ter-
minals. It acts like a storage device in that the number of
electrons on its two sets of plates may be radically different so
that potential energy is thereby stored in the device.

Time is required to change the voltage across a condenser and
the length of time required to change the voltage and the amount
of energy that can be stored in the condenser depends upon the
capacitance.

The way in which a condenser reacts to the application of an
external voltage is shown in the curves of Fig. 5. When the
circuit is first completed by closing SW to point A, the voltage
across the condenser, V., rises slowly toward the value of the
charging source E;. The initial flow of current in the circuit
may be very large; only the series resistance impedes the move-
ment of electrons. But the current decreases as more and more
voltage appears across the condenser.

Now if SW, is changed to position B, there will again be an
initial rush of electrons from the plate which has too many
through the circuit to the plate which has too few, and a heavy
current flows. As the condenser discharges, the current through
the circuit decreases and ultimately stops altogether.

Capacitive Reactance. A condenser, like an inductance,
impedes the flow of current in an a-c circuit. This impeding
effect is due to its reactance, the value of which may be obtained
from

1

Xe = 500

where X, is the reactance in ohms, f is the frequency in cycles
per second, and C is the capacitance in farads.
In an inductive circuit the effect of the inductance (inductive
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reactance) is directly proportional to the inductance and the
frequency. In a capacitive circuit the effect (capacitive react-
ance) is inversely proportional to the capacitance and the fre-
quency. Thus,
E
== =2
I X TfCE

Because a condenser resists any change in voltage across its

terminals, there is a time lag between the maximum values of

__«_0_@____

_
Es
V-
()
)
Es
x_/
. Es P
\ / Current leads voltage
\ /4“1 by 90° where circuit
\ / has capacitance only
\ /
P SN
/ A\
W\ Es »  Current leads voltage
X ye by some angle between
B / 0° and 90° where circuit
N\ has both resistance
and capacitance

! ] 1 i
o° 90° 180° 270° 360°

F1e. 6. In a circuit containing capacitance and resistance, voltage maxi-
mums lag current maximums by some phase angle between 0 and 90 deg.

voltage and current. In an a-c circuit containing capacitance
only, the maximum value of voltage lags behind the maximum
value of the current by one-quarter cycle or 90 deg. If the
circuit contains resistance as well as capacitance, as shown in
Fig. 6, the time lag or phase between the maximum values of
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voltage and current will be less than 90 deg and the actual value
can be obtained from the vector diagram in Fig. 7.

Inductance and Capacitance Compared. Both inductance
and capacitance impede the flow of current. Both slow up the
attainment of final values of current or voltage. But their
effects upon electric circuits are opposite in many ways.

The reactance of an inductor increases with frequency; that
of a capacitor decreases with frequency. The current through
an inductor cannot be changed instantaneously; the voltage across
a capacitor cannot be changed instantly. In a circuit containing
inductance and resistance in series, the voltage across the induct-
ance at the moment the battery is connected to it is a maximum,

Fra. 7. Capacitive reactance and resistance are combined vectorially to
obtain impedance. In this case, however, the reactance is drawn down-
ward instead of upward as in the case of the inductive reactance example of
Fig. 4.

the current a minimum; in a capacitive circuit the current at the
first instant is maximum and voltage across the capacitor is a
minimum,

In an a-c circuit the current maximum lags behind the voltage
maximum (in time) if the circuit is inductive; if it is capacitive
the current maximum is ahead of the voltage maximum.

Resonance. Since the effects of inductance and capacitance
are opposite in nature in many ways, very interesting results
may be obtained by combining them in an a-c circuit. Figure 8
shows a simple circuit containing L, C, and R and a source of
a-c voltage. The values of reactance are correct for only one
frequency, and the phase relationships and voltages are also good
for this frequency only. Note that the capacitive reactance
nullifies part of the effect of the inductive reactance. The
latter is larger, however, and the circuit is still inductively
reactive so that the current lags behind the voltage.

At some frequency the effects of an inductance and a condenser
in a circuit will be equal but of opposite nature so that their
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reactances cancel out. This is known as the resonant frequency
Xe= 40 ohms which is determined as follows:
1L

LAY X L= X [
¥
Es= £ L XL=70 or
wlis S ohms 1
RMS 1 R 2”"er = m
—AAAA ’

R=40 ohms or

fr= 1

T o \/R'

where f, is the resonant fre-
quency in cyecles per second, L is
in henrys, and C is in farads.
The actual reactance in such a
circuit at any particular fre-
quency is the difference between
the inductive and the capacitive
reactances. This is obtained
arithmetically, subtracting one
from the other. To obtain the
impedance in such a circuit the
net reactance is first obtained,
and this reactance is combined
with the resistance vectorially.
Thus in a circuit containing
L, C,and R:

A

Xc =40 ohms

XL-xc =30 ohms

O° 90° 180° 270° 360° Inductive reactance:

FI(?. 8. In cn'c'mts contalm‘ng X, = 2nfL
resistance, capacitance, and in-

ductance, the reactances counter- Capacitive reactance:
balance each other’s effect or may 1

cancel completely each other’s X =
effect. 2mfC

Net reactance:
X — Xe
Impedance:

VR + (X1 — X¢)?

Series Resonance. Since the current in a series circuit con-
taining B, L, and C varies with frequency, and since at some
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frequency the inductive and capacitive reactances are equal, so
that each cancels the effect of the other, at this frequency the
current under the impetus of a given a-c voltage is a maximum.
At all other frequencies the current is less than this resonant
value. Since at resonance the current is a maximum and is
greater than if either L or C were omitted, the other remaining
in the circuit, the voltage across any of the components is highest
at resonance.

As a matter of fact the voltage across either reactance at
resonance may be considerably higher than the voltage applied

f

Fie. 9. Current to a parallel resonant circuit is less at the resonant fre-
quency than at other frequencies.

to the complete circuit. This increase in voltage is a function
of the ratio of the reactance to the resistance, X/R, and if the
resistance of the circuit is low, the reactive voltages may become
as much as 100 times more than the total applied voltage.
This ratio is known as the @ of the circuit.

If the frequency of the applied voltage is lower than the reso-
nant frequency of the circuit, the capacitive reactance will be
greater than the inductive reactance, and the circuit will act
like a capacitive circuit. If the frequency is above resonance,
the circuit will be, in effect, an inductive circuit since the induct-
ance will have a greater effect upon the current than does the
condenser. At resonance the only thing that limits the flow of
current is the circuit resistance.

Parallel Resonant Circuit. Conditions in a circuit in which
the condenser and the inductance are shunted across each other
and in series with the applied voltage (Fig. 9) are somewhat
different than in a series circuit. Now as the resonant frequency
is approached from either direction, the effective impedance of
the parallel circuit increases so that the current taken from the
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applied voltage source decreases and becomes a minimum at
resonance. If, however, an ammeter is inserted in either the
capacitive or the inductive branch of the circuit, it will be found
that current higher than that taken from the source is flowing.
This current may be many times higher than the source current;
in fact the ratio of the two currents is a function of the reactance
divided by the resistance of the branch of the circuit in which
the ammeter is placed. This ratio, @, may be equal to 100 or
more, and so if the source supplies 1 amp to the parallel-tuned
circuit, there may be 100 amp flowing through the coil and con-
denser; and the lower the resistance the greater will be the
current.

Resonant circuits are ‘‘frequency selective’; that is, the effects
they produce depend upon frequency. If the resistance is low,
the effect as a function of frequency is very marked so that only a
slight ‘‘mistuning” of the circuit away from resonance may
produce a wide current variation in a series circuit or a wide
voltage variation across a parallel circuit. '

Resonant circuits are employed because of their frequency
sensitivity, and many industrial applications of such circuits are
to be found.

RC Circuits. Combinations of resistance and capacitance are
found in nearly all industrial electronic circuits. They are of
extreme utility and it is quite important to know how such
circuits work. Let us study in more detail the action of the
circuit shown in Fig. 5.

When the switch SW; is thrown to position A, electrons will
move from the upper plate of the condenser to the positive
terminal of the battery. Current will low. At the instant the
switch is closed there is no voltage on the condenser and, there-
fore, the entire battery voltage will appear across B. The current
that will flow at this instant is £/E. The current is high, the
voltage across R is high, and the voltage across C is zero.

As electrons continue to be attracted toward the positive
terminal of the battery, the condenser assumes a charge; that is,
a voltage appears across it. This voltage opposes the battery
voltage and reduces the flow of current. The voltage across B
must be the battery voltage minus the condenser voltage and
must be equal at each instant to JR. As the charge on the con-
denser increases, less and less current flows because more and
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more opposing voltage is built up across the condenser. The
current flow, therefore, decreases and finally stops. At this
point there will be no voltage across R (no current flowing
through it) and the full battery voltage appears across C. If
the circuit is now broken, a voltmeter placed across C will
indicate a voltage equal to that of the battery.

Condenser Discharge. Continuing with the detailed analysis,
if SW, is switched to position B, the condenser will act like any
source of voltage—it will push electrons around the circuit.
They will attempt to leave the plate which is oversupplied and
go through the circuit to the plate which has too few. This
represents a flow of current and this current must flow through
the resistance and produce a voltage drop there. At every
instant this current flow must equal E/R where E is the con-
denser voltage at this instant. As the electrons flow through the
circuit, they equalize the disparity of charge on the two plates.
As this equalization proceeds, less and less voltage appears on
the condenser and less and less current will flow. Finally there
will be just as many electrons on one plate as on the other and
the condenser will have no voltage. It will be discharged. The
current in this discharge circuit will be in a direction opposite
to that flowing on charge as shown by the time-constant curves.

Time Constant. The time required for a condenser to charge
or discharge is proportional to the product of K and C. If the
voltage is high, the finally charged condenser will have a high
voltage and more energy will be stored in it, but it will take just
as long to charge it to 100 volts from a 100-volt supply as to
1,000 volts from a 1,000-volt supply if ¢ and R are the same in
the two cases.

The product of R and C is an important factor in circuits
consisting of B and C. This product is known as the ttme con-
stant of the circuit and represents the actual time required to
charge a condenser to 63 per cent of the value of the applied
charging voltage or to discharge the condenser to 37 per cent of
its charged value. The rate of charge or discharge is exponential,
starting out high and becoming less and less, but not linearly.
Any small portion of the curve representing charge or discharge
is almost linear, however, and may be usefully employed in many
cases where a linear change in voltage is required. Since the
rate of change is exponential, the final value is theoretically
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reached only in an infinitely long time. For practical purposes
the final value may be assumed to have been attained in 5RC
100 seconds, where C is in farads

I o

9 and E is in ohms.
geo\ /1 ™ Qj Time-constant Chart.
; 70 \ /A N\ Problemsin EC circuits may be
% 60 0™\ /| solved easily with a universal
2 50 time-constant chart, as shown
= 40 A\ A\ in Fig. 10 where curve A rep-
= 30 B / \ | resents the rate of charge and
€00 / \ C)/ A curve B the rate of discharge.
N N A Suppose, for example, a re-
& | sistor of 20,000 ohms is to be

0 [ 5 used with a condenser that is

2 3 a
Time in RC or L/R .
Fra. 10. Universal time-constant to charge to onefifth of its

chart. A shows capacitor charging final value in 100 micro-
current, and B shows condenser dis- seconds. How large must
charge current. € shows current the condenser be?

build-up in indl%ctanf:e, an(.i D .showivs Using curve A4 it is found
decay of current in an inductive circuit. that one-fifth or 20 per cent of
the final value is attained in approximately 0.2RC seconds.
Since 0.2RC represents 100 microseconds, RC will represent 500
microseconds. Thus,

RC = 500 X 10—% second
Rk = 20,000 ohms
_ 500 X 10—% s
= 0.025 microfarad

Time Relations in RC Circuits. The statement will be found
in many descriptions of RC circuits that the charge in a condenser
cannot be changed instantly. This is correct so long as there is
resistance in the circuit, and there is always some resistance.
The voltage across the condenser, therefore, tends to remain
fixed for a time determined by the value of K and C. When a
voltage is suddenly impressed across an RC circuit, the voltage
already across C tends to remain constant and the whole of the
new voltage appears across the resistor. As the condenser
charges, however, the voltage across C must change in accord-
ance with the flow of current.
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Consider the series circuit RC in Fig. 114. The switch
has been connected to the 50-volt battery long enough for the
condenser to be fully charged to 50 volts. Current flow has
ceased, and no voltage appears across R. If the switch is moved
to the 150-volt battery, the voltage applied to the series RC

Switch : 150V
o o ooV
by

c ‘
@ ¢
50V
= =50V ov
——_Is0v d 100V
- R (%) ¥ 50v
ov
-50V
(A)
SRC-+1 je—— 5RC ——
BOVE | Leq—m———— — wove |- 4-—
LA A !
100Vl i/ | 100V |- <
a)o ' l l 7 _N_‘
50V 50V I :
BN | !
OVt ovi——I 1
Time-» Time-> L 5RC '
I [}
i |
! |
|
]

_———

]
i
Lo
100V - [ 5RC> ooV
| i
50V~ ' \ ! : 50V
@ 1 | @
> ov 7—— -
-50vi -50vL
&) (»)

Fia. 11. Effect of increasing the battery voltage in an RC circuit from 50 te
150 volts after the condenser has been fully charged to the lower voltage.

circuit suddenly rises to 150 volts. Since the charge in the con-
denser cannot change instantaneously, the 100-volt change in
voltage must appear across R. This voltage drop occurs as a
result of the rush of charging current that flows when the higher
voltage is impressed across the circuit.

If the switch is held in the 150-volt position for a length of time
equal to 5RC, the condenser will be charged to that voltage for all
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practical purposes. If, however, the switch is returned to the
50-volt position before such a time interval has elapsed, the
condenser will not have sufficient time to charge fully.

For example, let us assume that the switch is returned to the
50-volt position at a time such that the condenser has charged
approximately 0.6 of the change in voltage, or 60 volts. At the
instant of switching, 60 volts will appear across the resistor to
make up for the difference in applied voltage (now 50 volts) and
the voltage across the condenser (110 volts) which cannot change
instantaneously. Now the condenser is the main source of
voltage, being higher in voltage than the battery. The current
is thus referred to as discharge current, and it flows in a direction
opposite to that in which the charging current originally flowed.
The voltage drop across the condenser gradually approaches the
50-volt value, current flow gradually diminishes (as does the
voltage drop across R) and finally ceases, again, in a time approxi-
mately equal to 5RC. Thus studying the voltages appearing
across the two elements separately, curves like those shown in
Fig. 11 can be drawn. If the voltage is held constant but the
value of R or C decreased, the curves would be changed as shown
in Fig. 11C. Here the charge and discharge curves are stecper.
If R or C is increased in value, the curves will differ as shown in
Fig. 11D. Here the charge and discharge curves are more
gradual, and less voltage change actually occurs across the
condenser.

Waveforms in RC Circuvits. Frequently it is desirable to
employ pulses of current or voltage. For instance, when an
operation is to be triggered, or set off, at a particular time, it is
convenient to initiate that operation electronically by a sharp
pulse rather than by a slow-rising voltage, such as half a sine
wave.

Pulses may conveniently be formed by the use of RC networks.
A sharp pulse of voltage may be formed by the simple circuit
shown in Fig. 124. The time constant of the RC combination
is made very short so the condenser charges very rapidly. When
a voltage is applied to the input, the initial surge of current is
very large, but it dies down rapidly as the condenser charges.
The voltage across the resistor has the form of a sharp pulse.

This short-time-constant type of circuit, with the voltage taken
across the resistor, is called a differentiating circuit. The voltage



BASIC CIRCUIT ELEMENTS 19

that appears across the resistor is actually the time derivative
of the input voltage. In other words, the output voltage across
the resistor is proportional to the rate of change of current in the
circuit. If the time constant is long and the output voltage is
taken from across the condenser (Fig. 12C), the waveform will
represent the integral of the input voltage. This type of circuit
effectively inlegrales any voltage applied to its input. If a
series of sharp pulses is applied to the ecircuit, the output

C R
— ~
Input R Output Input L Output
[eg —_—0 o Sa— Py
(8) (B)

Differentiating circuits

Input C/[\ Output Input R Output

. —0 o— —0
© (0¥

Integrating circuits
Fic. 12. Differentiating (A and B) and integrating (C and D) circuits.
Integrating circuits are characterized by long time constants, while differ-
entiating circuits have short time constants compared with the period of the
applied wave.

across the condenser will be proportional to the time integral
of the signal. In effect, the circuit distributes the pulses of
voltage evenly, filling in the valleys and cutting off the peaks,
and the output represents a time average of the input signal.
Inductances may be used in integrating and differentiating
circuits, with suitable circuit modifications, as indicated in Fig.
12B and 12D. The usual application of differentiating circuits
is to convert a voltage waveform, such as a square wave, into a
series of sharp pulses—one pulse for every cycle of the square
wave. In practice, some auxiliary circuits must be used in
conjunction with the differentiating circuit to achieve this end.
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Thus a wide variety of modifications of voltage and current
waveforms can be achieved by proper combinations of condensers,
inductances, and resistors. Most electronic circuits depend on
these tricks in one form or another. Television depends to a
very great extent on circuits of this type for the synchronization
and timing of the scanning of an electron beam in a receiver
with the beam in the camera equipment at the transmitter.
Radar depends almost entirely on the creation and proper timing
of pulses of r-f power, which have as their beginning a source of
voltage of some convenient waveform that is converted into
pulses by appropriate circuitry. Other applications of R, L, and
C circuits will become evident in subsequent chapters on specific
applications.

