






























































































































































































































































































































































































































































































































































158 TRANSIENTS [Crapr. VI

positive peaks 71 and 7, of the current curve in Fig. 5.3a is

1, € RUWL gin woly

?:2 e R0/ gin O)otz

where ¢, and t; are the times when the current has the maximum
values shown. These times differ by one period,! so that

to=t+ To
where
2r 1
T = — = —
0 wo fo
Then
O)otz = O)otl + 21!'
and since
sin wot; = sin (wef; + 2w) = sin welz
7:1 e—Rh/ZL
= — = eR’I‘o/2L
9 _Rt:i+To)
€ oL
and
7:1 _ RT() _

This value is the same for the ratio of any two successive positive
(or negative) maxima. The logarithmic decrement § is the ratio
of the period of the oscillation to the time constant 2L/R of the
envelope, Fig. 5.3a. Its reciprocal 1/6 is approximately the
number of complete oscillations of the current from the beginning
of the transient to the time when the amplitude is reduced to 37
per cent of its initial amplitude (more correctly, to the time when
e ?/2L = 0.37). The logarithmic decrement § = #R/Lwy, = 7/Q,
where Q@ = Lwo/R is the quality factor of the circuit. Thus Q/r is
approximately the number of oscillations before the amplitude is
reduced to 37 per cent of the maximum value.

Another interpretation of the quantity 1/6 = @/ can be
expressed in terms of energy. Multiplying numerator and denomi-
nator of (5.16) by %72, and inverting,

(5.17)

NoW 4L |%mex|? is the maximum energy stored in the inductance during
a cycle, and if the current is assumed to be sinusoidal (approxi-
1 The instant of current maximum precedes the instant when sin ot = +1

by a small amount, Fig. 5.3b, which increases with the damping. This amount
is constant in each cycle and is equal to CR/2 when Q is large.
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olmi

,L=0
,L=0.25 CRZ (CRITICAL DAMPING)

,L=0.5CR?

! ]
CR 2CR 3CR t—~

Fi1c. 5.7.—Showing the effect on the transient current of adding inductance to a
geries CR circuit.

Sy
L=0.25CR?- -L=0
q
1= 0.5 CR?
L=0.
| 1 !
CR 2CR 3CR t->
Fic. 5.8.—Showing the effect on the transient charge of adding inductance to a series
CR circuit.
Ey ______
R -C=00
i /
G- 2L cRmcaL DAMPING)
ZI: > -
-5

. T—

Fig. 5.9.—Effect on the current transient of varying the capacitance in a series
LCR circuit, starting from infinite series capacitance or the equivalent of a series LR
circuit.
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and since the acceleration a = d%s/dt?* and the velocity v = ds/dt,
(6.1) may be written

2
W d?s ds

—md—ﬁ—b(ﬁ_ks=0 (6.2)
This equation is of the same form as (5.2) and has the same
form of solution. If the mass is disturbed from its equilibrium
position, given by the condition W = ks, it will oscillate up and
down about the equilibrium position if the experiment is performed
in air where b is small. If the experiment is repeated in a medium
of sufficient viscosity, the motion becomes critically damped or
overdamped. The equation of the angular displacement of a
pendulum is similar to (6.2) when the displacement is small.

Another excellent analogue of the oscillatory case is the oscilla-
tion of a balance-wheel and hairspring combination used to regulate
the rate of unwinding of the mainspring of a clock or watch. When
used in a clock, the pendulum or the balance-wheel system is an
example of an oscillatory system in which the damping is very
small, 7.e., the decrement is small or the @ is high. An example
of critical damping is met in the pointer on an indicating ammeter
or voltmeter. It is undesirable to have the pointer oscillate about
the final indication when a given current is sent through the instru-
ment. On the other hand, the damping may be too high, causing
the pointer to be sluggish in reaching its final reading. The critical
damping gives the most rapid arrival at the final reading without
overshooting. Actually, the damping is adjusted usually to be
slightly less than critical so that the pointer overshoots slightly
but does not make more than one visible oscillation. A spring
balance is not damped ordinarily and has to be stopped from
oscillating by hand in order to get a reading quickly.

Vibrations of plucked strings on musical instruments, vibrations
of drumheads, etc., are further examples of oscillatory transients
in mechanical systems, although the conditions are not analogous
to the simple LCR circuit.

The LCR combination having a high @ is used to fix the fre-
quency of oscillation of an oscillator just as the extremely high Q
systems of the pendulum or balance wheel are used to govern
the frequency of a clock or watch. The oscillation of a piezo-
electric crystal is another example of an extremely high-Q electro-
mechanical system whose oscillations can be maintained electrically
and used in very accurate timing devices.













































SEc. 5] DERIVATION OF FREQUENCIES 181

with this frequency approaches zero, so that, in the limit, currents of
this frequency do not appear.

When the two circuits have the same natural wavelength,
Ae/A1 = 1, and (4.3) reduces to

x*

= and——— VItk (4.4)
1

This is the case of greatest practical interest since circuits in
receivers and transmitters are tuned usually for A, = \;. The
oscillations of Fig. 3.1 are for this condition.

