






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































356 ELECTRON-TUBE CIRCUITS {Crap. 16

is proportional to the average modulated carrier level. Also, the d-¢
voltage across the diode load resistor is blocked off by the use of a resistor
and capacitor, the a-f component being made available for the following
a-f amplification stages.

The time constant of the automatic-volume-control network RC; is
made long enough to average out the variations in carrier amplitude
corresponding to the modulation, but short enough so that the automatic-
volume-control voltage varies with the average amplitude of the carrier,
dropping off as the carrier fades and increasing as the carrier becomes
stronger. This voltage is used to vary the bias, and hence the trans-
conductance of the r-f and i-f amplifier tubes, to maintain a substantially

&

Delayed AVC ™

aos
I

M

 Frie. 16-13. A diode detector and delayed automatic-volume-control circuit.

constant level. In this way, fluctuations in the average amplitude of
the modulated carrier delivered to the diode are greatly reduced. The r-f
and i amplifier tubes that have automatic volume control applied to
them should be of the remote-cutoff or variable-mu types; otherwise the
system is very critical of adjustment, owing to the very marked sensi-
tivity of transconductance with bias of the sharp-cutoff type of tubes.

If it is desired to have the automatic volume control operate only after
the carrier strength reaches a specified minimum, so that the reception
of weak signals will not be affected by the automatic-volume-control
system, a delayed automatic-volume-control circuit may be used. A cir-
cuit with delayed automatic volume control is shown in Fig. 16-13. In
this circuit the automatic-volume-control voltage is obtained from a
separate diode. Also, the automatic-volume-control voltage is obtained
from the output of the previous stage in order that a voltage—that across
the cathode resistor of the triode element of the duo-diode triode—may
be used as the reference level, below which no automatic volume control
is applied.
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16-8. Single-side-band and Suppressed-carrier Demodulation. It
was pointed out in Sec. 15-3 that the output from a balanced modulator
which was arranged to suppress the carrier contained the side bands of an
amplitude-modulated carrier. The transmission of suppressed carrier
signals is accomplished at high efficiency since the greater part of the
power of an amplitude-modulated wave is in its carrier, and with its
suppression a saving in power is effected. In the process of demodula-
tion, it is required that the carrier be resupplied at negligible amplitude
in the receiver. The requirement of generating a suitable carrier com-
plicates the design of the receiver. As a result, suppressed-carrier trans-
mission is not well adapted to radiobroadcasting,.

The most difficult problem involved in resupplying the carrier is that
of maintaining the proper phase relation between it and the side bands.
Thus, unless the phase of the carrier is maintained at the zero difference
required relative to the side bands [see Eq. (15-6)], it can be shown that
the two signal ecomponents are out of phase with respect to each other,
their difference in phase being a function of the difference between the
phase of the original carrier and that resupplied by the receiver. The
phase difference in the signal components will give rise to a serious distor-
tion of the output.

If single-side-band demodulation is effected, and this requires only that
one of the side bands be eliminated by a suitable filter network in the
receiver before the carrier is resupplied, the problem is greatly simplified.
Now the output from the demodulator depends only on the supplied
carrier and the remaining side band and is independent of the phase of
the carrier, thus eliminating the phase effects discussed above. The
frequency of the resupplied carrier should be very nearly that of the
original carrier; otherwise the signal frequency will not be translated to the
proper zero position. However, a translation of several cycles from the
zero is not particularly objectionable.

If the unwanted side band is eliminated at the transmitter rather than
in the receiver, single-side-band transmission has the added advantage
over conventional amplitude modulation in effecting an additional saving
of radiated power and also a saving in band width required in the r-f

" spectrum. Single-side-band transmission makes it possible, without a
sacrifice of audio fidelity, to space r-f channels twice as close as with
standard amplitude modulation. Because of these advantages, this
type of transmission is used extensively in point-to-point commercial
communication.?

16-9. Mixers and Converters. A superheterodyne receiver incorpo-
rates a mixing element, a device in which the incoming modulated signal
is combined with the signal from a local oscillator in order to shift the
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carrier level from one frequency to another. The use of such a device
permits the carrier level of any signal to be shifted to a preset i-f value
and then to provide i-f amplification to bring the voltage level to the 10
volts or so desired at the input of the diode detector. The use of the
superheterodyne is widespread because it provides a higher selectivity
than a tuned r-f circuit, primarily because of the use of double-tuned
amplifiers.

If a separate local or beating oscillator tube is used, the tube in which
the combining is accomplished is called a mizer. If a multigrid tube is
used to serve both as the local oscillator and the mixing element simul-
taneously, it is referred to as a converter. In both cases the effectiveness
with which mixing is accomplished, 7.e., the ratio of the i-f current in the
output to the signal-voltage input to the circuit, is an important quantity.
This quantity is called the conversion transconductance and is, by definition,

_ %t Olpasy

gc = El aec(r—f)

(16-37)

1t should be noted that this quantity is quite different from the mutual
conductance of the tube.