Inductor Applications. Where alternating current is to be
limited to a certain value, a low-resistance inductor may be
employed. In this manner there is little power lost in the
inductor resistance (and hence little temperature rise) while the
current is “impeded” or limited by the inductive reactance of
the coil.

A transformer is a two-winding inductor, which has very useful
properties. In conformity with the natural property of induct-
ance, when the current through one winding is increasing, an
increase in voltage occurs across the other. When the current
through the ‘“primary” is constant, zero voltage appears across
the “secondary.” Therefore, if direct current flows through the
primary, there will be no direct voltage across the secondary, and
no direct current will flow through any apparatus connected to
the secondary. '

The transformer, therefore, can be employed to separate alter-
nating and direct currents. That is, if a circuit contains both
alternating and direct currents and if alternating current only
is desired in another circuit, a transformer may be used to con-
nect these two circuits together. Direct current will not flow
from primary to secondary, and the second circuit is isolated
from direct current in this manner.

If a sine wave of current flows through the primary, a sine
wave of voltage appears across the secondary, but these voltages
and currents are not in phase because of the inductive effect,
resistance losses in the windings, and other causes. The trans-
former, therefore, may be employed as a phase-shifting device.
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Since the same current change will produce a higher induced
voltage through a coil of many turns than through a coil of
few turns, the transformer may be (and usually is) employed
to raise or lower voltages and currents without essential change
in waveform. If the secondary has a higher number of turns
than the primary, the voltage across the secondary will be higher
than that across the primary, although the current through the
secondary will be less. The product of I and £ in each circuit
must be equal since the transformer cannot increase the power
taken from the primary source. Actually the secondary power
(I X E) is less than the primary power because of inherent
transformer losses.

Up to a certain point, increasing the current through a coil
produces corresponding increase in voltage across it; but after
this certain point is reached, the core material ‘““saturates’ and
further increase in current does not produce a corresponding
voltage increase. A saturable-core reactor, therefore, is one in
which the nonlinear relation between current and magnetization
is employed. These devices have very important applications in
electronics.

For example, let us place three windings upon a single iron
core. Two of them correspond to the conventional primary and
secondary. Through the third winding we will force a variable
direct current. Since the secondary voltage is a function of the
condition of the core material, it is evident that the secondary
voltage will be a function of the direct current flowing through
the third winding since this current has a pronounced effect upon
the core condition.

Such a transformer may act as a current amplifier; that is, a
small change in the direct current may produce a very great
change in the alternating current flowing in the secondary circuit.
This alternating current may be rectified with the result that a
small change in the magnetizing direct current will change rad-
ically the secondary-circuit direct current. The system now is
a magnetic amplifier and as such has very great importance,

Combinations of nonlinear circuit elements and magnetic
amplifiers will undoubtedly replace many electron tubes in future
industrial and communication applications. The amplifiers can
be made quite small, light in weight, and stable in character-
istics; since they have no moving parts and, unlike vacuum tubes,
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require no filament heating power, the possibilities for application
are very great.
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CHAPTER 2

FUNDAMENTALS OF TUBES

Electron-tube technology differs from that with which the aver-
age electrical engineer is familiar in that it is essentially low-
power, low-current technology. Electron-tube circuits, in gen-
eral, involve currents of the order of thousandths of amperes up
to amperes and powers of the order of milliwatts to watts. Only
in high-power radio transmitters and in electronic heating and
welding does the power controlled by tubes approach the order
of kilowatts. The industrial electronics expert must deal with
circuits of low or high power, at low or high efficiency, with all
manner of waveforms and with circuits of extreme simplicity or
great complexity. In general, however, the man coming to
apply tube apparatus for the first time must get used to working
with small currents and low powers.

Today there are hundreds of different types of tubes. In
general, however, they all have at least three things in common.
Every tube must have a source of electrons, an element which is
usually called the cathode of the tube. Secondly, there must be
an anode or plate which is capable of attracting the electrons
emitted by the cathode. The third requirement is the actual
envelope (glass or metal) of the tube itself. The flow of electrons
must be protected from the earth’s atmosphere or these electrons
would collide with the particles of the atmosphere and most of
them would fail to reach the anode of the tube.

Since electrons are negatively charged particles, and it is
desired to cause them to flow from the cathode to the anode, the
anode of the tube must be made positive with respect to the
cathode. The electrons, attracted by the positive charge, thus
are drawn toward the anode. When these electrons reach the
anode, they give up their charge, with the result that a definite
electrical current flows between the cathode and the positive

24
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anode. The magnitude of this current is a measure of the num-
ber of electrons that arrive at the anode per second.

In the amplifier tube used in radio receivers the currents
carried by the electron stream may be of the order of milli-
amperes; in tubes used to level elevators the current may not be
much over 0.1 amp; in the largest amplifiers used in transmitting
stations (speech and music) the maximum current per tube may
be only 6 amp.

Small as these currents may seem to a power engineer, it
must be remembered that they involve the mass motion of many
billions of electrons, all under perfect control and all speeding on
their task of converting energy of one form into another, silently,
efficiently, with no moving parts, and with a tube life that in
carefully operated apparatus may run as long as several thou-
sands of hours. These small currents at 10,000 volts or more
may represent considerable power.

Tube Classifications. Electron tubes may be classified in
many ways. First of all, they may be grouped, generally, into
(1) tubes whose cathodes give off electrons when heated or (2)
tubes whose cathodes give off electrons when drradiated or
dlluminated with light. In the first case, the number of electrons
that may leave the cathode is determined by the emitting area
of the cathode and the temperature to which it is heated. This
type of tube is known as a thermionic tube. In the second case,
the area of the cathode and the amount of illumination deter-
mine the number of electrons the cathode can emit. The tube
is said to be photosensitive.

In each case, the electrons contained in the cathode are in a
constant state of motion—thus they have kinetic energy. When
the cathode is heated or when light falls upon it, this electron
motion is increased in the same way molecular motion is increased
when water is heated. The increase in kinetic energy supplied
to the electrons is just sufficient to allow them to break away
from the cathode, in somewhat the way that water molecules
break away from the surface of water when it boils.

Vacuum and Gas Tubes. Both types of electron tubes, therm-
ionic and photosensitive, may be further subdivided according
to the nature of the medium that surrounds the elements inside
the tube. In one type, most of the air is evacuated from the tube
envelope so that the tube elements are effectively in a vacuum—
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thus the term vacuum tube. In the other type, the air is evacu-
ated from the tube, but a small amount of some inert gas is then
admitted for special purposes. The pressure of the gas in such a
tube is still but a fraction of the atmospheric pressure, but these
tubes are called gas tubes, instead of vacuum tubes. Thus there
are vacuum and gaseous, thermionic and photosensitive tubes.

The reasons for introducing gas into the tube envelope will be
explained later. The type and quantity of gas admitted is
extremely important to the proper operation of the tube, and a
great deal of care must be taken to see that no unwanted gas is
admitted to either type of tube.

The thermionic tubes in radio receivers are nearly always high
vacuum tubes. The pressure in a high-vacuum tube is of the
order of 10-% atm.' In tubes where inert gases are purposely
admitted, the pressure runs from 10~ to 10—32 atm.

A small quantity of water vapor will ruin a tube. Other gases,
may, in time, be released from the metallic elements within the
tube structure. Often the elements may run at red heat mak-
ing it easy for gas molecules to escape and spoil the emission
characteristic.

Tube Characteristics. The two greatest advantages of the
electron tube in industrial applications are (1) they require
almost no energy from the actuating phenomenon and (2) their
action is practically instantaneous. The phototube extracts
practically no energy from the light beam which makes it per-
form its duty. Similarly, the thermionic tube may require so
little energy to actuate it that the actuating force is unaware of
the tube’s presence.

Considerable jargon has grown up among tube people. They
call tubes by various names and various systems of names. A
tube with two elements, a cathode and an anode, is called a
diode, but since its fundamental application is that of a rectifier,
it is also called a rectifier. A tube, therefore, may have a name
which is related to its application or to its structure. But

! There are several methods of rating vacuums. One standard atmosphere
is a pressure of 760 mm of mercury; a micron is a pressure of 0.001 mm of
mercury; a bar is one dyne per square centimeter. One bar is the equivalent
of 0.00075 mm of mercury or 0.0133 X 107¢ atm. One micron equals
1.333 bars. A high-vacuum tube is one in which the pressure has been

reduced to about one bar. Even at this pressure there are about 2.56 X 1013
molecules of gas per cubic centimeter.
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whatever the tube and whatever its name, it works because man
has found ways of releasing electrons from a metal surface,
because these electrons are electrically charged, and because
charged bodies may be attracted or repelled by other charged
bodies. It is in the electron tube that man has developed his
most direct way of utilizing electrons.

THERMIONIC TUBES

Consider a tungsten wire and a metal plate spaced a few milli-
meters apart and both enclosed in an evacuated glass bulb with
wire connections to the two elements brought out through the
stem of the glass bulb. If the tungsten wire is heated to a certain
temperature by passing an electric current through it, it will
emit or ‘“boil off”’ electrons.

The required temperature depends upon the nature of the
cathode surface. At about 2400°K, a pure tungsten cathode
will emit about 0.12 amp per sq cm of surface. If the tungsten
wire is coated with certain oxides of the rare earths (strontium,
barium, cesium, etc.) the temperature at which electrons escape
is much lower.

The relation between electron emission and temperature! is
complicated, but small increases in temperature will cause large
increases in emission. A cathode operating at a dull-red heat
will have its emission doubled if the temperature is increased
by only 100°, and a 1 per cent change in the current through a
filamentary cathode may cause a 20 per cent change in emission
of electrons.

Electron Speed. After leaving the cathode, electrons are
attracted toward the anode with high velocities. The actual
velocity depends upon the voltage existing between anode and
cathode. In a high-vacuum tube with 100 volts between the two
electrodes, electrons will hit the plate with a speed of about
3,700 miles per second. The velocity for different voltages can
be computed from

v =595 X 10" /TV

where v is the velocity in centimeters per second and V is the
voltage across the tube.
1 O. W. Richardson, “Emission of Electrons from Hot Bodies,” Longmans,

Green & Co., Inc.,, New York, 1921. On electron emission see also Saul
Dushman, Electrical Engineering, July, 1934, p. 1054.
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The Two-element Tube. Figure 1 shows the schematic dia-
gram of a two-element tube connected across a source of a-c
voltage E. Actually, this tube has three elements, but it is called
a diode, since the only function of the filament is to heat
the electron-emitting cathode to a temperature at which it will
give off electrons. The heater element consists of a piece of thin
resistance wire through which heater current is passed. It
heats the cathode by radiation. The two elements which per-
form useful work are the cathode and the anode.

Electron movement
—
Anode E

Cathode /X > f o /\\
€y . - \/
Filament ——L
(000000000 I LN\
Time ~—»
115-V, A-C I

F1c. 1. Simple diode tube, consisting of a cathode and an anode acting as a
rectifier, passes current only while the anode is positive with respect to the
cathode.

+

Electrons will move to the anode only when it is positive with
respect to the cathode. The a-c voltage source alternately makes
the plate positive and negative with respect to the cathode.
Thus current will flow only during the half cycles when the
proper polarity exists. This is illustrated by the curves shown
in Fig. 1. Current flows only half the time, and it flows in
only one direction, that is from cathode to anode.

If the tube were not in the circuit, the current resulting
from the application of the a-c voltage E across the resistance R
would be constantly reversing in accordance with the alterna-
tions of the voltage. The tube converts or changes this alter-
nating current into a direct (unidirectional) current, by stopping
current flow in one direction. This conversion of alternating
current to direct current is known as rectification. It is the
most useful function of the two-element tube. The spurts of
plate current may be applied directly to charging a battery or
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any other purpose where such a pulsating unidirectional current
is needed. Or, these pulses may first be applied to a filter which
smooths out the eurrent flow, limiting it during the times it does
flow, and maintaining it during the time when the tube conducts
no current. By proper filtering, as will be explained in Chap. 4,
the current may be smoothed out to any degree, until the a-c
voltage across the load (in this case, R) has been converted into
a d-c source with an output like that of a battery.

Tube Resistance. When electrons flow between the elements
of a tube, they encounter a certain amount of electrical resistance.
As the electrons flow through this resistance, an amount of power
is lost or wasted in the tube in the form of heat. This heat
represents power loss and may be calculated by multiplying the
anode-to-cathode voltage by the current flowing through the
tube. The d-c resistance of the tube may be calculated by
dividing the anode-to-cathode voltage by the current flowing
through the tube. This resistance is analogous to the internal
resistance of a battery or of a power generator. In a power
generator the internal resistance must be exceedingly low or the
thousands of amperes flowing through it would cause prohibitive
heat loss. Unfortunately a high vacuum tube has considerable
resistance, several thousand ohms, and thus it is not a very effi-
cient device.

The voltage drop across a vacuum tube (e;) is more or less
proportional to the current. But in a gas tube, this is not exactly
true. Here the voltage drop is practically independent of the
current flowing and is very much smaller than in a vacuum tube.
For this reason gas tubes are much more efficient as rectifiers
because they can handle and control greater power with less loss.

Space Charge. Since one electron will tend to repel another
in its vicinity because of their similar charges, electrons already
on their way from cathode to anode make it even more difficult
for oncoming electrons to get to the anode. The preceding
electrons act like a negatively charged object in the path of the
oncoming electrons. This condition in the tube is called the
space charge. The current to the plate, therefore, is limited by
the space charge.

There are other limitations to the number of electrons that
will flow to the anode. The number released from the heated
cathode depends upon the temperature of the cathode and the
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material from which it is made. If the temperature of a cathode
is held constant, thus limiting the number of electrons available,
and if the anode voltage is gradually increased from some low
value, the number that flows to the anode will increase pro-
portionally until the point where essentially all the electrons
being emitted by the cathode are being pulled to the plate. The

' space charge is no longer the factor which determines the current
that flows in the tube. When this condition exists, the tube is
Cathode said to be emisston limited, and
temp. higher only an increase in cathode tem-
perature will effect an appreciable

i Ip increase in electron flow. Thisis
illustrated by the curves in Fig. 2.
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= } : vious paragraph, it was the space
By 1B charge within the tube that pre-

Volfoge. acr 0ss fube vented emission-limited current
Fie. 2. If with a given cathode  from flowing as soon as the anode
temperature the anode voltage is became e slightl siti ith
raised, the electron current in- me even Shghtly posiuve wi
creases up to a point where all Tespect to t}}e cathode. Thespace
the electrons are being taken by charge, or its effect, can be miti-
the anode. Now if the cathode gated by introducing certain
tempera.ture is ra,i§ed, more elec- types of gas into the tube, by an
trons will be available and the . .
. .. increase in anode voltage, or by
anode current will again increase. | . .
interposing another element in the
space between cathode and anode. If certain gases are admitted
to the tube at the proper pressure, the tube acts very much like
a switch—it either conducts current or it does not. If thevoltage
across the tube is above a certain critical value, current flows. If
the voltage is less than this value, no current flows.

If the space charge is controlled by raising the anode voltage,
thus dragging more electrons through the space near the cathode,
more current will flow. However, there are limitations to the
extent to which control can be effected in this manner.

The Triode. The interposition of a third element between
cathode and anode modifies the behavior of the tube tremen-
dously and increases the control over the anode current to a very
great extent.

It is the introduction of this third element, the grid, that makes
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it possible not only to rectify—virtually the only useful function
of a diode—but to amplify both direct and alternating currents
and voltages, to generate all sorts of electrical wave forms of
power, and to perform the many important jobs upon which the
entire electronics industry is now built.
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Grid Control. Let us start with a triode, then, and see how
the tube acts in response to voltages placed upon its three ele-
ments. The triode has the usual source (the cathode) and
collector of electrons (the anode, or plate) and a control electrode
called the grid. The grid is located somewhere between the
cathode and the plate and has an open mesh so that electrons
can shoot through it on their way toward the plate. The cathode
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is operated at a constant temperature so that the number of
electrons available per second is constant.

If the grid is positive with respect to the cathode, electrons
will be attracted toward the grid, and some may be caught by
the grid. But in general very few will actually hit the grid, so
wide open is the grid mesh compared to the dimensions of the
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Fia. 4. Curves showing the relation between plate voltage and plate cur-
rent (Ep-I,) for several values of grid voltage on a 2A3 triode.

electron. Also the plate is at a still greater positive voltage.
The nearer the electrons come to the plate the more they are
urged onward. That is, the attraction between plate and
electrons increases as the distance between them diminishes.