6. Derivation of Frequencies of Free Oscillation of Magnetically
Coupled Circuits.—The differential equations expressing the volt-
ages in the circuits of Fig. 1.1¢, resistances being neglected, are!

L T (5.1)
u$+M%+”=o (5.2)

Differentiating (5.1) and (5.2) and substituting dgq,/dt = 7, and
dQQ/dt = 7:2,

d ’Ll d ’Lz 7:1 _

e + M= v + 6 =0 (5.3)
d Zg d ’Ll

P + M dt? + C (5:4)

Since there are no resistances in the circuits, the currents will be
sinusoidal in form with no damping. Hence, assume that
i1 = I, sin wt (5.5)
iy = I, sin wt (5.6)

where the o’s are unknown and will be evaluated. Substituting
these expressions in (5.3) and (5.4),

(w2L1 - Ci> Iy sin wt = —w?MT, sin wt (5.7)
1

(w2L2 — Ci> Ty sin wt = —w?MT, sin wt (5.8)
2

! Note that the algebraic sign before M may be either plus or minus, but the
sign chosen determines whether magnetic flux caused by positive flow of
sccondary current is in the same direction as or the opposite direction to the
flux caused by positive flow of primary current. The plus sign adopted fixes the
convention that positive currents produce aiding magnetic fields.
























Sec. 10] CONDITIONS FOR PARTIAL RESONANCE 189

are not located on the 45-degree line. As the coupling is reduced,
the peaks approach each other, those of Fig. 9.8 being closer together
than those of Fig. 9.7. If the coupling were reduced to the critical
value, the two peaks would merge. For still weaker coupling,
there would be a single peak of reduced height, located at the
point corresponding to 8: and 8. equal to zero (no net reactance
in either circuit). For still smaller values of k the single maximum

F1a. 9.4.—Space model of secondary current of two magnetically coupled circuits;
Q1 =4,Qz2 =16, k = 0.1822 = koptimum.

of |I2]/|Is|mas would decrease in height, remaining at the point for
which 85 and B; are zero.

It should be remarked here that the models in Figs. 9.1 to 9.4
are constructed for low values of @ in order to show clearly the
separation of the peaks and to yield contour lines which are not
too crowded. For higher values of Q the models and contour curves
have the same general characteristics except that the peaks are
sharper and confined to a smaller region on the base plane.

10. Conditions for Partial Resonance.—The conditions for and
the value of the maximum secondary current at the peaks are of






































































































Skc. 10] INVERSE TWO-TERMINAL NETWORKS 223

It can be proved that the curve representing the reactance X of
a nondissipative network as a function of frequency has everywhere a
positive slope (Campbell-Foster theorem). As examples, Figs. 9.2
and 9.3 show the variations of reactance for two reactive networks
of three elements each (these networks occur in the analysis of
quartz and magnetostriction oscillators, respectively).

10. Inverse Two-terminal Networks.—In the low-pass filter of
Fig. 2.2, the series branch is inductive and the shunt branch is
capacitive at all frequencies. In the high-pass filter of Fig. 8.1,
the series branch is always capacitive, the shunt branch always
inductive. In general, let Z, = jX,; and Z, = jX, be the imped-
ances of the series and shunt networks that form the arms of the
filter; in the type of filters to be considered now, X; and X, will be
of opposite signs at any given frequency. Two reactive networks
that satisfy this condition are called dual or inverse networks. (The
expressions arm, branch, two-terminal network are equivalent.) The
‘““critical frequencies” at which their reactances become zero or
infinite are the same, one of the networks being resonant (X, = 0)
at every critical frequency for which the other network is anti-
resonant (X, = ), and vice versa.

It is a remarkable fact that, if X, and X,, Figs. 9.1¢c and d, are
of opposite sign at each and every frequency, then the product
XX, is independent of frequency. For inverse networks Z; and
Zs,

Z1Z2 = k2 or X1X2 = —k? (101)

By comparing the circuit diagrams of two inverse networks,
Figs. 9.2 and 9.3, for example, it is seen that for every L in one
network there is a C in the other, and viee versa. Moreover, two
elements that are in series in one network are in parallel in its
inverse, and vice versa. It can be shown that these topological
conditions are necessary but not sufficient in the general case in
order that two reactive networks composed of series and parallel
branches be dual. It remains to choose the numerical values of the
L’s and C’s so that every resonant frequency of one network is equal
to an antiresonant frequency of the other network, and vice versa.

The numerical values of the L’s and C’s must be such that the
ratio of any L in one network to the corresponding C in the other
network is the same for all element pairs. For example, for
Figs. 9.2 and 9.3, these conditions are

I;l—-é_l“‘_ 2
¢."¢-C F (102)
















































































































































Sec. 5] POTENTIAL DISTRIBUTION IN A PLANE DIODE 271

space charge, curve (b) for space-charge-limited current without
initial electron velocities. Curve (c) is the actual potential distribu-
tion. An examination of curve (c) indicates that those electrons
which are emitted by the cathode with sufficient velocity to get
over the ‘“potential hump” at z, will reach the plate, while those
with lower velocities will return to the cathode. The elevation

"onl“

0 d
b C

e a

|

Fic. 5.2.—Potential diagram inverted.