16-10. Square-law Conversion. To examine certain of the aspects of
the conversion process, it will be supposed that the output from the local
oscillator is combined with the modulated carrier voltage, and this com-
bined voltage is supposed impressed directly on the grid of a square-law
tube. If the tube characteristic is represented by an expression of the

form
ip = ael (16-38)

then with the application of the voltage
e, = E.(1 + m cos wni) sin w.t + Eq sin wol (16-39)

the following terms will appear in the output:

2 112
i =a [E% sin? wit + E2 sin? wef + m4E sin? (w, + wm)t
2772
+ mTE” sin? (w, — wm)t + 2E.E, sin w.t sin wel

4+ mE? sin wit sin {(w; + ww)t + MmE? 8in ot sin (0, — ww)t
+ mE.E, sin wef sin (w, + ww)t + mEEy sin wot sin (0, — wn)t

n m;Ef sin (we 4 wn)t sin (s — wm)t] (16-40)

By the use of selective circuits, all terms will be eliminated except those
having frequencies in the neighborhood of wq — w, = ;. Thus there will
remain in the output the following:
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t = a[E.Eo cos wit + Y¥mE.Eo cos (w; — wn)t
+ Y4mE.E, cos (& + wm)t] (16-41)
which may be written as
1 = gl Eo(1 + m cos wut) cos wii (16-42)

That is, the only signal that can get through the tuning coils which have
been tuned to the i-f frequency and which have a band width sufficiently
wide to accommodate the a-f spread, is essentially the modulation
amplitude at the i-f frequency.

Because the tube which converts to the intermediate frequency often
operates under square-law fixed-bias conditions, it is frequently called the
“first detector.”” Actually it is a detector only in the sense that it permits
obtaining output frequencies that are different from the input frequencies
or, rather, that it shifts the frequency from the r-f level to the i-f level.

The problem of keeping the difference between the local oscillator and
the input r-f frequencies constant as one varies the antenna tuning from
a position corresponding to one end of the band (say 550 ke) to one
corresponding to the other end of the band (say 1,600 ke) is not a simple
matter if one wishes to adjust a single control. It requires careful con-
struction of the variable capacitors and the choice of constants so that
they “track’ together. In general, perfect tracking is not possible over
the entire band. Ordinarily provision is possible for ensuring perfect
tracking at only three specific points. The errors over the intervening
ranges are not great enough to throw the beat frequency out of the if
pass band.

16-11. Generalized Conversion Theory.* In the foregoing discussion
it was assumed that both the broadeast signal and the local oscillator sig-
nal were impressed on the grid of a square-law amplifier. Under these
circumstances the conversion is distortionless. Owing to the interaction
between the two circuits, electron
coupling is ordinarily employed in F"
modern practice, thus reducing i
this interaction. Consequently
the only coupling is that through —
the electron stream. <> *

Under the assumption that the wt
signal voltage is small and that ¥ 16-14. Tlustrating the variation of
the local oscillator voltage is plate-g.rid transcondu.ctance of a converter

. tube with a large oscillator voltage on the
large, the signal electrode trans- d
. grid.
conductance may be considered
as a function of the oscillator voltage only. Then the signal electrode-
plate transconductance ¢, may be considered as varying periodically at
the oscillator frequency. The situation is then somewhat as illustrated

Gz 9m

€c J\ wt
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in Fig. 16-14. Because of the periodic variation that occurs in g, this
may be represented by a Fourier series of the form

gm = %9 + bl cos wol + bs cos 2 wol + - - (16_43)

When a small signal is applied to the tube, the resulting a-c plate current
has the form

Tp = gudi’ COS wl (16-44)

This may be written in the form
. , bo
i, = E’ cos wit 3 + b, cos nwet
n

i, = = K’ cos wd

+ F (bl c0S w.t cos wol - E b, cos nwel cos wct> (16-45)

n#=l

For a circuit tuned to the frequency wo — w., the i-f frequency, the output
is

Tpaty = %E' €08 (wo — wo)t = %E" cos wit (16-46)
whence the conversion transconductance is
g =0 = 1 (16-47)

Upon combining this with the known form for b, there results

27

9m 1 gm 08 wol d{wot) (16-48)

gc=‘2‘7‘r 0

The value of g. thus depends upon
" the magnitude of the mutual conduct-
" ance at the operating point and the way
in which this conductance 1s varied by
the local oscillator. Typical variations

Oscillator bias volts for different types of tubes are illus-
Fre. 16-15. Typical transconduc- trated in Fig. 16-15. With the oscil-
tance curves of different types of  [ator bias near cutoff and with an oscil-
tubes. Iator amplitude to yield a high value of
instantaneous ¢,, the value of g, is approximately in the range from 0.25
10 0.3 mmax, the maximum value of g,, reached during the oscillator cycle.
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If an exact determination of g. for a specific tube is required, this can
be accomplished by a numerical evaluation of the Fourier coefficient {Eq.
(16-48)].
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PROBLEMS

16-1. A sinusoidal voltage is applied to the average detector of Fig. 16-2, with
R; = 100%. Determine the variation of the rectified output voltage with applied
signal.