If the grid is negative with respect to the cathode, electrons
may still get through to the plate, but not as easily. The grid
in this case acts as though it were increasing the space charge.
The grid may be looked at as an elegant way to adjust the anode
current by remote control. Since the grid is nearer the source of
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electrons than is the plate, the grid has greater effect upon the
flow of electrons.

Tube Curves. For a certain fixed anode-to-cathode voltage
(usually referred to as plale voltage), there is a definite plate
current for each value of grid voltage for each particular type of
tube. Figure 3 shows a set of curves from which the operation
of one tube type can be determined graphically. Such a set of
curves is known as a ‘“family,” and it shows visually how the
plate current is related to the
grid voltage. For example, let
us assume a tube operating
with a fixed plate voltage of 200
volts. If the grid voltage is
varied up and down between
—20 and —40 volts, the plate
current will change at an iden- .
tical rate between 140 and 20 -4
ma. For another plate volt- ""'M'l—“
age, but the same grid range, Fic. 5. Triode with a source of
different plate-current limits alternating voltage in series with
will be observed. steady grid bias. Alternating cur-

" Similary i the gid volage s roed i he o el
is fixed and the plate voltage is i jtage.

varied, a set of values of plate

current will result. Such data may be secured from the E,-I,
(grid voltage versus plate current) curves also. With twofamilies
of curves, E,-I, and E,-I, (plate voltage versus plate current,
Fig. 4), one has all the data he needs to design a circuit for use
with this tube.

Use of Tube Curves. In Fig. 3 note that for the greater
portion of the curves the relation between grid voltage and anode
current is essentially linear and that only at the lower end of
the curve is there much departure from linearity. Similarly
the curves in Fig. 4 showing the relation between E, and I,
are essentially linear over a large part of the characteristic curve.

In practice the plate supply voltage is fixed at some definite
value, say 250 volts, and the average grid voltage is fixed (biased)
at some definite value, say — 10 volts, both voltages being meas-
ured from the cathode, as shown in Fig. 5. Changes in the plate
current are effected by variations in the grid-to-cathode voltage.
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For example, a 60-cycle voltage from a step-down transformer
may be impressed between grid and cathode in series with the
10-volt d-c voltage already in the circuit, as shown in Fig. 5.
Now the a-c voltage alternately will add to and subtract from
the steady d-c grid voltage so that at some instants the grid is
actually more negative than 10 volts with respect to the cathode

I

/' A-C plate
current, iy

current

and at some instants it is less
than 10 voltsnegative. Natur-
ally, the plate current will vary
in accordance with these grid-
voltage variations, as shown in
Fig. 6.

Note that in all tube discus-
sions the voltages upon the
several electrodes are given
with reference to the cathode

voltage.

Grid Control of Gas Tubes.
In a vacuum tube there is
instantaneous and continuous
control of the anode current by
the grid voltage. In a gas
tube, however, the situation is
altogether different. The gas
is in the form of basic molecules
and atoms, and the spacing
between these elementary enti-
ties is very great compared to
the size of the electron. Any
electron which may be urged toward a positive electrode will have
plenty of space in which to get up high speed and, therefore, to
gather to itself considerable kinetic energy. Such a high-speed
electron may hit a gas molecule hard enough to knock an electron
out of the molecule. Now we have two electrons instead of one
and both of them rush onward toward the anode. En route they
produce other electrons by collisions with atoms and molecules,
and thus the plate current increases.

Each molecule or atom that has lost an electron is now posi-
tively charged and will attract electrons from the cathode out
to where they come under the influence of the plate. Thus the

—-15 —||o -5 0

Fi6. 6. With each variation in grid
voltage there is a variation in plate
current. Here, capital letters indi-
cate steady or d-¢ values; small
letters are the a-¢ components.

E; (actual grid voltage) = E; + ¢,
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positively charged remains of these collisions between electrons
and atoms serve to neutralize the negative space charge and in
so doing enable the other electrons to reach the plate much more
easily.

The cumulative effect of these collisions in producing new
electrons and in neutralizing the space charge results in a very
great increase in plate current.

Each positively charged atom or molecule is called an 7on,
and the process of forming ions by bombardment of gas atoms
is called Zonization. For every gas employed in a tube there
is a critical voltage at which ionization will take place. This
is the voltage which will impart to the electron sufficient kinetic
energy to knock an electron out of a gas atom. For mercury
vapor this voltage is of the order of 15 volts.

Once started, the ionization process proceeds quickly (in a
matter of microseconds) so that once the tube conducts current
(ionizes or “strikes’’) the plate current rises quickly to its ulti-
mate value. But the process is not instantaneous nor is the
reestablishment of the original complex condition inside the
tube when the plate voltage is removed and the plate current
flow stopped. A few microseconds are required for the atoms to
get back their required electrons in order to become electrically
neutral or deionized.

Suppose that a grid is placed in such a gas tube and that its
voltage with respect to the cathode is such that the velocity of
electrons does not reach a value which will cause them to ionize
the gas. No current will flow or at least so very little current
that it is not useful. Now slowly let us cause the grid to become
less negative or slightly positive. The electrons will get up more
speed, and soon the point is reached at which ionization occurs,
and the flow of plate current becomes very great. But now one
can vary the grid voltage over a wide range and the current to
the plate does not change at all. The grid has lost control of the
plate current. The only way to shut off the plate current is to
remove the plate voltage.

For every value of plate voltage there is a critical value of
grid voltage that will cause ionization. It is the combination
of the two voltages that controls the speed with which the elec-
trons strike the gas atoms and produce positive ions which
neutralize the space charge. '
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The curves which show tae characteristics of such a tube (Fig.
7) do not show the relation between plate voltage (or grid voltage)
and plate current—they show the relation between grid and plate
voltage at which the tube begins to conduct current.

Voltage-regulator  Tubes.
Since the voltage drop across a
\ 1400 gas tube is practically constant,
it may be used to regulate volt-
\ 1200 ages. Y¥or example, in Fig. 84

is a source of voltage which has
an internal resistance R (all
devices have such resistance)
and a load which requires con-
stant voltage. If the current
taken by the load increases,
' \ 200t more current will be drawn
\ ‘ through the internal resistance
‘ of the supply system and a
greater voltage drop across this
resistance will be produced.
There will be less voltage for
Fia. 7. Characteristics of a typical the load.  What is desired is a
gas triode. For each value of anode CODStant voltage.
voltage, there is a definite grid volt- In Fig. 8B a gasfilled volt-
age at which the tube will “fire.” age-regulator tube is shunted
If the grid is more n.egative than this across the load and draws a
value, no current will flow. current, along with the load
current, through the internal resistance of the supply system.
Now if the load requires more current, there will be more load
current through the internal resistance but less current will go
through the regulator tube. The voltage across resistor B will
not change, and the voltage across the load will not change.
Circuits for these tubes are discussed in more detail in Chap. 4.
Multielement Tubes. Additional electrodes placed between
control grid and anode add to the versatility of the tube. Let us
suppose that an oncoming electron gets up enough energy to
knock another electron out of the anode upon arrival. This
“secondary’ electron may tend to go back toward the cathode
and to increase the space charge. Such a situation would reduce
the effective plate current. To avoid this effect, let us place
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another grid near the plate and maintain it at a voltage somewhat
lower than the plate. Its mesh is rather wide so that it collects

T
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Fic. 8. Effect of using a voltage-regulator gas tube. The unregulated
power supply furnishes less and less voltage as the current taken increases;
if regulated, the output voltage is constant even though the required current
increases.

relatively few ‘‘primary” electrons. If this grid is somewhat
positive or even at zero poten-
tial with respect to the cathode,
the secondary electron leaving
the anode will encounter a
fence through which it must
jump before it can work back-
ward into the space charge
region. Primary electrons
coming from the cathode are
traveling so fast by the time
they reach this low-voltage grid
that they are not influenced by
its presence. Such a grid is

Input:

L
Fig. 9. Multigrid tube. The in-
put is applied between the first grid

and the cathode; the output is taken
from the plate and the cathode.

known as a suppressor grid
since it suppresses secondary
emission.

Another grid may be em-

The screen grid (g:) is maintained at
a positive potential; the suppressor
grid (gs) forces back to the anode any
secondary electrons produced.

ployed somewhat closer to the control grid with the following

effects.

Since any two pieces of metal separated by a dielectric
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represent an electrical capacitance in which energy can be stored,
there exists within the tube an electrical capacitance between the
control grid and the anode. In high-frequency circuits this
capacitance may couple energy back to the control grid from the
anode and cause trouble. If a third grid is placed near the control
grid and is maintained at a steady positive d-¢ voltage it may not
only “shield” the plate and control grid but may help urge the
electrons on their path from cathode to anode. This is a screen

Cathode Vertical Electron
deflection beam
plates
= | y

Focus and Horizonfal

accelerator deflection

grids and plates Fluorescent -

control grid screen

F1g. 10. Electrostatic deflection in a cathode-ray tube. If the vertical
deflection plates are alternately positive and negative, the electrons will
trace a vertical line on the screen; similar potential variations applied to the
horizontal plates will trace a horizontal line on the screen.

grid, so-called because of the screening effect it has between anode
and control grid.

In general these multielement tubes have much higher internal
resistances than triodes and are much more stable at high fre-
quencies. They are employed where high amplification is
desired. A basic pentode amplifier circuit is shown in Fig. 9.

A single envelope may be used to house the structures of
several tubes, and in this way space is conserved. Thus the
tube user has several double triodes or combinations of diodes
and triodes or diodes and pentodes for use where he does not
wish to expend the space for two tube envelopes.

Cathode-ray Tubes. The fact that electrons can be attracted
toward or repelled from objects by electrostatic and electro-
magnetic means makes possible the cathode-ray tube—one of the
most useful and versatile of modern instruments.

A typical cathode-ray tube configuration is shown in Fig. 10.
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Again, electrons are emitted by a cathode. These electrons are
concentrated or focused by a focusing electrode which is so
charged that it exerts just the proper amount of force to keep
the electrons confined in a narrow beam. Positioned along the
narrow neck of the tube are two or more anodes which are posi-
tively charged so that they will attract electrons. The focusing
action, however, directs the electrons through small holes in
the anode structures, so that relatively few of them actually stop
at the anodes. Instead, the electron beam speeds on toward the
flat glass end of the tube, which is coated with certain materials
that fluoresce, or glow, when bombarded by electrons. Thus
wherever an electron hits the screen, as the end of the tube is
called, a flash of light may be seen. A steady beam of electrons
produces a continuous spot of light.

The control grid of the cathode-ray tube can be charged nega-
tive or positive with respect to the cathode. It controls the
number of electrons that strike the screen and thereby controls
the brilliance of a spot on the screen.

Beam Deflection. Between the electron-accelerating anodes
and the screen we may put some device that will alter the path
of the electrons before they hit the screen. If two plates are
positioned on opposite sides of the beam, by applying proper
voltages to the plates the beam can be moved back and forth
at will. By positioning another set of plates 90 deg from the
first set, as shown in the drawing, we may cause the beam to
strike the screen at any desired position by proper combination
of voltages. If, for example, the upper plate of the vertical
deflecting plates is made positive while the lower plate is nega-
tive, the electrons will hit the screen at the top. If the voltages
on these two deflecting plates are varied, one becoming alter-
nately positive or negative and the other taking on potentials
of the opposite polarity, the beam will trace a vertical line on
the screen. The action of the horizontal plates is exactly similar
except that the line on the screen will be horizontal.

If the varying voltages placed on the two sets of deflection
plates are of correct magnitude and phase, a circle or ellipse or
other wave form will be traced out on the screen.

In practice, the voltages whose wave forms are to be examined
are placed on the vertical plates, while a “timing” voltage is
placed on the horizontal plates to spread out the beam as a
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function of time. An analogy is a pendulum oscillating over a
sheet of paper. If the pendulum carries a pencil, a straight line
will be made on the paper. But if the paper is moved at right
angles to the line traced out by the pencil, a sine wave will be
traced out on the paper. In this case the movement of the paper
corresponds to the timing function of the horizontal plates.

The beam may also be deflected by the influence of current-
carrying coils instead of the deflection plates. This type is
shown in Fig. 11. The charged-plate method is called eleciro-

il

Vertical Horizontal
deflection deflection
current current

Fre. 11. Basic configuration of electromagnetic deflection in a cathode-ray
tube.

static deflection, and the current-carrying coil version is known as
electromagnetic deflection. The latter system is usually employed
with larger tubes, since abnormally high voltages are required to
deflect the beam over any great distance.

The cathode-ray tube is a laboratory tool of extreme utility,
since it not only can measure electrical quantities but also can
give the operator a visual picture of the quantities measured.
Furthermore, by the use of high voltages, the electrons can be
made to effect their transit down the tube in a very short period
of time so that events taking place in time of the order of fractions
of microseconds can be made visible. The cathode-ray tube is
the heart of any modern television system, being employed both
at the transmitter to pick up the picture for translation from
light variations into electrical variations and at the receiver to
perform the reverse function.

The cathode-ray tube is also the heart of any radar instrument.
Here two events are made visible—the transmission of a pulse
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from a transmitter and an echo of this pulse as returned from the
target. Since these events may be only microseconds apart, the
cathode-ray tube fits into the problem very nicely.

All that is required is to calibrate the face of the tube in the
time required for an electron beam to move from left to right.
Then any fraction of this distance will require less time, and so
the positions of the pips caused by the transmitted pulse and its
echo are measures of the time required for the radio pulse to go
to the target and to return to the sender in the form of an echo.
Since the speed of transmission through space, 186,000 miles per
second, or 328 yd per microsecond, is known, the radar operator
measures target distance in terms of time; and as many a man
knows who saw radar in action during the war, he measures it
accurately!

Some of the industrial applications of cathode-ray tubes, aside
from their conventional laboratory measuring techniques, will
be found in later chapters.

The cathode-ray tube is made possible by two important
natural phenomena: the fact that electrons can be deflected by
electric or magnetic flelds, and the fact that the moving electron
will produce a point of illumination when it strikes the screen of
the tube. This screen is coated with materials called phosphors
which are fluorescent so that they emit light when hit by an
electron.

Numerous phosphors may be employed, some of them glowing
for relatively long periods after the collision; these form “long-
persistance” screens. Some phosphors produce a green light;
others produce other colors. Combinations of certain phosphors
will produce a “picture’” which is practically white.

LIGHT-SENSITIVE DEVICES

In the tubes discussed so far, electrons are secured from a
cathode by heating the cathode until the electrons have imparted
to them sufficient energy to escape from the body of the cathode.
In another class of electron tubes, however, the electron emission
is controlled in another way, that is, by the action of light upon
certain photosensitive surfaces.

Phototubes. The phototube consists of a cathode which sup-
plies electrons and an anode which is the electron collector. If
the cathode is illuminated by light of the proper wavelength,
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electrons will be emitted and can be collected at the anode, which
is kept at a positive potential with respect to the cathode. In
practice, a voltage of about 90 volts or less is maintained across a
vacuum phototube and the currents are of the order of 20 to
50 pua.

In vacuum phototubes the output current is directly propor-
tional to the intensity of the illumination applied to the cathode,
and thus they may be used for determining light intensity.
These currents are so low that amplification is necessary before
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Fr1a. 12. Typical phototube characteristics.

the device can be put to much use. Vacuum phototubes have
come into very wide use in industrial devices and in translating
light variations into electrical and hence into acoustic variations,
as in the sound motion picture industry. A typical phototube
characteristic and circuit are shown in Fig. 12.

Gas Phototubes. Through the mechanism of ionization the
currents in a phototube can be increased materially if gas is
admitted to the tube during manufacture. Thus with a given
input light flux, more output will be secured.

To pay for this increased sensitivity, however, one must put
up with certain disadvantages. For one thing, the output cur-
rent is no longer directly proportional to the light intensity. For
another, care must be taken that the anode voltage is not raised
to the point where complete ionization of the gas takes place,
causing a glow discharge and currents high enough to damage the
tube.

Where linearity of output with light variations is desired, or
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where the maximum stability is necessary, use of the vacuum
phototube is indicated. Where the maximum response to a given
input of light is desired, the gas tube will be preferred.
Multiplier Phototubes. A fairly recent addition to the tube
family is known as a mulétplier tube because of its peculiar and
unique ability to multiply the action of a single phototube many
times within a single envelope. In this tube the fundamental
functions are two—the photoelectric effect and secondary emis-
sion. In the second phenomenon electrons striking an anode

Grill

“®incident
light

O=Photocathode

10=Anode

1-9=Dynodes

Fre. 13. Schematic of the multiplier phototube with its cathode, nine
dynodes, and final anode or collector.

Mica shield

produce additional electrons from the anode surface. In most
tubes this is a disadvantage and means are taken to prevent the
effects of these unwanted electrons. But in the multiplier tube
they are put to work.