of the potential hump and its distance from the cathode increasc
as the temperature of the cathode increases. If z, is thought of
as the position of a ‘““virtual cathode’’ from which the electrons
are released without initial velocity and if the potential of the virtual
cathode is taken to be that at z,, the assumptions underlying
Child’s law are reasonably justified. In Figs. 5.1 and 5.2 the dis-
tance zo and the region of negative potential are greatly exaggerated.










































Skc. 8] TUBE COEFFICIENTS 285

The coefficients gm, 75, ¢ are illustrated graphically in Fig. 8.1.
Since ¢ is the limit of the ratio Ai,/Ae, as A7, approaches zero,
it is proportional to the slope of the 7,-¢, curve at the operating point.
A family of 4-e. curves is shown in Fig. 2.3. In Fig. 8.1, r, is
the limit of the ratio Ae,/A7, and is thus inversely proportional to
the slope of the 7,-e; curve. Also, —u is the limit of Ae,/Ae. and is
proportional to the slope of the e-e. curve, Fig. 2.4. Though g,
gm, Tp can be evaluated from 7,-¢; or ip-e. or e-e. curves, they can
be measured much more accurately by bridge-type circuits designed
for the purpose.!

Typical values of triode coefficients and their dependence on
plate current are shown in Fig. 8.2. It can be shown? that

# = ngp (8.5)
A graphical proof of (8.5) can be accomplished by means of
Fig. 8.1. If, starting at P, the plate voltage is increased, causing
a shift of the operating point from P to 7', and then the grid voltage
is decreased (made more negative), causing a shift from 7 to S,
the two changes in plate current are
=20 and Ai = g, 8.6)
p
But these changes are equal in magnitude and opposite in direction,
since the plate current at S is the same as the plate current at P.
Therefore, A3’ = — Az, and
Ae
Jm Ae, = — =2 (87)
Tp
! E. L. CuHaFFEE, “Theory of Thermionic Vacuum Tubes,” p. 239, McGraw-
Hill Book Company, Inc., 1933.
2 Since % = f(eyec),
s 35

diy = a—e-cdec + e, dey

If diy = O(3b fixea),

0 = 2k de. + 52 des
from which
dey, b dey

T de. ~ de. o

But
dey 0ty dep m
- d—ec]ibﬁxed =pn and 5@: - '(,E = %ﬁ = gmlp

Hence,

B = gmTp
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voltage wE, is in phase with the voltage E,. If the current I in
Fig. 14.1 lags pE,, as it will in most cases when Z, is inductive, its
phase is as indicated in Fig. 14.2. Then if Ir, is subtracted from
wE,, the result is E, since, from Kirchhoff’s laws, uE, = E. + Ir,.
E, is the negative of E;, and E,, = E;, + E.. The current I,,
will lead E,, by 90°. This current has a component 180° out of
phase with E,; hence, power is being fed to the source of E,. The
input resistance and conductance are negative.

If the current I, Figs. 14.1 and 14.2, should lead pE,, 6 would
be less than 180° and I,, would have a component in phase with
E,. Consequently, E, would be supplying power, and the driving
source would be loaded by the tube. The input resistance and
conductance would be positive.

Ep
Fic. 14.2.—Vector diagram showing negative conductance.

I, and the quadrature component of I, always lead E,, so
that the input reactance and susceptance are always capacitive.
If Z. is inductive and has a high @, the input conductance and
resistance are negative for a wide range of values of Z,;. The sign
of R, for each of various types of loads is indicated in Table 14.1.

TaBLE 14.1.—S16N oF R, FOR VARIOUS PLATE Loabs

Load R,
Pure resistance Positive
Capacitive Positive
Inductive Negative for X1’ > Xy, > X'’; otherwise positive

15. Tetrodes and Pentodes.—The addition of a second grid
(called a screen grid) between the control grid and plate of a triode
forms a tetrode, or a four-element tube, Fig. 15.1. This grid is
maintained at a steady positive voltage with respect to the cathode.
It attracts electrons from the region surrounding the cathode, the
electrons passing through the meshes of the screen grid to reach the
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obstacle, even in the production of a simple linear sweep. Actually,
the requisite trapezoidal wave may be generated and adjusted
with sufficient accuracy and in a simple manner.! Though this
is a special case, it is a particularly important special case, which
includes television and a number of other area displays of the
same general nature.

The deflecting coils may be mounted upon four iron poles,
supported by a circular yoke. The poles project inward from
the yoke, and their windings are connected in pairs to form crossed
deflecting fields. The pole shoes are almost in contact with the
outer surface of the glass stem of the tube. The iron structure is
assembled from very thin laminations or from powdered iron held
in shape by a cement ‘“binder.” The coils may also be used without
iron. In this case the upper and lower halves of the vertical coil
are wound in flat parallel spirals called *‘pancake coils.” After
winding, these flat coils are warped so as to follow the cylindrical
contour of the glass stem and are then taped into a solid bundle
of wire closely surrounding the stem. The halves of the horizontal
coil may be included in the same bundle, overlapping the vertical
coil.