The action is basically as follows: Electrons are emitted from
the illuminated cathode and are formed into a beam by other
electrodes so that they fall upon an anode called a dynode. Here
they produce more electrons, in the order of three or five per
original electron. These electrons are again focused at another
dynode, and here they produce still another multiplication of
electrons. This multiplication is illustrated in Fig. 13, which
shows the cross section of a 1P21 multiplier phototube. With
voltages per stage of approximately 100 volts and with 9 stages,
gains of over 100,000 can be attained theoretically.
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The sensitivity of the multiplier tube is about 2 amp per
lumen compared with about 30 pa or somewhat greater for a
conventional two-element phototube. This tube is most useful
for detecting or measuring extremely low values of light inten-
sity, but it has come into other practical applications. Some of
these uses will be described in the chapter on phototubes.

Photoconductive Tubes. If a thin layer of selenium deposited
on a gridlike structure is illuminated, the electrical resistance
of the selenium changes, becoming lower as the intensity of the
light increases. Tubes based on this principle have come into
some industrial use but not to the extent to which phototubes

Evaporated

Crystalline front
( selenium ( electrode
2
I \Iron

base

Contact:
ring

Output I +
voltage

Fig. 14. Cross section of a Weston Photronic cell.

are employed. These photoconductive cells or tubes pass some
current in the dark, which is a disadvantage, and the output
current is not linear with respect to the illumination. The power
output is, however, quite a bit higher than can be secured from a
phototube.

The GE FJ-31 selenium tube will pass a maximum of about 0.5
ma at 125 volts on the anode; its resistance will vary from 0.75
megohm at 100 ft-candles on the selenium element to 6 megohms
in the dark if 100 volts is across the tube.

Photovoltaic Tubes. Usually called photocells, these devices
function on a different principle. Here electrons cross an inter-
face between two metals, having less difficulty in one direction
than in another, so that the tube acts like a rectifier. One such
cell is made by evaporating a thin layer of gold, silver, or plati-
num on a surface of cuprous oxide. Electrons will move from
the copper oxide through an external circuit to the front surface
of the cell.

The Weston cell, utilized in exposure meters, employs an iron
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base covered with a thin layer of selenium. Currents obtainable
from the photovoltaic cells are of the order of several hundred
microamperes or more. By proper choice of external resistance
the response in current to changes in illumination may be made
fairly linear, or it may become proportional to the logarithm
of the light intensity.

A cross section of a Weston Photronic cell is shown in Fig. 14.
This type of cell is particularly stable over long periods of time,
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Fia. 15. Characteristics of a Weston Photronic cell with various values of
external resistance.

and for this reason it is found in industrial applications where
stability is desirable. No batteries are required for its operation;
upon illumination it delivers a current which can be accurately
related to the amount of the incident illumination. With proper
filters interposed between the cell and the light source, the output
of the cell can be made to match the response of the human eye.

Curves in Fig. 15 show typical values of output current for
given values of illumination.
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CHAPTER 3

BASIC TUBE CIRCUITS

In the previous chapter, it was shown that all electronic devices
are made up of combinations of tubes and certain basic circuit
elements, or combinations of elements. These basic elements,
such as resistance, capacitance, and inductance, are organized,
or connected, with appropriate power sources to control the
movement of electrons and thus to control various industrial
processes.

The circuit diagram of a piece of electronic equipment may
look like a hopeless maze to the uninitiated, but to the trained
technician it represents a map of a system of wires and tubes.
By following connections and studying values of components and
types of tubes, he can usually tell what the circuit does and how
it does it.

The circuit components are readily identified on circuit dia-
grams by their characteristic symbols, as illustrated in Fig. 1.
These symbols have been fairly well standardized, but the
symbols used by industrial and electronic engineers may differ,
and industrial manufacturers differ among themselves. The
symbols used in this book follow the practice of electronic engi-
neers and electronic periodicals.

Tubes are also readily identified by their symbols. Several
common types are shown in Fig. 2. The dot within the circle
of a tube symbol indicates a gas tube. The way in which the
tube is used can only be understood by studying the components
employed with it, as will become obvious later.

Practically all electronic devices have some external source
of power, since the job of electronics is to contrel power, not to
make it. In all circuits containing thermionic tubes a source
of heater or filament power must be provided. Most industrial

47
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RESISTANCE CAPACITANCE
Fixed Variable Fixed Variable Electrolytic
INDUCTANGE % TRANSFORMERS
Fixed Variable Air Iron Varigble

== O o 0 —w

T ' A-C Piezo- Dr
Batteries Generator L.omp electric rectifiyer
crystal
(A Y
A
O— —O— —B— —O—
Ammeter Milliometer Microameter Voltmeter
! —c/ o—
1 ——2_ —_
L 4 ——
Ground  Shielding Relay coil Contacts Switch
(chassis)

F1a.1. Standard symbols for components of electronic schematic diagrams.

circuits use a low-voltage winding on a power transformer for
this purpose. Quite often filament connections are omitted from
circuit diagrams to avoid complication, but they are always
implied. The anode-to-cathode voltage for the tubes in a circuit
may be either an a-c voltage taken directly from some alternating
source, or the anode may be held at some fixed positive potential
with respect to its cathode.

Figure 3 shows the fundamental requirements for making a
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@ P g

&

)
Filamentary Diode with Triode Tetrode Tetrode with
type indirectly beam-forming
diode heated plates
cathode

& - A

Pentode Vottage Double Gas Cothode
requlator triode phototube ray
tube tube

Fig. 2. Various tube symbols.

Wherever a tube symbol appears in a

circuit diagram, it may be considered as a signpost telling the direction of
current flow, since electrons can flow only from cathode to plate in a tube.

tube conduct electrons.

The step-down transformer furnishes

heater current which heats the cathode of the tube and allows it

to emit electrons. A source
of d-¢ voltage is connected
between the plate and cathode
in such a way that the plate is
250 volts positive with respect
to the cathode. This voltage
may vary over wide limits for
different types of tubes, but the
anode is almost always positive
with respect to the cathode.
Thus when electrons are emit-
ted from the cathode, they will
be attracted to the positive
plate.

Tubes as Rectifiers. The
basic circuit shown in Fig. 3
may be modified to serve as a

Anode T *
Anode
Cathode supply

|-

.«— Heater
current

} () SUDDly
115 V.
A-C

Fia. 3. Elementary diode circuit is
capable of differentiating only be-
tween positive and negative voltages.
Electrons will flow from the heated
cathode to the plate when the plate
is positive with respect to the cath-
ode, but not when the polarity of
the applied voltage is reversed.

rectifier, that is, as a device for converting alternating current to

direct current.

The basic circuit of a rectifier is shown in Fig. 4.
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An a-c source has replaced the original d-¢ source, and a resistance
has been placed in series with the tube elements.

Since the anode current flows only when the anode is positive
with respect to the cathode, the tube will alternately pass and
stop the flow of electrons as the a-c source potential reverses.
The plate current will consist of pulses of current that flow every
time the anode of the tube is positive with respect to the cathode.
The voltage across the series resistor will also consist of pulses
which coincide directly with the current pulses and have the
polarity indicated in Fig. 4. Also shown are the waveforms for
two cycles of alternating current. Rectifiers and their associated
circuity are treated in detail in Chap. 4.

AWAWS
VARV

—=Time

Lo ANVANS

F1e. 4. Elementary reetifier circuit contains a tube, a source of a-c voltage,
and a load across which a pulsating d-c¢ voltage appears as the result of
unidirectional anode eurrent flow.

000000

The Tube as an Amplifier. Figure 5 shows a triode tube con-
nected as an amplifier. An electronic amplifier may be com-
pared to a box with four terminals. A small varying a-c voltage,
or combination of a-¢ voltages, is impressed on two of the ter-
minals (the input terminals), and an amplified version of that
voltage appears at the other two (output) terminals.

We learned in the preceding chapter that the grid of a triode
was much closer to the cathode than the anode. And, through
the medium of families of curves, we found that greater control
over the amount of anode current could be effected by changing
the grid voltage than by changing the plate voltage. In Fig. 5
a resistance, Ri, is inserted between the anode and the source
that furnishes the plate voltage which causes the electrons from
the cathode to stream toward the anode. Whenever any a-c
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signal is impressed across the input terminals, the voltage of the
grid varies accordingly around its bias value E,.. The changesin
plate current thus caused produce corresponding changes in
voltage across R;. These output voltage changes are greater
than the original grid-voltage changes that caused them, by an
amount equal to what is known as the voltage gain of the tube.
The output voltage changes may be separated from the d-c
voltage of the circuit by means of the capacitor C,, which passes
the a-c signal but blocks the d-c voltage. In the same way C;

Fia. 5. Basic circuit diagram of a triode  Fra. 6. Equivalent circuit of a

amplifier. triode amplifier shows internal
(plate) resistance, r,, and load
resistance Ey.

blocks any d-¢ component present in the signal applied to the
input terminals.

In the case of the triode amplifier the voltage gain may be cal-
culated from the simple mathematical formula

e _ ulr
€y Tp + R

where e, is the output voltage across Ry, e, is the signal input volt-
age (the ratio indicating the voltage gain), u is the amplification
Jactor of the tube as given in tube handbooks, and Ry is the total
external resistance connected between the plate and its d-c
voltage source. The value of r,, or the internal plate resistance
of the tube, varies depending on the operating conditions of
the tube. However, most tube handbooks give values for r, for
the various types of operation for which the tube is designed, and
these values are sufficiently accurate for all but the most special-
ized tube applications.
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Figure 6 shows the equivalent circuit of the basic amplifier
circuit of Fig. 5. This type of simplified circuit shows the
internal tube resistance, the load resistance, and a voltage source
which is equivalent to the signal voltage as reproduced in the
tube plate circuit. This equivalent voltage is essentially equal
to the grid signal voltage multiplied by the mu or amplification

factor of the tube. Sources
T T | of direct current are usually
omitted from such equivalent

7V, 180V.

circuits. In practice the only

_____ RL value of these ‘“equivalent cir-

30000> cuits” is for the study of tubes

3y and their operation under dif-

] ferent conditions. In most

J3OOV cases the circuits are only ap-

| ! l{Ebb —  proximately equivalent., an(% for

Fie. 7. Complete triode ‘circuit all but_the mOSF simplified
Wit]; V(;ltage division between the types of operatlf) s ma}'ly
allowances for discrepancies

tube and load for a steady plate cur-
rent of 6 ma. Here the plate cur-
rent flowing through a 500-ohm
cathode resistor, Ry, produces a

must be made.
In the case of multielement
tubes, such as the pentode and

3-volt drop which may be used as
grid bias. Of the 300 volts from
the plate battery, 180 appears across
the load, 117 between the plate and
cathode, and 3 volts between the
cathode and ground. No current
flows through R, and there is no
voltage drop across it.

tetrode, a different technique
must be used for calculating
the voltage gain of an amplifier

stage. To obtain voltage gain
the following formula is used:
b
eg ngL

All the symbols have the same meaning as in the triode case, but
gm, the transconductance of the tube, has been substituted for
the ratio u/(r, + Rz). Figure 7 shows the distribution of d-c
voltage across the load resistance and across the tube on the
basis that 6 ma of current is flowing,

These equations require certain modifications in some instances.
However, most of the modifications made necessary by deviations
from the extremely basic conditions make only slight changes in
results. In practice extreme accuracy is unimportant in most
cases. It is sufficient to know that a stage provides a gain of
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about 100 rather than to laboriously calculate the gain to be
95.7. The chances are that the estimate will come as close to
the true value as the accurately calculated value, because of
inconsistencies in values of component parts and tube parameters.

In practice, therefore, where a definite gain must be provided,
it is common practice to construct an amplifier capable of provid-
ing more than enough gain and then provide some means for
reducing the gain to the desired value.

(8)

Fic. 8. Waveforms show the effects of impressing an alternating voltage
between the cathode and grid. In A the waveform of the plate current is
like that of the grid voltage, but in B the grid is overdriven so that the plate
current is reduced to zero (cut off) at times. In each case, I, is the plate
current with no grid excitation.

Classes of Amplification. In amplifier operation a great deal
depends on the operating point, or bias voltage, of the grid. To
understand this let us examine the typical E,-I, curves shown in
Fig. 8, where it will be noted that between 0 and about —20 volts
on the grid the curve is relatively straight. If the grid voltage is
fixed at about the middle of this curve, say —10 volts, and if,
then, it is varied as by an additional a-¢ voltage superimposed
upon the steady —10-volt “bias,” the plate current will vary in
accordance with the varying grid voltage. The form of the
plate current will be very similar to that of the grid voltage.
This is known as class A operation. The grid never becomes
positive, never draws current from the input source, and plate
current flows all the time.

The tube, however, may be operated under various other
conditions. From example:
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1. Considerably increased bias. Now at some portions of the
grid voltage cycle, the grid becomes so negative that no plate
current flows. Under these conditions there will be a change in
the d-c plate current when the grid voltage is applied.

2. Greatly increased signal. No matter what the bias, if the
input signal is great enough to drive the grid so negative that
plate current cannot flow, then the output waveform will not be
like the input. Furthermore, it is also possible to drive the
grid so hard that at times it becomes positive with respect to the
cathode and will attract electrons and therefore will draw current.
The grid structure may get hot and may be damaged. If -the
grid goes positive enough the plate
current may tend to level off so
that the output waveform may
] have a flat top on the upward
swings of current as well as a flat
bottom (zero) when the plate cur-
rent decreases (Fig. 7B). With a
sine wave of input voltage applied,
the plate current may assume a
trapezoid in form. In other words,
thereisconsiderable distortionin the
system. This is class C operation.

The grid bias employed depends upon the application for
which the amplifier is intended. In communication ecircuits
fidelity of waveform may be quite important and class A ampli-
fication would be used. The efficiency is low, the fidelity good.
If greater efficiency is desired at some sacrifice of waveform
fidelity, class AB (greater bias and greater input signal) will be
indicated, and if high efficiency is necessary, class C must be
used. Now distortion must be tolerated.

By proper adjustment of plate voltage, grid bias, and input
signal, the desired compromise between efficiency and fidelity
of waveform may be achieved. Two tubes operated in push-pull
(Fig. 9) tend to balance out some of the distortion produced in a
single tube, especially the distortion produced by even harmonics
of the input signal frequency, and are often used where greater
power output with less distortion and greater efficiency is desired.

Grid-bias Source. The grid-bias voltage may be furnished
in any one of several ways, or by a combination of ways. For

Fic. 9. A push-pull amplifier.
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example, the bias voltage may come from a baitery, from a
separate power supply (a source of rectified and filtered alternat-
ing current), from the voltage drop along a filament lead if the
tube is operated from direct current, or from a voltage drop
along a resistor through which the d-c plate current flows. Sev-
eral of these methods are shown in Fig. 10.

In Fig. 10B note that aresistor hasbeen placed between cathode
and ground so that the plate current flows through this resistor.

(A) (B)
Fig.10. Methods of fixing the grid-bias voltage with respect to the cathode.
In A a battery is employed; in B the plate current flowing through a bias
resistor, Rx, produces the bias voltage by raising the cathode above ground
potential. In C the grid current flows during part of the input voltage cycle.
This current charges capacitor C. During the time the grid draws current,
the grid-cathode path inside the tube has low resistance so that the time
constant of the circuit is short, enabling the capacitor to charge quickly.
On the negative half cycle of input voltage the grid does not take current;
the grid-cathode path of the tube is high in resistance and since R, is high,
the capacitor cannot discharge quickly. It retains its charged condition,
therefore, and biases the grid negative with respect to ground. This is
known as grid-leak bias, K, being the grid leak by which the electrons trapped
on the capacitor seek to get to ground.

The voltage drop along the resistor may be employed as grid
bias by connecting the grid circuit to the end of the resistor
where the voltage polarity is of the proper direction. In this
case, the polarity of the voltage is such that the cathode is
positive with respect to ground. Since the grid is connected to
ground, the cathode is also positive with respect to the grid.
Looked at from the grid’s standpoin$, the grid is negative with
respect to cathode and this negative voltage becomes the grid
bias.

Now if the plate current changes, a change in voltage will be
produced along the bias resistor, and the steady grid-bias voltage
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will also change. These changes are in such a direction (polarity)
that they oppose the input voltages applied to the tube and for
this reason the amplification of the circuit is reduced. This
effect is known as degeneration, and in many cases it is desirable.
If the degenerative effect is to be eliminated, all that is neces-
sary is to shunt a large condenser across the bias resistor so that
the time constant (C' X R) is large compared to the rate at which
the plate current changes occur. Since the condenser voltage
cannot change quickly if C is large, the actual voltage across the
 Eu bias resistor attains some aver-
=R, age value which does not vary
with plate-current variations.
To reduce the degenerative
effect to a point where it can be
_______ disregarded, the reactance of the
capacitor must be only a frac-
tion of the resistance of Rx at
the lowest frequency which must
epEny b'e a.mpliﬁed by the tube and
Fic. 11. Construction of the load circuit.

line by which all the voltages and In Fig .IOA a battery supplies
currents in a triode amplifier cir- the bias; in B the voltage drop

cuit may be obtained. E. is the along Rx keeps the grid negative
fixed grid biag; B the fixed plate  with respect to the cathode; and
voltage. in C grid current which flows
when the input voltage forces the grid positive with respect to the
cathode produces a voltage drop along R of such a polarity that
the grid is kept at an essentially constant negative d-c voltage.

In Fig. 10C the time constants for charging and discharging
the condenser are different. When the grid goes positive, the
grid-cathode internal resistance of the tube drops to about 1,000
ohms so that RC is small and the condenser charges quickly.
On the negative half eycles of the input voltage, however, the
grid draws no current and the grid-cathode resistance within the
tube is very high, so that the condenser can now discharge only
through this high resistance. The time constant is now high,
and thus the condenser tends to maintain its voltage at a con-
stant value, biasing the grid to this voltage.

Load Line. A very useful device by which the operation of a
tube and its circuit may be determined is shown in Fig. 11.
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Here the curves relating the plate current (i,) as a function of
plate voltage (es) at several values of grid voltage (4, B, and C)
are plotted. The straight line drawn across these curves is
known as the load line. This line represents the load and is
independent of the tube. Thus on one graph we have a line
representing the tube and a line representing the load. Together
they describe the operation of the entire circuit.

The straight load line describes the equation which states that
the instantaneous voltage (&) between cathode and plate is
always equal to the plate battery voltage (Ew) minus the voltage
drop across the load resistance. Thus,

€p = Ebb - ’ipRL

where ¢, is the instantaneous voltage between cathode and plate,
Ey is the plate battery voltage, 7, is the instantaneous plate
current in amperes, K, is the load resistance in ohms, and 7,R.
is the voltage drop across the resistor.

If no plate current flows, 7, = 0 and 7,R;, = 0 so that e, = E.
This locates the bottom of the line shown as point X. If e, = 0,
then 2, = Ew/Rz, and this locates the top end of the line, or
point Y.

At any value of grid voltage, the plate current can be found
by determining where the load line crosses the curve representing
the tube at this value of grid voltage.

Since the tube is operated with a fixed grid bias (E., = B volts),
the point @ gives the plate current with this bias. This is the
steady current that will flow if the grid voltage is not changed.
The voltage actually on the plate will be B until grid excitation
is applied.

Once the load line for the particular circuit has been drawn,
much valuable information can be extracted from the diagram.
To determine amplification, one need only trace grid-voltage
variations along the load line on either side of the @ point and
study the resulting plate voltage variations on the plate-volts
scale.

Phase Reversal in Yacuum-tube Amplifiers. Referring back
to Fig. 5, let us compare the phase of the signal applied to the
grid of the tube to that of the amplified waveform appearing
at the output terminals. As the grid voltage swings positive,
plate current increases, and the voltage drop across the load
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resistor also increases. This voltage drop is in such a direction
that the top end of the resistance load becomes more negative
(less positive) as the grid voltage becomes more positive. Like-
wise, when the grid voltage swings in the negative direction, the
plate voltage swings in the positive direction.

Thus the signal, in passing through a single-stage amplifier
with the signal applied to the grid and taken from the plate, is
changed in phase. For medium frequencies, this phase shift is
almost exactly 180 deg; that is, when the voltage at the grid goes
up the voltage at the plate goes down, and vice versa.

Relay Operation. In many industrial applications a relay
operates when a voltage is applied to the grid circuit of an ampli-
fier containing the coil of the relay in its plate circuit. A relay,
as will be explained in detail in Chap. 7, will operate when the
current through its coil reaches a certain value. Let us assume
we have a relay that will operate when the current through its coil
is increased, say, to 10 ma. Now if the tube is so biased that
it passes less current than this, the relay will not operate unless
a voltage is applied to the tube grid large enough in a positive
direction to overcome the bias voltage, whereupon the plate
current will increase to or above the required 10-ma value.

The circuit may be arranged to release the relay when the grid
voltage is increased in a negative direction. That is, the plate
current will drop if the bias is increased, say, from —5 to —10
volts. This may reduce the plate current from, say, 20 to 5 ma.

Tube Parameters. To design tube circuits certain facts about
the tubes themselves must be known. Tube manufacturers
supply such data. The next thing is to know how to use this
information. Obviously one must know how much voltage and
current to feed the heater which supplies the electrons. Then
one must decide upon a plate voltage and a grid bias. Typical
data of this sort is given by the manufacturer.

The important things one must know about the tube and how
it will operate in a circuit are (1) how much the plate current
will change with a given grid-voltage change, (2) the effective
internal resistance of the tube, and (3) how much the tube will
amplify. These matters are controlled by three tube constants,
or parameters.

Transconductance. The transconductance, g., of a tube is the
ratio of the change in the plate current to the change in grid
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voliage which caused the plate current change. In some earlier
books, and even occasionally today, this important tube param-
eter is referred to as mutual conductance. Suppose, for example,
that the plate current changes 1 ma for a 1-volt change in grid
bias. The transconductance is the ratio of these changes. Thus,

change in plate current
change in grid voltage

m

and in this case,
1 X 10~2 ampere
gm = 1 volt

= 10~3 mho = 1,000 micromhos

This is actually the slope of the E,-I, curve as shown in Fig. 12.
Values of transconductance run from a few hundred to several
thousand micromhos.

4

I

l——-—T

1 Alp=img

—
Lo A% oot
By
Eg L. O =10%mhos
AEGIV =1000 u mhos

Fig. 12. The important tube pa- Fig. 13. Derivation of the tube
rameter, transconductance or mu- internal resistance ry.

tual conductance, is the slope of the

E -1, line; it is the rate at which the

plate current varies with the changes

in grid voltage.

Plate Resistance. In any circuit, resistance is the ratio of the
voltage to the current. If, therefore, one changes the plate
voltage of a tube and notes the change in plate current (with a
constant grid voltage), the ratio of these two changes will be a
measure of the internal resistance of the tube. Thus,

_ change in plate voltage
change in plate current

T

This is actually the slope of the E,-I, curve as shownin Fig. 13.
Typical values of 7, run from a few hundred ohms in certain
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power tubes to several thousand ohms in many triodes. Tetrodes
and pentodes have internal resistances which run upwards of a
megohm, so that changes in plate voltage produce very slight
changes in plate current.

Amplification Factor. The relative ability of grid and plate
voltage changes to produce given changes in plate current indi-
cates the amplification possibilities of the tube. Thus, if the
plate voltage is changed, say 100 volts, and if this produces a
plate-current change of 10 ma, and if, to bring the current back
to its original value, a change in grid voltage of only 10 volts is
necessary, the grid has ten times as much ability to control
plate current as has the plate voltage. The amplification factor
gives these important data.
Thus

change in plate voltage
change in grid voltage

to produce a given plate cur-

rent change.

Epp=300V It is worth noting th?,t the

-] - transconductance, ¢.., is the
ll ]g l, ' ratio between the amplification

Fia. 14. Typical triode amplifier factor and the plate resistance.

problem with voltages indicated. Thus,
Small letters indicate instantaneous "

voltages and currents. gm = ~
P

Typical Amplifier Problem. To show the straightforward way
in which amplifier problems can be tackled and solved, let us
connect a typical triode to a typical load and, with typical values
of voltages, see what happens.

We will use a 6J5 tube with a plate voltage supply (Fw) of
300 volts and with a resistance load (R.) of 8,000 ohms (Fig. 14).
We will erect the load line upon the plate family of curves as in
Fig. 15. TFirst consider the tube as an open circuit, drawing no
current. The full 300 volts then appears at the plate since there
is no voltage drop along R;. If, next, the tube is theoretically
shorted, then the full 300 volts of the battery appears across E;,
and the current that will flow is 3094 5 or 37.5 ma, the maxi-
mum possible current. The plate voltage is zero and the plate
current (if allowed to go through the tube) would be 37.5 ma.
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These two sets of values (F, =300, I, =0 and E, =0,
I, = 87.5 ma) determine the ends of the load line.

Now suppose we place a battery bias of —4 volts on the grid
as in Fig. 14. The intersection of the load line with the

e
( mgx.) l |
[

Time ‘—‘—T

F1c. 15. Use of the load line to determine conditions in the cireuit of Fig. 13.

E, = —4 line shows that 12.5 ma flows (point @ on Fig. 15).!
Projecting this point to the Ej line shows that the plate voltage
is 200 volts. The voltage across the load must be 300 — 200, or
100 volts.

Under these quiescent conditions—no a-c input voltage—the

1 Note that E;, = E.. because there is no drop in d-¢ voltage in the input
circuit. Otherwise E,; would be less than E...
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power taken from the battery is By X I, = 300 X 12.5 X 103,
or 3.75 watts, and of this the amount dissipated by the tube will
be 200 X 12.5 X 1073 = 2.5 watts, and that dissipated in the
load will be 100 X 12.5 X 1073, or 1.25 watts.

Now let us apply to the grid circuit a sine-wave a-c voltage
having a maximum value of 4 volts. This will cause the grid
voltage to change, cyclically, from —4 to zero and from —4 to
—8 volts. The maximum and minimum values of the plate
current, therefore, will be 18.25 and 7.5 ma, and the maximum
and minimum values of £, will be 240 and 154 volts. A grid
voltage of 4 volts maximum (8 volts from peak to peak) has
caused a total plate-voltage change of 240 — 154, or 86 volts
(peak to peak), which represents a peak a-c plate voltage of 43
volts. The alternating plate current has a peak value of approxi-
mately 6 ma. Note, however, that the plate current is not
symmetrical, since it increases from the quiescent value more
than it decreases from this value.

The maximum and minimum values of voltage across the load
resistor are 300 — 154 = 146 and 300 — 240 = 60 volts, which
represents an a-c voltage with a peak value of 43 volts.

Here the tube and its load are operating under class A condi-
tions; that is, the grid does not draw any current since it is never
foreed positive with respect to the cathode, and only the straight-
est part of the F,-I, curve is employed. Since the same alter-
nating current flows through the load as through the tube, and
since the same peak a-c¢ voltage appears across the load as the
tube, the same a-c power is lost in the tube as is developed across
the load. The system is operating at 50 per cent efficiency; one-
half of the total a-c power is developed in the load where it is
useful. The phase relations in such a circuit are shown in
Fig. 16.

Impedance Matching. Every generator or source of power
contains some internal resistance. If this were not true, a direct
short circuit across a small battery would theoretically cause
infinite current to flow. When a power source is connected to
deliver power to a load, the maximum power will be transferred
to the load when the internal resistance of the source is equal to
the resistance of the load.

If a load of, say, 12,000 ohms is to be fed power from a tube
with an internal resistance more or less than 12,000 ohms, then
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maximum power will not be transferred to the load if it is con-
nected directly into the plate circuit. A transformer with the
proper turns ratio can be used to match the generator to the
load, and once more the conditions for maximum power transfer
can be attained.

If a resistance load higher 0
in value than the internal . a /
resistance of the tube is em- ° \/D-C bias
ployed, more voltage will be -8 Eoo)

developed across the load.
Where maximum voltage am-
plification is desired (not
maximum power transfer), lp 1275
the load is invariably higher
in resistance than the tube.
Power Output. For a
triode with resistance load the 300
simplest method of calculat- 240

Ero
ing the power output is to [\
&, 198 \

18.25

75

construct the load line upon a
set of E,-I, (Fig. 15) curves
and to determine power out-
put from

100

»Time >
P, = Fiec. 16. Phase relations between

_ ) — T applied grid voltage and ipstan-
(B Bnin) (Tnax ~ T uia) taneous plate current and plate volt-
8 age. Since the plate voltage goes

With values of grid bias, do¥n as the grid voltage goes up
d i (becomes less negative), there is a
pléfte voltage, and exciting 180-deg phase shift across the tube.
grid voltage such that the
waveform of the plate current is essentially a sine wave with sine-
wave input, and with resistive load, the power delivered to the
load is

_ (neg)?R1
P = (rp + R1)?

where p is the amplification factor of the tube and e, is the rms
input voltage.

In designing a power-output tube circuit, the grid bias is
calculated (approximately) from
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where E,, is the grid bias, E is the plate voltage, and u is the
amplification factor of the tube.

If the steady no-signal plate current exceeds the value which
will permit the tube to dissipate the power cited by the manu-
facturer, more bias must be provided. The rest of the design
depends upon the load resistance and is carried out by use of the
load line and E,-I, curves for the particular tube to be employed.

Cathode Follower. In general tube circuits are high-~imped-
ance circuits. That is, the input cir-
cuit of the tube represents a very high
impedance (thousands or millions of
ohms), and the output looks like thou-
sands or tens of thousands of ohms.
Where a low-impedance output is de-
sired to work into a low-impedance load
(one requiring high current and low
voltage), the cathode follower circuit is
, a useful device.

Fie. 17. Cathode-follower The basic circuit of a cathode follower
circuit providing very high  jg shown in Fig. 17 where it is seen that
input impedance, low out- 4} o inyut is applied between grid and
put impedance, and a volt- .
age gain less than unity. ground and the output is taken across a
resistor in the cathode circuit. Noload
is placed in the plate circuit, the plate voltage being fed directly
to the plate. Under these conditions the voltage amplification
of the circuit is always less than unity (an actual loss in voltage
amplification), but the impedance of the tube as presented to the
load becomes very small, actually being equal, approximately, to
the normal r, of the tube divided by the amplification factor, or
to the reciprocal of g,,. Thus the output impedance of the tube
may be only a few hundred ohms if g¢., is large.

MULTISTAGE AMPLIFIERS

Cascade Circuits. If the amplification provided by one tube
and its circuit is not sufficient for the job at hand, the output
of the circuit may be applied to another tube and circuit and
additional amplification secured in this way. In this manner
voltage gains up to the millions may be produced. If the indi-
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vidual stages have equal amplification, the total amplification is
equal to the stage gain raised to a power equal to the number of
stages.

Total gain = (stage gain)¥

where N is the number of stages.

Thus if a voltage amplification of 20 per stage is maintained,
two stages will have a gain of (20)? or 400.

Interstage Coupling. There are several ways by which one
amplifier may be connected to a succeeding amplifier. The
essential idea is to pick off the output voltage of the first stage
and to use it to drive the grid of the second stage. The “hot"”
end of the load of the first tube is the plate end, and this forms
the point to which the hot end of the following tube input circuit
is connected. Since the plate is at a high positive d-¢ voltage
and since the following grid must be kept at a negative d-c
voltage, some means must be provided to prevent the positive
plate voltage from appearing between the grid and cathode of
the following tube.

Three methods of accomplishing this objective are shown in
¥ig. 18. In A, separate power supplies are employed so that
the two cathodes are not at the same potential. Then the grid
of the second tube can be maintained at any desired potential
with respect to its own cathode regardless of the d-c voltage
of the preceding plate. Such a circuit will amplify both d-c
and a-c voltages.

In B a condenser is inserted between the two tubes which draw
plate current from a single battery. This condenser will pass
a-c voltage variations but will not pass d-c¢ voltages (provided
its insulation is good). In either A or B whatever a-c voltage
appears across the load of the first tube is applied to the second
tube without loss or gain. There is a reversal of phase, however,
in the first tube itself, so that a positive-going pulse applied
to the grid of the first tube appears as a negative-going pulse
on the second tube and as a positive-going pulse in the output
of the second tube. Therefore, an odd number of stages reverses
the phase; an even number of stages does not.

By using a transformer between stages (Fig. 18C), the d-c
voltage of the first plate does not affect the grid of the second
tube, and in addition the output voltage of the first tube may
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Fig. 18, Three methods of connecting one amplifier to another. In A4,
separate power supplies are used so that the grid of the second tube may be
biased negative with respect to its own cathode, although both this grid and
the preceding plate are connected to the positive terminal of the B battery.
In B a capacitor between plate and grid keeps the positive voltage away from
the second grid. In C, a transformer provides additional voltage step-up
and isolates the second grid from the d-c voltage on the first plate.
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be increased (step-up transformer) or decreased (step-down
transformer).

Figure 184 shows what is known as a d-c amplifier, which in
general is not very satisfactory. The transformer-coupled
amplifier can be designed to amplify a narrow band of a-c fre-
quencies, or a wide band of frequencies, but it will not amplify
d-c¢ voltages.

Other more complex interstage-coupling means are used seldom
in industrial circuits.

WAVE-CHANGING CIRCUITS

There are numerous situations in industrial electronics where
it is necessary, or desirable, to change the wave shape of an input
applied signal to obtain some other wave shape in the output.
Many electronic counter circuits are preferably controlled by
waves of steep wave front, peaked waves for example. One
of the jobs of the electronics engineer, therefore, is to produce
waves of this shape.

Limiters. In some cases it is desirable to prevent the voltage
applied to a circuit from rising above a certain value. Limiter
circuits perform this job. There are numerous limiting or
“clipping”’ circuits but only the simplest will be covered here.

Since a simple diode rectifier carries current only when the
anode is positive with respect to the cathode, the diode may be
used to cut off half of the input applied voltage. In this manner
it merely acts as a switch allowing current to flow half the time.
In Fig. 194 such a diode is in series with a source of alternating
voltage and a load resistor. When the cathode is positive with
respect to the anode, no current flows and there is no voltage
across R, but when the input waveform reverses and the cathode
becomes negative, current is passed by the tube. Thus this
circuit will cut off (limit) negative-going pulses. If the other
half cycle is to be cut off, the diode connections are reversed.