The following discussion of the sensitivity of magnetic deflection
intentionally parallels the corresponding discussion of electric
deflection, thus emphasizing the similarities and the differences.
An electron moving forward at constant speed in the presence of a
uniform transverse magnetic flux is deflected in a circular orbit,
the acceleration being perpendicular to the direction of the motion
and the direction of the flux. Hence one may readily derive?
the following expression for the magnetic-deflection factor of an
idealized cathode-ray tube:

_ V2 m
GM_ZT\/V\/; 6.1)

where Gy = deflection factor, in webers/square meter/meter
I = length of magnetic poles, in meters
L = distance from center of poles to screen, in meters
V = potential difference through which the charged par-
ticles have fallen before entering the deviating field
m = mass of particles, in kilograms
e = charge carried by particle, in coulombs

! Discussed in Chap. XXIV.
2 M1LLMAN and SEELY, op. cit., p. 71.
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ciated with the wires inside the oscillograph that connect the front-
panel input terminals to the terminal board on the rear.

When the saw-tooth voltage generator, Fig. 8.1, is connected
to the H plates through the H amplifier by means of the H-amplifier
selector switch, the saw-tooth voltage produces linear sweep
action, 7.e., the spot repeatedly sweeps with uniform motion
across the face of the tube and quickly jumps back to its starting
point. The output of the saw-tooth voltage generator is also
coupled, by means of a CR network, to the intensity-control
electrode in such manner that a strong negative pulse is applied
to the latter during the time that the spot is jumping back to its
starting point. Thus, the spot is ‘“blanked out’ during its return
trip. This operation is known as “return trace blanking.”

The Dumont 224 and 241 oscillographs (but not the 164-E or
the 208) are equipped with a Z input on the panel. A signal
applied to the Z-input terminals is applied to the intensity-control
electrode. The signal voltage thus introduced is superimposed
upon and added to the steady direct voltage supplied by the
intensity-control potentiometer, and the spot is blanked out every
time the intensity-control electrode is suddenly swung in the nega-
tive direction by the Z signal. This operation is known as z-axis
modulation.

The saw-tooth voltage generator may be synchronized with any
one of several voltages. When the ‘“synch’ selector switch is in
the “internal’’ position, the sweep frequency may be made equal to
the signal frequency or a submultiple thereof, provided that the
sweep-frequency controls are first set closely to the desired fre-
quency. When the selector is in the “60 cycle” or “line voltage’
position, the sweep circuit may be adjusted to 60 cps or a sub-
multiple thereof, using the 60-cycle test-signal voltage supplied
by a low-voltage secondary winding on the power transformer.
When the selector is in the ‘“ext-synch’ position, the sweep circuit
may be synchronized with a voltage applied to the ‘“ext-synch”
terminal and the ‘“ground”’ terminal on the panel.

Figure 8.2 presents the complete schematic diagram of the
circuit of a representative commercial model of cathode-ray oscil-
lograph. Since discussions of amplifiers, attenuators, power
supplies, and saw-tooth generators are presented elsewhere in
this book, no detailed analysis of circuit components need be
included here.
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vidual requirements cause wide variations in these limits, however.
Video-frequency amplifiers are designed to amplify the video
signal in television equipment. While the requirements for the
frequency response of the video amplifier vary with the specifie
problem, it is not unusual to employ designs that give uniform
frequency response in a continuous band from the lowest audio
frequency (about 20 cps) to as high as 6 megacycles/second (mcps);
the wider the band, the more detailed the picture. It is shown
later that the upper frequency limit of such amplifiers is greater
than 30 mecps. Amplifiers having the same general frequency
response but used in other than television systems may be classified
as broad-band amplifiers. Intermediate-frequency amplifiers are
designed for the special purpose of amplifying the intermediate
frequency of a superheterodyne receiver. The intermediate
frequency varies from approximately 175 kilocycles/second (keps)
to many megacycles per second, depending upon the frequency
band for which the receiver is designed. Contemporary practice
in the design of broadcast receivers is to use an intermediate
frequency of 456 kcps for amplitude-modulated transmission and
4.3 meps for frequency-modulated broadcasts in the prewar 42- to
50-mc region. Higher intermediate frequencies are used in other
applications. Radio-frequency amplifiers are used <in amplifying
radio-frequency signals. The radio frequencies extend from
approximately 100,000 cps (long waves) to several thousand
megacycles per second. The advent of television, frequency
modulation, and other applications has stimulated research in the
utilization of ‘‘ultra-high frequencies,” or ‘“microwaves.”

Band-width Classification.—Audio-frequency and video ampli-
fiers are designed ordinarily to respond to a frequency band that
is large when compared with the mean frequency and are also
classified as wide-band amplifiers. When the band of frequencies
amplified is small compared with the mean frequency, the amplifier
is a narrow-band (or tuned) amplifier. An example is the inter-
mediate-frequency amplifier in an ordinary broadcast receiver,
which has a band width of approximately 10,000 cps, whereas the
mean frequency may be 456,000 cps. It is possible to have a
narrow-band amplifier in the audio-frequency range. An example
would be an amplifier to amplify 1,000 cps, with high attenuation
for frequencies both below and above this value. The terms wide
band and narrow band are merely descriptive; there is no sharp
separation of the two classifications.
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or plate current of a tube to the applied voltage. Nonlinear
distortion is sometimes called harmonic distortion. When non-
linearity exists, the relation between the current and voltage may
be expressed in general by the series