Diodes may be employed across the source instead of in series
with it to produce similar limiting action, as shown in Fig. 19B.
When the tube conducts, a high voltage drop appears across R
and, therefore, the output voltage (from tube anode to ground)
is low. When the tube does not conduct, no current flows

through E and essentially the entire input voltage appears across
the output.
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If only a portion of the wave is to be cut off, a battery (or other
source of d-¢ voltage) in series with the tube (Fig. 20) will prevent
the tube from passing current until a certain value of input is
applied. Then the tube limits, and this portion of the input is

Input Qutput Input QOutput
(n) (B)
Fig. 19. Simple limiter or clipper circuits. In A the diode is in series with
the load. In B the diode is across the load; in this circuit there will be low
output when the tube conducts, since most of the voltage will be lost
across K.

cut off. Two diodes connected back-to-back across the source
will cut off parts of both half cycles so that an applied sine wave
becomes trapezoidal in the output.

Limiting can take place in the input circuit of a triode as shown
in Fig. 21. Here a resistor is in series with the input. Now when

AN ‘
Input @‘ Output g_lzl\ _______ L
Ly VARV

?

Fia. 20. Method for cutting off part of a half wave.

\ Input QOutput

the grid is driven positive, it draws current. This current pro-
duces a voltage drop along R, and the more current the grid
takes, the greater will be the drop along E. Since this voltage
is of such a polarity that it opposes the applied input voltage, in



BASIC TUBE CIRCUITS 69

effect the tube acts as though its input driving voltage had been
reduced. Accordingly the output voltage is similarly reduced.
During the other half cycle the entire input is applied to the

-
Output
Input

1

F1e. 21.

il
il

o\

Input Output

In the grid circuit of a triode, limiting occurs as the result of a

voltage drop across K when the grid draws current.

tube and the output voltage will be similar to the applied signal.
Note the usual phase reversal across the tube.

Clampers. Clampers differ
from limiters in that they do
not chop off all or parts of half
cycles. They permit the total
variation in input to appear in
the output, but they force the
waveform to rise and fall from
some reference level which is
not that of the average value of
the input. If the reference
level is, say, —10 volts, and if
the input varies from zero to
+50, the output will vary
from —10 to —60. In this
case the output voltage never
reaches zero and it may be said
that some d-c¢ voltage (—10)
exists all the time. For this
reason such a circuit is often
called a d-c restorer.

A simple clamper circuit is
shown in Fig. 22 in which R is

- UL

+60-
Ec m
+50

+100-
490"
Eour
(o)
10
C
1t
L
- 5
a R 8
E 3

Fia. 22. Simple clamper or d-c¢ re-
storer circuit in which the major
voltage variations occur above the
ZEero axis.

high so that C charges slowly, say to 50 volts, the minimum volt-

age of an applied square wave.

If the condenser has had time to

charge, and if the input is suddenly increased to 150 volts, what
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happens? The difference (100) between the 50 volts and the
new voltage must appear across R since the voltage across C
cannot change instantly. Thus the output voltage rises to 100
volts. If the new voltage is applied for a comparatively short
time, say one-tenth RC, then the condenser will slowly rise in
voltage, the output will slowly drop in voltage. This change
will amount to about one-tenth of the change in voltage, and
therefore the condenser voltage will rise to 60 and the output will
drop to 90.

Now if the input is suddenly dropped to its original voltage,
50, the condenser will be left with 60 volts and the difference

o +80--=-—

Input

Quiput
o

-0 60— ._._I

Fi1g. 23. Clamper in which the maximum output voltage is maintained at
—10 volts.

o

(—10) will appear across B. Since the applied voltage is in a
negative direction, the difference voltage across R will be nega-
tive. Thus the output voltage is now —10. The job of the
clamper is to prevent this —10 volts from appearing across the
output.

The diode connected across R will have a low resistance in the
conducting state and when the input suddenly decreases, the
cathode becomes negative with respect to the anode, the tube
conducts and shorts the circuit so that the output voltage is very
low. This removes quickly the condenser charge of 10 volts and
permits only a small negative spike of voltage to appear across E.

The output, therefore, rises from 0 to +100, drops slowly to
490, drops suddenly and briefly to —10, and comes back to 0.
The clamp circuit has forced practically all of the voltage varia-
tion to be above the zero reference axis, although the input has
gone up from 450 to +150 and back to +50.

In Fig. 23 the setup is arranged to clamp the upper extreme
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of the output voltage to —10 if time has been sufficient to charge
the condenser before the input is applied.

Discriminator. This is a device which produces a d-c voltage
which changes as the applied frequency varies. In other words
it is a frequency-sensitive ecircuit. A possible use would be
to reverse the direction of a motor if the frequency applied to
the input varies up or down from the desired frequency. In this
manner a circuit can be kept in tune to the incoming frequency.
As this frequency changes or as the local tuning arrangements
may vary with temperature, for example, the circuit is auto-
matically kept in resonance.

\J/ Q

|
/

- p=!

2 = s s
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L 3 Frequency
T |

Resonant
— 000000 ——— frequency
Fia. 24. Discriminator circuit. The output is a function of the variation
in frequency of the applied input.

The diseriminator, whose circuit is shown in Fig. 24, is used
in f-m radio receivers to produce an output which varies in
amplitude as the incoming signal frequency varies as a result of
modulation at the transmitter. In this circuit each diode gets
equal voltages so long as the incoming frequency is equal to the
resonant frequency of the transformer, but the diode currents
produce equal but opposite voltages across the output. At other
frequencies the diode input voltages are equal but out of phase
with the input to the transformer. The diode output voltages
are then unequal and the circuit output voltage is positive or
negative depending upon which side of resonance is the incoming
signal.

D-C Amplifiers. Although it is possible to arrange amplifier
circuits which will operate at exceedingly low frequencies or
will amplify direct currents, it is not easy. The output of a
thermocouple or bolometer, for example, is difficult to amplify.
Various dodges employed to get around this difficulty will be
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discussed in later ehapters. In general, however, it is customary
to convert the slow changes in voltage, or direct current, to
alternating current in some way before amplification. For
example, the thermocouple voltage may be ‘ chopped,” or broken
up, into discrete intervals in some manner. Then these portions
of the voltage are amplified by conventional a-¢ amplification
techniques.

Negative Feedback. As will be seen later, if a portion of the
output of an amplifier is fed back into the input in phase with the
signal applied there, the amplification of the circuit can be
increased up to the point where it becomes a self-excited ampli-
fier, or oscillator.

If, however, the feedback is reversed in phase so that it is out
of phase with the input voltage, then the gain of the amplifier
will be decreased and while this may seem to be a disadvantage,
the process has certain very useful aspects. Such feedback is
called ““negative” or ‘“inverse’ feedback. The over-all effect
is called ‘““degeneration.”

Let us suppose that a noise-free signal is admitted to an ampli-
fier so that 100 volts of signal appear in the output. In the
circuit itself, however, let us suppose that 20 volts of noise or
unwanted signal is produced. The ratio of desired signal to
noise is 1994, or 5. The signal is five times as strong as the
noise.

Now let us feed back 20 per cent of the output to the input in
such a way that the amplification is reduced by 20 per cent. To
produce the 100-volt output now, we must increase the input to
the amplifier accordingly; but the internally generated noise
will have been reduced to 80 per cent of its former value or to
16 volts. The signal to noise ratio now is 19944, or 6.6, an
obvious gain over the former situation.

If the amplifier has a nonuniformity in its frequency-gain
characteristic, degeneration will reduce this nonuniformity; and
with sufficient feedback one may exchange tubes with others of
rather widely different characteristics without changing the
amplifier performance very much. Feedback of this nature is
employed very often to improve the operation of an amplifier,
to increase its stability, or to make it possible to respond to a
wider range of voltage or frequency or other conditions.

The cathode follower circuit (Fig. 17) is the simplest form of
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negative feedback. The literature on this subject is very exten-
give and the applications are many.

OSCILLATORS

The Tube as an Oscillator. Let us suppose that a tube is
amplifying whatever voltage is placed upon the grid. Now in
some manner let some of the amplified plate voltage be impressed
back upon the grid. If this voltage “fed back’’ from the output
to the input is in phase with the grid voltage so that it is increas-
ing at the same time the grid voltage is increasing, the net effect
is a greater grid voltage, and, of course, a greater grid voltage
produces a greater plate current. The same proportion of this
increased plate current is again fed back into the output, and
so on, until the grid voltage has been built up very much beyond
what was originally supplied to the tube from an external source.

The feedback voltage actually acts as though it were reducing
the input losses. The amplitude of the grid voltage, therefore,
will increase until all the input power losses are overcome, where-
upon the applied input grid voltage may be removed. Now it
will be found that there is still an alternating component of
current in the plate circuit. The tube is supplying its own grid
excitation. It is oscillating. '

The frequency of the output current or voltage may be as low
as a fraction of a cycle per second, or it may go up into the hun-
dreds of millions of cycles per second depending upon the tube
and circuit constants. The waveform may be a pure sine wave,
it may be saw-tooth in form, or it may have practically any
shape the designer desires. The power obtained from such an
oscillator may run into the hundreds of kilowatts or be as low
as a few milliwatts. '

The essential conditions for oscillation are two. (1) There
must be some feedback of voltage from the output circuit to the
input circuit. (2) The voltage fed back must have the proper
phase with respect to the input voltage.

The tube may feed some of the a-c power generated in its plate
circuit to an external circuit, an antenna, for example, or a piece
of metal that is to be heat-treated. Under all conditions it is
worth noting that the tube itself manufactures no power. It
only consumes power. The anode voltage source is the sole
supplier of power, the tube merely acting as a valve or trigger
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which controls the flow of power from the anode power supply
to the load. This is true of all tube circuits whether they are
rectifiers, amplifiers, or oscillators.

There are numerous ways in which the necessary feedback
conditions can be met to make the tube oscillate and generate
alternating currents.

In the simple circuit shown in Fig. 25, the feedback voltage
is produced by coupling a plate-circuit coil to the grid-eircuit
inductance. If these two coils are poled correctly, a voltage

.
i @ ©

(8)
Fia. 25. Simple feedback oscillator in which a voltage is returned to the
input from the output by means of a plate coil coupled to the grid inductance.
In B and C are the effective input circuits for determining grid bias by means
of grid current.

of the proper phase to produce oscillation will be fed to the grid.
When the tube oscillates, its grid is driven positive during portions
of the cycle, and it will draw current charging the condenser C,.
In this way the tube is biased so that it draws less current than
if the tube were not oscillating. If the plate-cireuit coil is
removed from the vicinity of the grid coil, oscillations will cease
and the plate current will rise.

Effect of Time Constant. It is worth noting in this circuit
how the time constant of the input circuit affects the operation.
So far as direct current is concerned the grid condenser is in
series with the grid-cathode path inside the tube (across which
is shunted the grid leak, RB;) and in series with the tuning coil.
This coil has very low d-c resistance and can be neglected.

There are two conditions: (1) when the grid is driven positive
and draws current (Fig. 258) and (2) when the grid is negative
and does not draw current (Fig. 25C). When the grid draws
current, r, becomes very low, and the condenser will charge
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quickly. When the grid does not draw current, r, is high, and
thus the effective resistance in series with the condenser is high,
S0 it cannot discharge quickly.

Since the condenser discharges at a much lower rate than it
charges, it remains charged to a more or less fixed value and of
such a polarity that the grid terminal is negative. In this
manner the d-¢ voltage of the grid with respect to the cathode is
maintained negative so long as the tube oscillates. If the tube
stops oscillating, the condenser soon discharges, and the grid
reaches the same potential as the cathode, since there is no
current flowing through R, and, therefore, no voltage drop along
it. With the grid at the same potential as the cathode, the plate
current will be high. Use is often made of this effect. Under
normal conditions the tube is maintained in oscillation with
corresponding low plate current. Now if some abnormal condi-
tion occurs, the tube stops oscillating, the plate current rises and
becomes sufficiently high to operate an alarm or a relay so that
the condition which caused the change in plate current can be
altered or the system can be made to shut itself down until
normal conditions reoccur.

In an elevator control system employing an oscillating tube
a metallic vane is interposed between the two coils as the elevator
reaches the proper location in the shaft. At this moment the
plate current rises and operates a relay which in turn controls
the elevator motor.

The frequency of oscillation depends primarily upon L and
C in the grid circuit. Anything that will change either L or
will change the frequency. If C is a condenser with two plates
fixed in position, then any substance which is interposed between
the plates will change the capacitance and hence the frequency.
A very sensitive device for determining the thickness of dielectric
materials can be made in this way. The dielectric material
changes the capacitance of C' as a function of the thickness, the
moisture content, or some other physical quantity. A frequency
meter can be calibrated in terms of moisture or thickness or
whatever the quantity is that is to be measured or controlled.

DETECTION, MODULATION

Two functions performed by tube circuits in communication
systems are occasionally useful in industrial applications. These
are modulation, by which a high-frequency voltage is modulated
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or changed in accordance with a lower frequency voltage, and
detection, the reverse process, which is carried out in a defector, or
demodulator. Here a modulated wave has the modulation
separated from it and made applicable to the required purpose.
Both functions take place on some nonlinear characteristic of a
tube.

Detector. Consider Fig. 264 in which a simple diode is
connected in series with a d-¢ meter and a source of alternating
voltages. For a steady value of the alternating current, the d-c
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Fia. 26. Simple diode deteetor which euts off one-half of the input and pro-
duces a2 change in the average voltage across the transformer as a function of
the envelope of the modulation on the carrier.

meter will read a given value of current, somewhere between
zero and a peak value corresponding to the peak of the applied
a-c voltage. Now if the applied voltage increases, the d-¢c meter
will show an increased current. If the applied voltage varies
periodically at a frequency of, say, 1,000 cps, and if the d-¢ meter
could follow a change in current of this frequency (which it
cannot), then the meter would show a 1,000-cycle current.

Now if instead of the meter we use a transformer, the changes
in applied voltage will cause changes in the voltage across the
primary of the transformer, and these voltages will appear across
the secondary where they can be picked up and amplified if
necessary. If the changes of the applied voltage correspond to
the output of a microphone into which a person speaks, the
voltages across the secondary of the transformer will have all
the characteristics of the microphone currents.

A by-pass condenser across the primary of the transformer will
offer low impedance to the individual cycles of the applied fre-
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quency but high impedance to amplitude changes of the applied
frequency. In such a system the incoming voltage is called a
carrier, and the changes in its average value the modulation.
The by-pass condenser across the transformer gets rid of the
carrier but preserves the modulation. Note in Fig. 26B that
as the carrier voltage rises, the demodulation voltage rises also
and follows the envelope of the input.

Detection or demodulation can occur in the grid circuit of a
triode, utilizing the nonlinear grid voltage—grid current curve,
whereupon some amplification of the demodulation will occur
in the plate circuit. This is accomplished by using a grid con-
denser and leak resistance of such a time constant that it is long
-with respect to the carrier frequency but short with respect to
the modulation. The voltage across the condenser, therefore,
follows the envelope of the carrier but not the individual cycles.
This voltage is applied to the grid-cathode circuit of the tube.

If the grid bias is high so that the variations in plate current
with changes in applied carrier voltage occur about the lower
bend of the E,-I, curve, then there will appear in the plate circuit
a voltage corresponding to the modulation, and detection will
occur.

A grid-leak detector is more sensitive than a plate-circuit
demodulator because of the additional amplification secured in
the plate circuit; but the grid will draw some current on positive
half cycles of the applied wave, and, therefore, it will require
some power from the input. The plate-circuit detector is less
sensitive but its input impedance is very high since the grid never
draws current.

Modulation. In Fig. 27 is shown an amplifier to whose input
is applied a carrier frequency signal of, say, 1 me. The plate
circuit will contain a component corresponding to this frequency.
Now if the plate voltage is varied slowly, up and down, the value
of the 1-mec current in the plate circuit will also go up or down
slowly. In such a process the carrier is said to be modulated.
It now carries two kinds of information: the carrier frequency
at 1 me and the modulation, say, at 1,000 cycles. The modulated
carrier can be used as a means of transporting the modulation
from one place to another over a path which would not transport
the modulation alone. The plate current can be modulated at
several distinct frequencies, say 1, 5, and 10 ke, and at a remote
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point, frequency-selective circuits can pick from the incoming
carrier the frequency to which they are tuned. In this manner
several kinds of information can be sent over the same circuit
without interference. In turn the individual modulation fre-
quencies can be modulated, turned on or off, or actually varied
at a rate which is slow with respect to the modulation frequency.

Mixers. It is often desirable to mix two frequencies, as in
modulating a high frequency with a low frequency, or toproduce
frequencies which bear some integral relationship (harmonic) to
a given frequency, or simply to add two frequencies of the same
general order. Circuits for performing these functions are found
in radio texts, but a brief survey of them will be given here.

Modulated
output

Carrier
input

X

Modulation
input

Fre. 27. Modulated amplifier in which both carrier and modulation are
impressed, one on the grid circuit and the other on the plate circuit.

A mixer is generally considered as a device for mixing or adding
two frequencies not far apart in the frequency scale. For exam-
ple, in a modern radio receiver operating on the superheterodyne
principle, an incoming signal, say at 1,000 ke, is mixed with
another frequency generated locally, so that the difference
between the two is a lower frequency, say 456 ke. If the 1,000-ke
signal is modulated with low frequencies, voice or music for
example, the difference frequency will bear this modulation.
The difference frequency may be amplified as much as desired
and then passed through a detector in which the modulation
is recovered to operate a relay or an audio amplifier and
loudspeaker.

There are several types of tubes specially designed for this
purpose. They have two signal grids, one for the incoming
signal and one for the locally generated signal. Since both affect
the electron stream within the tube, components of both fre-
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quencies exist in the plate circuit. In addition components equal
to the sum of the two frequencies and their difference also show
up in the plate circuit. If the output of the tube is tuned to
the difference (or sum) frequency, the other components may be
filtered out.

The sum, or difference, frequency is called a beat frequency
since, if the local oscillator is varied in frequency, it can be
brought into tune with the incoming signal so that the difference
frequency may be as small as desired. When the difference is
within the limits of audibility, the ear will perceive it, and as
the two circuits are brought into synchronism with each other,
the ear will perceive a beat or throb, which will disappear at
zero beat.

If an alternating voltage is applied to any amplifier tube which
is s0 biased that the operating point is low on the plate-current
curve where there is considerable curvature, then the plate cur-
rent will contain not only a component of current equal in fre-
quency to that of the applied input signal but also components
of twice, three times, etc., this signal. The tube is acting as a
harmonic generator. In practice, where the harmonics are
desired instead of the fundamental component, the tube is
heavily biased and is driven with excess input grid voltage. In
this manner much distortion is created, which is another way of
stating that the harmonics will be high in amplitude.

In general the output at the second harmonic will be about
half, in voltage, of that of the fundamental. The output circuit
may be tuned to the second, or other, harmonic, whereupon the
fundamental will not create much voltage across the load.

Where high frequencies are desired, frequency multiplication
is the general practice rather than that of generating the fre-
quency of the desired value directly. The reasons are (1) it is
easy to make high-stability oscillators which are very constant in
frequency at fairly low frequencies, up to several megacycles, and
(2) amplifiers are much more stable and will give higher gain with
corresponding stability if the input and output are not tuned to
the same frequency. A frequency multiplier is simply an ampli-
fier that is excited with a high input voltage so that harmonics of
the input appear in the output circuit. The input, therefore, is
tuned to a low frequency, and the output is tuned to some
harmonic frequency.
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In a single tube an input frequency may be tripled without too
great decrease in output. Three small tubes used as frequency
triplers, therefore, will produce an output at say 27 mec from a
1-mec signal.

On the other hand if a very low frequency is desired, say 10
cycles, then it is possible to produce it by mixing two higher
frequencies whose difference is the desired low frequency. Fur-
thermore if one of the oscillators is made variable, then an output
frequency continuously variable from zero to some higher fre-
quency may be obtained. Such an instrument is usually called
a heterodyne, or beal-frequency oscillator.

VACUUM-TUBE VOLTMETERS

Since the fundamental action of a diode is to convert alternat-
ing to direct current, and since the fundamental action of a grid-
controlled tube is to produce a change in plate current with a
change in grid voltage, it is natural that engineers have applied
both kinds of tubes to standard laboratory measurement prob-
lems. In either case a plate current meter may be calibrated
in terms of input voltages, and if reasonable care is used, the
calibration will be fairly stable. The diode is very useful for
measuring peak a-¢ voltages; the grid-controlled tube may
measure both d-¢ and a-c voltages and currents.

D-C Measurements. The great advantage of the tube for
measuring direct currents lies in the fact that it draws so very
little current from the source being measured. Therefore it
can be employed to measure voltages delivered by high-imped-
ance sources or used where extremely small currents are involved.

A very simple instrument for measuring d-¢ voltages consists of
a triode with the d-c voltage applied to the grid-cathode circuit
and with a d-c current meter in the plate circuit. Any change
in applied voltage will cause a change in plate current, the
magnitude of which is a function of the transconductance of the
tube. The plate-current meter may be calibrated to read volt-
ages. If the operating point of the tube is chosen near the center
of the E,-I, characteristic, voltages above and below this value
may be read, and in this manner positive and negative voltages
may be measured.

Since all that is desired is to read the change in plate current,
the steady no-signal value may be bucked out by electrical means,
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as shown below, or the needle of the instrument may be mechan-
ically turned so that it reads zero when no d-c voltage is applied
to the grid-cathode terminals.

In Fig. 28 is shown the circuit of such a voltmeter with an
additional battery voltage and resistance shunting the meter so
that the steady no-signal plate current can be suppressed or
balanced out. This simple circuit will measure potentials of
the order of a few volts, from sources which can supply extremely
little current.

If the sensitivity is not great
enough, the same change in plate % ¥
current can be produced by ° '
lower voltages by preceding the (/ %R
voltmeter tube with one or more In
stages of d-c amplification. In 4
this way as little as 10 mv will o—-—|l| M" ; |{*

give full scale deflection on a Frc. 28. Simple triode vacuum-
5-ma meter. tube voltmeter in which any

If the open input terminals of change in the grid voltage pro-
the tube are connected with a duces a change in the plate cur-
known resistance, then the volt- rent. The additional battery and

. . resistor are adjusted so that zero
age across this resistance caused " p through the meter
by input current flowing through  when no grid signal is applied.
it may be used to change the
plate current. Since the resistance is known, the current through
it to cause the change in input voltage can be calculated. In
such a manner the tube-meter circuit becomes a microammeter.
A multistage amplifier plus the final voltmeter tube will permit
measurements of currents as low as 107! amp. The input
impedance presented to the circuit under test may be extremely
high, 100 megohms or more.

Stability of the device may be increased at the expense of a
loss in sensitivity by placing a resistance in series with the cathode
as in Fig. 29. Now an increase in plate current produces a
greater grid bias and this causes the loss in sensitivity. On the
other hand such a resistor makes the circuit much more immune
to change in calibration with changes in supply voltages or tube
characteristics. Changing the cathode resistor will change the
range of the instrument.

Direct-current instruments of this type are not too well adapted
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for measuring voltages or current from low-impedance sources,*
thermocouples for example. The expedient of interrupting the
current or voltage to be measured so that the amplifier-voltmeter
is really measuring a-c¢ values is often employed to get around

O—
Fia. 29. TUse of a cathode
resistor to produce degener-
ation and consequent greater
stability at the cost of de-

this difficulty.

A-C Measurements. If the grid
bias of an amplifier is properly ad-
justed so that the positive half cycles
of an applied a-¢c voltage produce a
greater change in plate current than
do the negative half cycles of the
applied voltage, a net change in d-c
plate current will occur. This change
can be employed as a measure of the
applied input voltage. Furthermore
a simple diode changes alternating to

creased sensitivity.
direct current, and such a tube can be

turned into a useful measuring instrument with the chief dis-
advantage that it will draw current from the source. That is,
it will have a low impedance. The diode may be preceded by an
amplifier, or a d-¢ amplifier may follow the diode as means of
increasing the sensitivity.

A very simple circuit is shown in Fig. 30 where the diode is
placed in series with the voltage
source and a d-¢ meter. The current
read by the meter is proportional to
the average of the positive half cycle, [
but if the resistor in Fig. 30 is shunted R
with a condenser sufficiently large, the o
meter readings will be proportional to
the peak value of the applied alternat-
ing voltage. A 6H6 tube with about
5,000 ohms in series with it and the
meter, will deliver a d-¢ voltage of
approximately 1, 2, and 3 volts for
a-c¢ input voltages of, respectively, 2, 6, and 10 volts.

Instead of employing a diode, a triode may be used as shown in
Fig. 31. Here the grid draws current on the positive half cycles
of applied input voltage and this current flowing through the
grid-leak resistor changes the grid voltage so that a change in

F1a. 30. Simple diode em-
ployed ag a voltmeter. The
meter reads current as a
function of the applied a-c
voltage.
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plate current results. This device draws current from the source,
and, therefore, its impedance presented to the source is not very
high. Again, the steady no-signal plate current can be bucked
out so that the meter responds only to changes in plate current.

It is preferable to bias the tube from a battery or other source
and to so adjust this bias that the change in plate current for the
desired input a-c voltages is greatest. Thus if a 9-volt peak is to

be measured, the bias on the tube can be somewhat more than

this. The tube, therefore, will
not draw grid current, and its
input impedance will be high.
Then the plate voltage can
be adjusted to produce the
greatest deflection for the
9-volt-peak input, or the plate
voltage can be adjusted so that
the applied 9 volts will bring
the plate current meter to full
scale deflection.

Other Voltmeter Types.
The literature on this subject is
extensive; much work has been
done with tubes as measuring

—)

=

° —l
Fig. 31. Grid-leak detector em-
ployed as a voltmeter. As the input
voltage increases, the plate current
goes down because of greater bias on
the grid as it draws greater current
on positive half cycles of the applied
input voltage.

@

tools. Some circuits are arranged so that the no-signal deflection
is maximum. Then no matter what signal is applied, the cur-
rent meter reading goes down. In this manner a sensitive meter
in the plate circuit cannot be damaged by applying excessive
voltage to the input of the tube. Some circuits have been
arranged in which the tubes are in a bridge circuit so that the
meter may read the difference of the two tube currents as a
function of the applied input voltage, or in which the effects of
variations in supply voltage in one tube are compensated in the
other, and so on.

The tube may be used in the following way instead of operating
it as a calibrated device. After the input voltage has been
applied and the plate-current reading taken, the unknown applied
voltage is removed and another voltage supplied from a potential
divider across a known battery voltage is substituted. When
the same plate-current reading is attained, the unknown voltage
is equal to the standard volt potential.
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In another technique the applied voltage is permitted to create
any desired plate current, whereupon the bias is adjusted until
the no-signal current is again attained. The change in biasis a
measure of the applied voltage.
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CHAPTER 4

RECTIFIERS AND POWER SUPPLIES

In preceding chapters it was stated that the job of electronics is
to control power, not to produce or manufacture it. In almost
all electronic devices a source of power is required—the tubes and
other components only transform this power into some useful
form for doing a specific job at some desired time.

In most parts of the world power is furnished in the form of
an alternating voltage. This type of power, where the voltage
and current are actually building up in one direction and then
periodically reversing in a sinusoidal fashion, is useful directly in
some electronic applications. In most circuits, however, the a-c
voltage is converted electronically into a source of d-c voltage.

The circuit that accomplishes this a-c to d-¢ conversion is
known as a rectifier circuit, and the actual elements in the circuit
that do the converting are called rectifiers. In some cases the
rectifying elements are vacuum or gas-filled electron tubes, and
in others dry or metallic type rectifiers are used. In both
instances rectification is made possible by virtue of the property
of all rectifiers to pass current in only one direction.

As might be expected, d-¢ power can be converted back to a-c
power by electronic means, but this application of electronics
finds limited practical use in industrial applications.

Rectifier Circuits. The most basic rectifier circuit is shown
in Fig. 1. Here are three circuit elements, all connected in
series: the rectifier itself, a source of a-c voltage (shown as the
secondary winding of a step-up transformer), and a load (indi-
cated by a resistance) through which it is desired to pass a
current in one, and only one, direction. When the source voltage
is in the proper direction (Fig. 14), the rectifier passes current
through the load, and a voltage drop appears across the load.

86
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When the source voltage reverses (Fig. 1B), which it does once a
cycle, the rectifier refuses to pass current, and all the voltage
appears across the rectifier. No current flows in the load, and
Since the source voltage

there can be no voltage drop across it.

2

Fic. 1. Half-wave
rectifier circuit. The
arrows indicate the
direction of current
flow. The tube con-
ducts current when,
and only when, its
plate is positive with
respect toits cathode.

Half wave

©)

Full wove
(C)
Fic. 2. Full-wave

center-tapped trans-
former rectifier circuit.
Two tubes take turns
conducting current,
but the direction of
current through the
load (voltage across
the load) is always
the same.

+

Bridge circuit
©

Fig. 3. A bridge recti-
fier circuit. Here full-wave
rectification is provided
without a center-tapped
transformer. Current
through the load is unidi-
rectional, but pulsating, as
shown in C.

is varying sinusoidally, the current that flows is a half sine wave.
It rises from zero to some maximum value, and then returns in a
like manner to zero, where it remains during the nonconducting
halves of the cycle. This is illustrated by the curves in Fig. 1C.

The rectifier, then, acts like a variable resistance, being very
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high during one half cycle and very low during the other half.
Ideally, the value of tube resistance should alternate between
zero and infinity, but actually this is not the case. There is
always a voltage drop across the tube, thus indicating that its
resistance never drops to zero. The value of this tube voltage
drop in a vacuum rectifier is roughly proportional to the current
being drawn through the tube. In the case of the gas tube,
however, the tube voltage drop is always some low value, say
of the order of 15 volts, regardless of the current. The gas
rectifier thus has the advantage of being more efficient, since
less voltage is lost in the tube itself.

Full-wave Rectifier, Now consider Fig. 2, which shows the
full-wave rectifier complete with transformer windings, rectifiers,
and load resistance. Each tube will pass current only when its
anode is positive with respect to the cathode. On one half
cycle, therefore, the cathode of one tube is positive, the plate is
negative, and no current is furnished the load by this tube.
During this same half cycle, however, voltage of the proper
polarity is applied to the plate of the other tube which passes
current to the load. On the next half cycle these conditions
are reversed so that the two tubes alternately pass current and
refuse to pass current. The end point is a continuous flow of
current through the load. The magnitude of this current varies
from instant to instant but its direction of flow is always the
same. In a full-wave rectifier, then, each tube handles current
half the time, but the load has current passing through it all the
time.

The full voltage developed across the secondary of the trans-
former will not appear across the load, because there is some
voltage drop in the rectifier, the actual amount depending upon
the type of rectifier tube and the eurrent flowing through it.
Therefore, in order to supply, say, 300 volts to the load the
transformer secondary must produce 300 plus the voltage lost
in the tube. If the tube drop is 50 volts, then at least 350 volts
must be available to supply 300 to the load.

Another type of full-wave rectifier is shown in Fig. 3. This
type, called the bridge rectifier, furnishes full-wave rectification
without a transformer center tap. It has the disadvantage,
however, of requiring four rectifier tubes instead of two. Its
action is as follows: When A is positive with respect to B, elec-
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trons flow through tube 1, the load, and tube 2. When the
source voltage reverses, electrons flow through tube 3, again
through the load in the same direction as before, and thence
through tube 4. Again current flows through the load during
both halves of the a-c cycle, but the load current is always uni-
directional. The voltage at the junction of tubes 2 and 4 is
always positive with respect to the voltage at the junction of
tubes 1 and 3.

Current Required and Choice of Circuit. The type of rectifier
circuit used for a particular application is dependent on a number
of factors, the most important of which is the amount of d-c
power that must be supplied by the circuit. In general, circuits
of low power requirements are single phase; when larger amounts
of power are required, three-phase circuits may be used.

Filter Circuits. After the alternating current is rectified, it is
usually filtered to supply the load with a constant value of d-c
voltage. Filters employ shunt capacitance and series induct-
ance to smooth out the rectifier-circuit current pulses and pro-
vide as pure direct current as is desired. In low-level cir-
cuits, such as those used in the first stages of amplifiers where
considerable amplification follows, the d-c source voltage must
be almost completely free from a-c ripple. Otherwise, any ripple
introduced in the input of the amplifier stage would experience
the same amplification as the signal, and its presence in the out-
put of the amplifier would be objectionable.

Filters have two general forms, depending on whether a capaci-
tance is placed directly across the rectifier output or whether a
series inductance is placed between the rectifier and the first
filter capacitance. Thus we have the terms condenser input
filter and inductance or choke input filter. Examples of both
types are shown in Fig. 4.

The condenser input circuit produces a higher d-c output
voltage for a given a-c input. It is also more economical than
the choke input filter, since it requires one less component, that
is, the input choke. However, when a rectifier circuit employing
a condenser input filter is first turned on, the uncharged input
condenser presents practically a dead short across the rectifier,
and extremely large current values may flow until the condenser
becomes charged. This effect makes the condenser input filter
unusable with gaseous-type rectifiers but satisfactory for vacuum-
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[
Unfiltered
D-C
D-C from C
rectifier T output

(A)Single section choke input filter

L
|
Unfiltered
D-C from 7=C ==C O[?J;CUT
rectifier p
(B) Single section condenser input
L L
Unfiltered l
D-C from ~<C C 0-C
rectifier ’l\ oujp”’

(C) Double section choke input filter

L L

Unfiltered
D-C from C C C D'- C
recilifier T ’l\ output

{D) Double section condenser input

F16c. 4. Inductance-capacitance filters smooth out fluctuations in the output
of rectifier circuits.

type circuits where current limiting due to space charge within
the tube prevents damage to the tube electrodes.