=14+ ae+be*+ ced+ - - - (3.1)
Assuming that the voltage e is given by
e = B sin wt (3.2)

the current is
i =1+ aF sin of + bE2 sin? wt + cK3 sin3 wt + -
—I+aEsmwt+——(1 —cos2wt)+—(3smwt
— sin 3wt) + - - -

=T+@+(aﬁ+@)sinwt— ?—E—zcos&ut
2 4 2

- %‘ sin 3wl 4 + -+ (3.3)
Thus the current contains a rectified component of magnitude
bE2/2, the original frequency with amplitude (af + 3c£?/4), the
second harmonic with amplitude b£2/2, the third harmonic with
amplitude cE3/4, etc. When the input signal contains more than
one frequency, the number of new frequencies introduced becomes
much greater, there being sum and difference frequencies in addition
to the harmonics found here. Also, if higher power terms are
required to represent the current-voltage relation, additional
frequencies are present in the output.

Nonlinear distortion in an amplifier occurs also when grid
current flows if either the internal impedance of the source or the
external grid-circuit impedance is of appreciable value. When the
impedance in the grid circuit is large, the voltage supplied to the grid
of the tube is less than the emf of the source by the voltage drop
in the external impedance. Since grid current flows only when the
grid is positive, this decrease occurs during the positive half cycle
of the applied voltage. The positive lobe of the alternating compo-
nent of the plate current is distorted. This type of distortion is
accentuated by the variation in the grid-bias voltage due to the
rectifying action of the grid circuit.

Frequency distortion exists when all frequencies are not amplified
by the same amount. It is due to the nature of the circuits asso-
















































































































































378 AMPLIFIERS—CLASS A AND CLASS B  [CHar. XIII

pentodes require smaller grid-signal voltage for a given power
output. This results in increased power sensitivity.

The 4,-e, characteristics of a typical power pentode are shown
in Fig. 23.5b. The minimum value of e;, corresponding 10 % max
for a given B, is smaller than could be obtained in a triode without
driving the grid positive. Since the resulting amplitude of the
varying component of the plate voltage is large when compared

L 1 1 0 ot S — | — T T =35

30 20 10 0 0/ 100 200 300 400
GRID POTENTIAL,VOLTS €pmin PLATE POTENTIAL,VOLTS
(a) (b)
F1a. 23.5.—A typical power pentode in Class 4 operation.

with that obtainable with a triode of similar plate dissipation
and with comparable power-supply voltage, the power output of
the pentode for a specified maximum harmonic distortion is greater
than that of a similar triode.

The plate current in a pentode is very nearly independent of
the plate voltage, except at very low values of e, because of the
high positive potential and the shielding action of the screen
grid. Large values of plate current are obtained in a pentode,
therefore, when the plate voltage is relatively low. For this
reason the plate-circuit efficiency of power pentodes is greater
than for triodes.

The dynamic characteristics of a typical power pentode for
three values of R, and with the Q point of Fig. 23.5b, have been
superimposed upon its static characteristics in Fig. 23.5a. The
dynamic characteristic has muech greater curvature than for the
corrasponding characteristic of a triode. Furthermore, the curva-
ture becomes more objectionable when B is increased. The power



























































































































Sec. 32] THE CATHODE FOLLOWER 419

from which
n
kg
A, =Er _ 1r+“ (32.2)
8 v4 ’
T+ +Z.

The same equation may be obtained from the feedback formula
(29.3), if A is taken as the voltage amplification with the grid
return lead, Fig. 32.1, moved from ground to cathode and 8 is
taken as —1. Thus

#ZLI
A, = r,+ Z)/
"
r» + Z)/

which simplifies to (32.2). Equation (32.2) leads to the equivalent
series circuit shown in Fig. 32.2 (the tube electrode capacitances

A
p
p
p " o +
WES Zk B 4 30
B

F1c. 32.2.—Simplified equivalent circuit diagram for a cathode-follower stage.

being neglected). From this circuit, the output impedance of
the cathode follower is
Tp
—2 7
— 1 + M i — TDZk (32 3)
42 Tp o+ (1 + w)Z; )
+ Zk
1+4p

When a high-mu triode or pentode is employed, p > > 1,
(32.2) and (32.3) may be simplified to the forms

. Z! -
4, = 1T (32.4)
L4z
Z.
Zap = TF gz, (32.5)

Sometimes a voltage-amplifier type of pentode having a large
gm is used with a cathode resistor of several thousand ohms and a






























SEc. 6] OPERATION OF A POWER-CONVERTER TUBE 429

I. Narrow-band operation:
1. Amplifiers, Classes B and C
a. Modulated
b. Unmodulated
2. Frequency multipliers, Class C
3. Oscillators, Class C
a. Modulated
b. Unmodulated
II. Wide-band operation:
1. Audio amplifier, Class B
2. Modulators, Classes B and C

The tubes in Group I operate usually into a tuned plate load
and are excited at the grid by a pure or modulated sinusoidal
voltage. These tubes may be called sine-wave power converters.
The tubes of Group II operate into plate loads that offer an appre-
ciable impedance at all frequencies over a wide range, and their
grids are excited by voltage waves containing many frequency
components. These tubes may be called nonstnusoidal power
converters. 'The operation of the Class B audio amplifier is described
in Chap. XIII. Modulator tubes include not only tubes used to
speech-modulate an amplifier or oscillator but also various types
of switching, pulsing, and keying modulators.