Though the choke input filter provides a slightly lower output
voltage, its filtering action and regulation characteristics are
superior to those obtainable with a condenser input. Also, the
peak values of current through the tube are much lower, thereby
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decreasing the peak loads on the rectifier tube and increasing
tube life. The choke input filter is most common in industrial
circuits.

Bleeder Resistors. In most cases a fixed resistor is placed
across the output of a rectifier-filter power supply. It is called
the bleeder resistor since it continuously bleeds off a portion of
the current supplied by the power supply. This resistor usually
has such a value that with the load disconnected it will draw
about 10 per cent of the total load current. Its function is to
keep some current flowing through the rectifier and filter at all
times, thus improving the regulation of the supply. It also
acts as a safety measure to discharge the filter capacitors when
the load is disconnected and the a-c power to the rectifier is
turned off.

Filter-circuit Design. Filter-circuit components are usually
selected by compromise after determining the approximate
values required for a certain degree of filtering action. It is
common practice, and not in most cases too impraectical, to
provide much more than adequate filtering, just to be sure. At
first glance this practice might seem slipshod and careless and a
disgrace to accepted engineering principles, but a study of the
problem will reveal the merit of such a scheme.

Filter components are usually available in values of inductance
and capacitance in whole integral numbers. 8o, if it is found
that a choke of 8 henrys is needed in conjunction with a con-
denser of 4.5 uf, one might have to settle for 10-henry chokes
and perhaps 8-uf condensers.

The percentage of ripple! that may be expected from the single-
section filter shown in Fig. 44 may be approximated by the
equation

. 100

Percentage ripple = 10
where L is the input choke inductance in henrys, and C the
capacitance in microfarads. The above equation assumes a
full-wave rectifier circuit which has a ripple frequency of 120
cycles per second when operated from a 60-cycle source. If it is
desired to calculate filter-component values for other types of

! The amount that the d-c voltage varies in percentage of the average
value around which it varies.
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circuits, suitable adjustment to the L and C values must be
made. For instance, if the circuit to be used is a half-wave
rectifier, as shown in Fig. 1, the ripple frequency is 60 cps, and
twice as much as inductance and capacitance will be required for
the same amount of ripple, as calculated by the equation. Simi-
lar formula adjustments can be made for other cireuits.

It would seem that if a sufficiently large value of capacitance
were chosen for a single-section filter, for which the above equa-
tion applies, a very small inductance could be used. However,
there are limitations that must be applied. The input choke
must be large enough to limit to a safe value the peak current
that must be passed by the rectifier tubes. An approximation
of the smallest choke that can be used in the input of a single-
section filter can be made as follows:

Lo — load voltage
"% load current

where L is in henrys, the load voltage in volts, and the load cur-
rent in milliamperes. It is best to select an input choke with a
value of about twice the value calculated above, although a
value approximately equal to the calculated value will prevent
the filter from acting like a condenser input system.

SELECTION OF POWER-SUPPLY COMPONENTS

In designing a power supply for a given voltage and current
rating, many factors must be considered. Cost is usually one
of the main items, and among the others are size, weight, flexi-
bility, regulation, amount of ripple that can be tolerated, depend-
ability, chances of short overloads, and so on. Each application
presents a new set of requirements.

There are many transformers available on the market, but
they cover only typical requirements. It would be impaossible
for transformer manufacturers to stock units for the infinite
number of combinations that might be required. Tubes are also
usually selected as a matter of compromise. If a given trans-
former is on hand that has a 6-volt filament winding for a recti-
fier, rather than a 5-volt winding, it is common sense to choose
a 6-volt rectifier tube rather than to buy a separate filament
transformer.

These compromises are best made by a systematic check of the
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factorsinvolved. It isimpossible to set down a rule for designing
power supplies. A general idea of components will be presented,
however, with the details accompanying individual cases left to
the imagination of the reader.

Efficiency is not too often an important factor in power-supply
design, since abundant power is usually available. In most
factories and plants where industrial electronic equipment is
employed, the power required by the electronic control equip-
ment is usually a negligible amount compared to the power
required for running the equipment being controlled.

Choosing a Circuit. Of the three general types of single-
phase power-supply rectifier circuits, the full-wave rectifier with
a center-tapped power transformer is by far the most common.
The reasons for this popularity are (1) full-wave rectified current
(as opposed to half-wave) is easy to filter into pure direct current,
(2) a wide selection of power transformers is available for this
type of circuit, (3) moderately high currents can be drawn from
such a circuit, since each tube works only half of the time, (4) a
wide selection of double-diode rectifier tubes is available for
medium power ratings, and (5) the peak values of voltage applied
to the rectifier tubes need not be so great as in the case of the
half-wave circuit.

The half-wave circuit is popular, however, where (1) current
drains are low, (2) not too much filtering is required, (3) where
an existing transformer is to be used which has no center tap, and
(4) only one rectifying diode is desired.

Bridge rectification may be used where the disadvantage of
needing at least three separate filament transformers is not
objectionable or where full-wave rectification is desired and an
un-center-tapped a-¢ source must be used.

Reducing Charging Current. The high-surge current caused
by charging the input capacitor can be reduced by using a small
value of input capacitance, but the filtering action is reduced as a
result. Several schemes have been used for limiting the charging-
current surges. Two of these are shown in Fig. 5. In each case a
second switching action is required each time power is applied
to the filter. In Fig. 54 a current-limiting resistor is placed in
series with the filter. It limits the charging current. However,
once the input capacitor has charged up, the resistance must be
shorted rut if the full advantage of the voltage increase made
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possible by the condenser input filter is to be realized. Other-
wise, the voltage drop across the limiting resistor would lower
the output voltage. The other scheme, that shown in Fig. 5B,
shows the condenser switched from one side of the filter choke
to the other after it has been charged through the choke. The
choke, of course, limits the charging current when power is first
applied to the filter, and the charged capacitor is then switched

Unfiftered L L Fi lflred
input T T output
L ) l
T
—_—
™ T

Unfittered [ Filtered
input” T output

j T
(B)

Fra. 5. Condenser-input filters provide somewhat higher output voltages,
but when these filters are used with mercury-vapor rectifiers, precautions
such as those shown must be taken to see that the charging current is not
high enough to damage rectifier tubes.

to the input side of the choke where it acts to increase the voltage
output in the usual manner.

One disadvantage of the condenser input filter is the fact that
the many variables involved make calculation of the output
voltage quite involved. Trial-and-error methods are usually
required. In many applications this is not a serious disadvan-
tage, since the additional voltage afforded by a condenser-input
filter allows some leeway. Any excess voltage can be reduced by
a series resistance between the filter output and the load.

If choke input is used, the d-¢ voltage output will be approxi-
mately 90 per cent of the rms value of the voltage across one-half
of the secondary (assuming a full-wave rectifier and neglecting
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any voltage drop due to the internal resistance of the transformer
and filter choke). For the capacitor input filter the output
voltage will depend to a great extent on the values of filter com-
ponents and the amount of load current drawn. Curves are
available in tube handbooks for calculating the voltage output
of a circuit using specific tubes and specified filter components.
A pair of typical curves for this purpose are shown in Fig. 6

OPERATION CHARACTERISTICS OPERATION CHARACTERISTICS
CHOKE INPUT TO FILTER CONDENSER INPUT TO FILTER
T 1 T 3
| Type 5Y3-G | | Type 5v3-G |
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- Input choke =5 henries (min) — Input condenser =4 A f
= | - Tot effect. plate-supply
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Fia. 6. Typical curves provide all essential information for figuring the
performance or rectifier tubes. This example (from the “RCA Receiving
Tube Handbook ) shows characteristics for the 5Y3G high-vacuum dual-
diode rectifier tube.

(from the “ RCA Receiving Tube Handbook’). Here are given
curves for the popular 5Y3G tube.

As an example, let us suppose we must supply 300 d-¢ volts
at 100 ma. From the curves (Fig. 6) we see that if we use a
choke input filter, the rms voltage supplied by the power trans-
former will have to be 400 volts either side of center tap. But
if we use condenser input, only 300 volts are required.

Choosing a Power Transformer. Many factors are involved
in the selection of a proper power transformer for a particular
supply. Here more than anywhere else in the power-supply
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circuit compromises are bound to be made. A transformer is
chosen that will deliver af least the required voltage at the
required current. Any excess voltage can be reduced by series
resistances or voltage dividers (explained later in detail), and
excess current rating is never harmful.

The current rating of a transformer is based on the transformer
being used at rated voltage. The important thing is not to
exceed the product of the voltage and current, which gives the
volt-ampere rating. If a circuit is used to produce a d-c voltage
equal to twice the rms input voltage (voltage doubling), the
current that can be drawn from the transformer is just half the
rated value. In multiple-winding transformers where both high
voltage and filament windings are included, the volt-ampere
rating is the sum of the ratings of each separate winding. Asan
example, if a transformer is rated at 300 volts rms at 50 ma and
it has a filament winding for 5 volts at 2 amp, the total volt-
ampere rating is 300 X 0.050 - 5 X 2 = 15 + 10, or 25 watts.
If, for some reason, one of the windings is not used, slightly
higher power can be drawn from the other winding without
damage. Heating is the power-limit-determining factor.

Because the windings of the transformer have finite resistance,
a different output voltage will appear for each different value of
output current. For example, in the above-mentioned case, the
transformer is rated at 300 volts at 50 ma. If twice the rated
current were drawn from the transformer (assuming it did not
burn up in the meantime because of the increased power loss), the
output voltage might drop to 250 volts. From these two sets of
data, the actual resistance of the transformer secondary winding
may be determined, since the change in current and a correspond-
ing change in voltage are known. The resistance in this case
would be 50/0.050, or 1,000 chms. Now the voltage at 25 ma
or any other current can be calculated. (Output voltage at
25 ma is V, = 300 — 1,000 X 0.025 = 300 — 25 = 275 volts.)

It is important in choosing a transformer to select one, if
possible, with proper filament supply windings. Usually trans-
formers have a 5-volt winding for the rectifier filament and a
6.3-volt winding for other tubes.

If a separate filament transformer is used for the rectifier, it
must be remembered that the filament of a conventional rectifier
tube is usually held at B4 potential and that the insulation from
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the filament-transformer secondary winding to ground must be
sufficient to withstand the B+ voltage.

In some circuits shielding of the transformer is important.
Shielding is usually provided by a metallic case that houses the
transformer. One of the most vulnerable pieces of equipment
to unshielded or poorly shielded power transformers is the
cathode-ray tube. Low-level amplifiers are also easily disrupted
by unshielded transformers. The theory behind shielding is as
follows: A transformer is an electromagnetic device that depends
for its operation on the production of strong magnetic fields.
Induction between primary and secondary is caused by a field
building up and collapsing across the windings of the secondary.
In a like manner, currents are induced in any other conductors
lying in the transformer field. Shielding tends to localize the
field in the vicinity of the transformer by providing a low-
reluctance path for the lines of force. But some lines will always
escape. There is no perfect shield.

Color Coding. The wire leads from a power transformer are
color coded so that the various filament windings and high-volt-
age windings can be identified. The RMA color code for power
transformers is as follows:

Primary leads. .. ... e Black
High-voltage secondary ends. . ...................... Red

High-voltage secondary center tap................... Red and yellow
Rectifier filament winding........................... Yellow

Rectifier filament winding center tap (if used)......... Yellow and blue
Filament winding No. 1.......... ... ... ... ........ Green

Filament winding No. 1 center tap (if used)........... Green and yellow
Filament winding No. 2............................. Brown

Filament winding No. 2 center tap (if used)........... Brown and yellow

The filament windings are usually readily identifiable because
they are much thicker. This is to be expected, since filaments
draw currents of the order of amperes, but a few hundred milli-
amperes is fairly heavy current for a high-voltage winding.

If the leads are not color coded or if the identification of the
leads has been lost, the several windings may be tested as follows:
Connect a 60-watt lamp in series with the power circuit and the
windings, one at a time. The heavy leads indicating low-voltage
high-current filament windings will present virtually no imped-
ance to the current, and the lamp will light up strongly. The
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winding to be connected to the power line will have considerable
impedance and will allow the lamp to light up only dimly. The
high-voltage windings are still higher in impedance (being made
up of many turns of small wire) and may permit so little current
to flow to the lamp that it will not light up at all.

Many other factors are often of vital importance in transformer
selection. Frequently physical shape and mounting facilities
are important. During the war a large number of 400-cps
transformers were built, and they will not operate properly on
line frequency of 60 cps. If a transformer is designed for opera-
tion with the full-wave circuit using two tubes and a center tap,
it is possible that the same transformer may not be suitable for
operation with a half-wave rectifier circuit. The secondary
windings of the full-wave transformer are insulated from the core
and shield of the transformer to withstand the peak voltage
expected from center tap to either end of the secondary. If this
transformer is used with one end of the secondary grounded
(connected through the chassis to the shield), the “hot” end
of the secondary is actually at a voltage which is twice the design
value, and breakdown of the insulation may occur. Many
transformers of good design are insulated with a safety factor
that will permit their use in such service. However, where
dependability is important, the transformers used should be
designed for the type of service intended.

Choice of Tubes. The most valuable aid in choosing a tube
or tubes for use in a power supply is the wealth of information
compiled in the various tube handbooks. Probably the most
complete listing of tubes that is readily available in this country
is published in the yearly edition of the American Radio Relay
League’s book “The Radio Amateur’s Handbook.” This collec-
tion has the advantage that it includes tubes of all manufacturers.
However, in many cases, sufficient information can be obtained
from the various manufacturers’ tube manuals. The RCA tube
manual is especially complete in this respect. Also, loose-leaf
volumes are available (Tung-Sol, RCA and GE) on a subscription
basis so that it is easy to make additions as new tubes are devel-
oped and as characteristics of others are changed.

With the aid of a tube manual, the selection of a tube for a
particular circuit is relatively simple. The manuals provide
tube data for various types of circuits and with different types
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of filters. All that need be considered, in most cases, is that the
tube have ratings equal to or greater than the desired service
requires.

The plate-to-plate voltage rating refers to the rms voltage
appearing across the entire secondary of the power transformer.
Data are also given as to regulation and output voltages for
typical filter components. It goes without saying that the
filament ratings, both voltage and current, must be satisfied.

10 Henry +350 V.
50 MA D-C
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Fic. 7. Most electronic devices obtain their d-c voltage from a circuit of
the type shown, with typical component values.

The peak inverse voltage rating given tubes is an important
factor in most cases. A study of the condenser-input-filter
full-wave rectifier circuit of Fig. 7 will show that when one-half
of the tube is conducting, the voltage across it is fairly low.
However, when the tube current is cut off by the voltage being
of the wrong polarity, the full-peak half-secondary voltage and
the charge on the input capacitor are in series and impress a
voltage across the tube equal to

Einv = Ermu X 1‘4 X 2

The factor 1.4 converts the rms voltage to peak value. Actually
this value is the maximum voltage that can occur, so the tube
must have sufficient insulation in the base and spacing between
elements to stand up under that voltage.
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Where mercury-vapor tubes are concerned, a peak permissible
value of current is given. This is always greater than the maxi-
mum-output current rating. It is the current that the tube
can stand for short periods of time, such as the current surges
that occur when the filter condenser charges when the circuit is
first turned on. This peak value is the value used in calculating
any series resistance to be used to limit the charging current.
The maximum current value is the current that can be drawn
under normal continuous circumstances.

In the case of mercury-vapor tubes a warm-up period must be
allowed before high voltage is applied. This time varies from
tube to tube, but most mercury-vapor tubes can safely be oper-
ated after a warm-up period (filament current turned on) of a
few minutes. Some circuits employ time-delay relays which
prevent the application of high voltage until the tubes have had
a chance to warm up sufficiently.

Another point to keep in mind is the temperature rating of such
tubes as the 866 mercury-vapor rectifiers. Low temperatures
increase the voltage that must be applied before the tube con-
ducts current. High temperatures lengthen the filament life
somewhat, but when operated at elevated temperatures, the
peak inverse rating is reduced. The temperature that is impor-
tant is the actual temperature of the gas inside the bulb. This
can be measured with sufficient accuracy by measuring the
temperature of the bulb. For example, a thermocouple can be
taped or tied to the bulb when temperature is an important factor
and must continuously be measured. Manufacturers’ tube data
give different sets of operating information for temperatures
likely to be encountered in practice.

In designing a power supply, the characteristics of the a-c
voltage source must be taken into consideration when sudden
voltage surges are likely or possible. A sudden increase in
voltage at the terminals of a high-voltage transformer primary
may produce many times that voltage increase to the rectifier
circuit, and damage to the tubes may result.

Choice of Filter Condensers. The primary factor in filter
condenser selection is, of course, the capacitance value of the
condenser. The second factor of importance in choosing filter
condensers is the voltage rating. This factor is equal in impor-
tance to the capacitance rating—if a condenser is rated at too
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low a voltage, it might break down and render itself and the
rest of the circuit useless. Filter condensers are rated in a
number of ways. Most common is a working voltage rating,
which is usually stamped on the body of the condenser. This
rating infers that the condenser will operate in a d-c power supply
whose average output voltage is the voltage shown. However,
the condenser must be able to withstand considerably more than
this value.

Again, in practice, voltage values are