6. Generzl Principle of Operation of a Power-converter Tube.—
The mode of operation of a power-converter tube is generally so
different from that of a Class A amplifier that little is gained in
trying to maintain an analogy. The Class A tube is usually a linear
device, while the power-converter tube is entirely nonlinear. This
nonlinear action inevitably results from applying large voltage
variations on the electrodes of the tube in order to obtain reasonable
powers at satisfactory efficiencies.

The object of the power converter is to draw d-¢ power from the
plate-circuit source Eu, Fig. 6.1, and to convert that power into
a-c¢ power in the load. This is accomplished by causing properly
timed current pulses to flow through the plate load much as a
controlled switch might do, as indicated in Fig. 6.2. The switch
would be closed periodically for short intervals of time. The power
tube may be considered as a sort of switch controlled by the grid
voltage.

When the switch in Fig. 6.2 is closed, the full voltage E, acts
across the load. If the resistance of the switch is zero and the














































































Sec. 14] PRACTICAL CIRCUITS AND TUNING 55

circuit increases and is of the order of 10 per cent or more of the
fundamental voltage.

The tuning procedure for the circuit of Fig. 14.1 is as follows:
With reduced plate-supply voltage, the capacitor C,. is adjusted
to maximize the grid voltage £, as indicated by mazimum grid
current I.; then the plate tank-circuit capacitor C, is tuned for
minimum plate current I,. If the tube is not properly loaded when
the plate-supply voltage is increased to the normal value, the
constants of the tank circuit should be changed as explained
previously. The proper load is that which provides satisfactory

Cb7

A Ra
csl Ca
‘ .

F1G. 14.2.—Load circuits for a power amplifier.

P without overheating the plate. The value of the plate current
I, is the indication of the loading of the tube when and only when
the load has unity power factor.

Instead of changing the constants of the tank circuit in order
to obtain the proper ;, the impedance of the load between 4 and B
can be varied by changing the position of the plate connection to
the tank circuit, Fig. 14.2a. For every position of the tap, C,
must be reset for a minimum ;. This method of varying R: has
the one objectionable feature, that the harmonic components of
plate current do not have a capacitive path to cathode as they do in
the circuit of Fig. 14.1 and hence the plate voltage may contain
excessive harmonic components.
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Substituting the value of Ry in (15.9),

£\’ 1,990
(F) = T+ 100) 049 ! =390

or
k = 6.24k.

According to (15.5), the efficiency of the circuits when properly
tuned is $8, or 97.5 per cent. Assume that the antenna resistance
R, is 20 ohms. Then, since w?M?/(R.Ry) = (k/k;)? = 39.0,

M = ILW\/39-20-0.49 = 1.95 ph

The design of the antenna, circuit will not be completed here. It is
necessary to have sufficient inductance in the antenna-coupling coil
to obtain the necessary mutual inductance M.

16. Class C' Amplifier.—The Class C amplifier is one for which
the grid-bias voltage is so large that plate current flows for less than
one-half of the eycle. The @ point for a Class C amplifier is located
to the left of the cutoff line as in Fig. 10.3. The greater the negative
bias, the higher the plate-circuit efficiency but the greater the driving
power. A good compromise dictates a bias voltage of 1.5 to 3 times
the cutoff grid voltage.

Class C amplifiers are used for high-efficiency amplification of
radio-frequency power having a constant amplitude or-power that
is interrupted as in sending a code message by continuous waves.
Class C amplifiers are also used to modulate radio-frequency power
and to amplify frequency-modulated power.

The determination of the conditions for satisfactory performance
is explained in Sec. 12.

17. Class B Amplifier.—A Class C amplifier is unsuited to the
amplification of a modulated signal, as is shown by Fig. 17.1. The
grid bias is taken to be three times cutoff value. The resistance line
for R. is the locus of the end of the path of operation as the ampli-
tude £, of the alternating component of the grid voltage varies.
This line, therefore, gives the relation between E, and E, The
envelope of the modulated output voltage can be derived by projec-
tion from the envelope of the grid voltage to the R; line as illustrated
in the figure. Evidently a completely modulated input wave results
in an overmodulated output wave.

In order to obtain an undistorted modulation of the output
wave the resistance line must be a straight line passing through the
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Q point. Since the resistance lines emanate from the cutoff point,
the Q point must be moved to the right. The most nearly linear R,
line is obtained by using a grid bias somewhat less than cutoff.
Figures 12.6 and 12.7 show the contours for the proper bias of an
amplifier for a modulated voltage. Such an amplifier passes plate
current for approximately one-half cycle and is called a Class B
radio-frequency amplifier.

CUTOFF) 4, U m
Q U}h\_ fﬂﬂ _
: -
:_ y )

MODULATED l
INPUT VOLTAGE 't

Fig. 17.1.—Class C amplifier used for a .modulated signal, showing resulting dis-
tortion.

Examination of Fig. 12.7 shows that although the resistance lines
are quite straight over their upper portion they all curve in their
lower portion where the alternating grid and plate voltages are high.
This bending cannot be avoided and results in distortion for high
degrees of modulation.

The mode of operation of a Class B amplifier is shown in Fig.
17.2. The distortion at the peak values of output voltage is shown
by the departure from the sinusoidal envelope that would result if
the R, line were straight throughout the operating range.

The carrier point, or the condition for no modulation, is indicated
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radiated wave is of a higher frequency than can easily be stabilized,
for example, by a quartz erystal. A frequency multiplier is simply
a power-amplifier stage in which the plate-load circuit is tuned to a
harmonic of the alternating grid voltage.

Frequency-multiplying stages usually do not require neutraliza-
tion. The voltage across the plate tank circuit at the fundamental
or grid input frequency is usually very small, and consequently the
power fed back into the input circuit is insufficient to sustain
oscillations at the input frequency.

€p
AMPLIFIER ;
PATH
CONSTANT-iy H
cuTorF| \ {' CURVE J
LINE ,DOUBLER (Ep),
/" PATH
Q _ —Ji
l
|
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| |
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-
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F1a. 23.1.—Paths of operation of a Class C amplifier and of a Class C doubler super-
imposed on the e;-e. diagram.

The operation of a frequency multiplier can be studied by using
the es-e. static curves of the tube, but instead of the path of opera-
tion being a straight line it is a parabola for a frequency doubler, an
S curve for a frequency tripler, and other Lissajous figures for higher
frequency multipliers.

The path for a doubler is shown in Fig. 23.1. The path of
operation does not pass through the @ point as for a simple amplifier
but is a single-valued path in the form of a parabola when the plate
tank circuit has unity power factor for the second harmonic. Under
this condition the average plate current I is a minimum. When the
tank circuit is detuned, the path opens into a double-valued path
and the plate current ¢ncreases. The highest tube efficiency, asin a
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tion methods and greatly reduces the cost.) Great care must be
taken to avoid removal of excess material, as this would destroy the
usefulness of the crystal. A very minor overshoot can sometimes
be corrected by grinding material from an edge, since a decrease of
width or length has a second order effect upon the frequency of the
desired compressional vibration.

Change of temperature alters the elasticity and density of the
quartz as well as its external dimensions. In general, this results
in a slight alteration in frequency. This may be considered as an
advantage or a disadvantage, depending upon the method of opera-
tion. If the crystal is to be used in a carefully thermostated oven,
control of the exact oven temperature permits a very minor adjust-
ment of the precise frequency. By this method a precision of 1
part in 5,000,000 may be obtained and held. This is necessary in
standard frequency devices. Simple and inexpensive ovens have
often been used in transmitters. On the other hand, one often
prefers to use a crystal at room temperature, accepting the changes
of temperature that are then inevitable. In this case a very low
temperature coefficient would be desired. Fortunately, the elastic
properties of the quartz depend upon the exact angle of propagation
within the crystal, relative to the axes of the original crystal matrix.
These axes are seldom evident by inspection of the rough uncut
quartz, but they may be determined with precision by a combination
of optical and X-ray devices. Then, by exact control of the angle
of the saw, one may obtain slices that have a positive or a negative
temperature coeflicient. For one particular angle, the coefficient
is zero. This condition is approximated in many modern crystals.

Concealed flaws, or minute cracks, or the loss of a chip from an
cdge or corner may make a crystal respond poorly or not at all. A
shift of position within the holder may cause a slight error in
frequency. Crystals are easily destroyed by overheating or by
excessive vibration. Fragility naturally increases as the thickness
is decreased. Quartz crystals designed for frequencies of 6 or 7
meps are fairly common, and they can be ground for considerably
higher frequencies. In general, however, this is unnecessary.
Conservative practice usually dictates the use of doublers and
triplers, employed in cascade if necesssary, so that a sturdier low-
frequency crystal may be installed.

A particularly annoying defect, common in many of the cheaper
or older crystals, is the occurrence of drag-loop action. In addition
to the desired compressional vibration, which has a frequency






Sec. 9] OTHER ELECTROMECHANICAL OSCILLATORS 505

of a harmonic close to the frequency of the desired thickness vibra-
tion is not ordinarily preventable since the harmonics are very
numerous. This would do no harm, however, if the two vibrations
were not coupled. In general, deliberate excitation of the thickness
vibration automatically produces the unwanted modes of vibration
as well. For one particular angle of the crystal saw, relative to the
axes of the rough crystal, this coupling does not take place. The
critical angle that produces such decoupling does mot coincide
with the angle that produces zero temperature coefficient. How-
ever it happens that the difference in angle is not great, and a
suitable engineering compromise is feasible. Hence one may now
purchase a crystal with one advantage or the other or may secure
a low temperature coefficient with approximate decoupling, making
the irregularities very small.

It has recently been discovered that irradiation by X rays
reduces the natural frequency of quartz crystals.! This process in
some cases has eliminated much of the final fine grinding formerly
necessary in adjusting the crystal to an exact frequency.

9. Other Electromechanical Oscillators, Magnetostriction.—The
exceedingly good frequency stability of the crystal oscillator is
obtained because the energy stored by elastic and inertial forces is
large in comparison with the frictional dissipation of energy per
cycle. However, this fundamental advantage is not a unique
property of quartz crystals. Instead, such sharpness of resonance
is exhibited by good mechanical vibrators in general. Stabilization
of an audio-frequency vacuum-tube oscillator by means of a tuning
fork is relatively easy and has been employed in certain standard:
frequency systems and in precision speed control of various printer-
telegraph devices. Plate current of the oscillator tube energizes
an electromagnet and deflects the steel fork, the resultant motion
generates an alternating voltage that drives the grid, and the
oscillation is maintained. This may be regarded as a specialization
of the Meissner circuit, the tuning fork taking the place of the
equivalent electrical tank circuit.

Prof. G. W. Pierce, who invented the crystal oscillator, has
developed a somewhat similar device that makes use of magneto-
striction. Current from the plate circuit of an oscillator energizes
a solenoid. The resultant magnetic field controls the magnetization

! X-rays Lower the Frequency of Quartz Plate, Electronics, 17 (11), 166,
November, 1944.
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priate ferromagnetic alloys in place of pure nickel. The magneto-
striction effect in iron and steel is relatively weak. Precision of
frequency control may be made comparable with that of a precision
crystal oscillator. In general, the magnetostriction oscillator is not
directly in competition with the crystal oscillator, as their useful
frequency ranges overlap only in a limited region, say from 50,000
to 100,000 cps. The magnetostriction oscillator is particularly
convenient in the 1,000- to 50,000-cps region. Fixed plate and grid
coils are effective over a considerable range of frequencies. Hence
calibrated rods may be quickly interchanged for moderate alteration
of frequency. Adjustment is effected by trimming the rod by
means of a lathe, file, and emery cloth. The oscillator finds
natural applications in underwater-sound technique, in the study
of biological and chemical effects due to strong supersonic radiation,
and in supersonic applications in general.

Like the quartz crystal, the magnetostriction rod is not limited
in use to the stabilization of an oscillator. As a resonator it is a
useful element in filter design. As an output load on a power
amplifier it may drive a very heavy diaphragm, converting elec-
trical energy into acoustic energy. In the supersonic range it is a
useful microphone. Resonance that is too sharp may be damped
whenever a special application demands a broader curve. Suffi-
cient damping may often be obtained by replacing the solid rod
with a nickel tube filled with lead. A wooden core, driven into a
tube, is also effective.

Other types of mechanical stabilizers have been applied to self-
driven vacuum-tube amplifiers but have not attained appreciable
general use.

10. Beat-frequency Oscillator.—In theory, any one of the basic
triode oscillators, previously described, is as usable in the audio-
frequency range as in the radio-frequency range. In practice,
certain limitations and difficulties are experienced. Very often an
audio oscillator is a variable-frequency oscillator, covering an
extensive range, say 20 to 20,000 cps. The unavoidable minimum
capacitance of variable capacitors and associated wiring being taken
into account, it is difficult to obtain a frequency range much larger
than 1 to 2 by continuous variation of a single capacitor. Hence
a wide-range oscillator of the simple basic type necessarily includes
‘““band-changing” switches for exchanging coils, or adding extra
inductance, or loading capacitance. Furthermore, all these audio-
frequency inductors are heavy and relatively expensive.
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from the d-c¢ generator is maintained at an approximately constant
value by the heavy iron-core choke coils connected in series in the
supply mains. The arc is an inherently unstable load. Current
fluctuations occur constantly as the arc stream wanders around the
white-hot crater. Moreover, any momentary increase in current
raises the crater temperature and results in more copious thermal
emission of electrons. Because of the great increase in available
charge carriers, the larger current is maintained with a lower voltage
drop across the arc. Hence the current-voltage characteristic
of the arc has a downward slope illustrated in Fig. 13.3. An incre-
ment in current corresponds to a decrement in voltage, and vice
versa. Hence the variational resistance of the circuit element is
negative. In the right-hand mesh of the network, this negative
resistance is included in series with L and C and in series with the

—
i}
2\,
3 Ai
&)
o4
<C
VOLTAGE ACROSS ARC
Fig. 13.2.—''Singing arc."” F16. 13.3.—Negative variational resist-

ance of arc.

normal positive resistance R of the coil and load (R, negative in
Fig. 13.1).

On the average, the capacitor C will assume a charge consistent
with the average voltage maintained across the arc, say 100 volts.
Soon after this general equilibrium is established, a momentary
fluctuation increases the arc current. The generator cannot supply
immediately the extra demand on account of the large choke coils
in the supply circuit. Instead, the line current increases only by a
small amount, just sufficient to alter the flux through the reactors,
producing a resultant drop of voltage at the arc. The drop in arc
voltage allows capacitor C to discharge partly, thus producing the
circulating current ¢, which in turn supplies most of the increase in
arc current.

The electrical inertia of inductor L; causes current 7; to persist,
even after the voltage across capacitor C has dropped to the level
required by the lowering of arc voltage. Hence the capacitor C
is overdischarged when current 7 finally ceases, A charging current
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