16-2. The envelope detector of Fig. 16-3 has R; = 100* and C = 200 ppf.
The impressed voltage is

e = 12 cos 2 X 1.5 X 10% 4+ 1 cos 2r X 1.51 X 10%

Write an expression for the instantaneous voltage across C. Neglect tube drop
in the diode.

16-3. A carrier is sinusoidally modulated 80 per cent by a 7.5-ke signal. The
signal input to the envelope detector of Fig. 16-3 with E; = 100* has a carrier
component of 12 volts peak. What should be the maximum value of C for no
distortion? Neglect the tube resistance.

16-4. The input to the detector of Prob. 16-3 with C = 100 uuf, R, = 100

100 sec .?—
- /6: v

L ---------- 1000y sec-=m=mmmmm-t

R, = 1¥ (' = « is a pulsed r-f signal, the carrier frequency being 5 megacycles.
Sketch the wave form of the voltage across R,.

16-5. In the circuit of Fig. 16-3, the diode efficiency is 0.90. Calculate and
plot as a function of the modulating frequency w, the maximum degree of
modulation of the input signal e for distortionless rectification.

16-6. Suppose that the d-c load resistance of a peak diode detector is 250%
and 9 = 0.90.

a. Calculate and plot the maximum degree of modulation of a signal without
negative peak clipping as a function of the ratio of a-c¢ to d-¢ load impedances
for ratios between 1 and 0.5.

b. If the signal is 100 per cent modulated, plot the approximate distortion
under these conditions,
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16-7. Determine from the rectification characteristics of a 6H6 diode the
largest permissible modulation without clipping if the d-¢ impedance of the load
is 100* and the modulation frequency impedance is 505, If the effective modula-
tion is 70 per cent with a carrier of 10 volts rms, determine the approximate
percentage distortion.

16-8. A superheterodyne as indicated in the diagram in block form gives for an
unmodulated carrier-frequency signal of 5 uv input to the r-f amplifier a detector

L 6SK7}— 6547 65K7 68SK7 6H6

R-Famp Converfer I-famp Defector

output of 5 volts. If automatic volume control is used on all tubes, what must
the carrier level be to give a 5-volt output; a 10-volt output? Assume that the
full d-¢ output voltage is used for automatic volume control.
16-9. A receiver is provided with a square-law detector, which is represented
by the expression
© = ke?

Calculate the form of the output, and specify whether or not an intelligible a-f
signal results when the following are applied to the input:

a. One side band is eliminated from the transmitted wave.
b. The carrier is eliminated from the transmitted wave.
¢. One side band and the carrier are eliminated from the transmitted wave.

16-10. A single-side-band transmitted wave is applied to a square-law detector
for which
1, = 0.5(6 + ¢,)? ma,
If the input consists of a supplied carrier of 2.5 volts peak and the side-band
amplitude is 1 volt peak, calculate the signal current in the output.

16-11. A 6L7 pentagrid tube is used as a converter. A plot of the curve of
plate-grid 1 transconductance as a function of grid 3 bias is sketched in the

1500

) 1000

s

/ Im

o~ 500

]

-30 -20 ~10 0

Ee,

diagram for this problem. A beating oscillator signal of 24 volts peak, which
causes a bias of —20 volts to be developed, is applied to grid 3. The incoming
signal of 100 uv is applied to grid 1, which is maintained at a bias of —6 volts.
Calculate the conversion transconductance under these conditions.



CHAPTER 17

FREQUENCY MODULATION AND DETECTION

GHAPTER 15 was confined to a discussion of amplitude modulation
(a-m), in which the amplitude of the transmitted wave is altered in a
manner dictated by the amplitude and frequency characteristics of the
signal. It was there pointed out that, in addition to such amplitude
variations, it is possible to effect changes in the frequency or in the phase
of the transmitted signal. In particular, however, if intelligence is to be
transmitted, it is essential that the two features that characterize intelli-
gence, viz., amplitude or loudness, and frequency, must be available.

In frequency modulation (f-m) the transmitting frequency is varied by
an amount depending on the signal amplitude, and the signal frequency
determines the rate at which the variation takes place. In phase modula-
tion (p-m) the phase of the transmitted wave is shifted by an amount
that depends on the signal amplitude, and the rate at which this shift
occurs is made proportional to the signal frequency. In general, any
system that can transmit the two aspects of information required for the
intelligence could serve as an acceptable system of communication. A
variety of pulse systems have been devised which are satisfactory and
which possess certain advantages over the a-m, f-m, and p-m systems.
These are outside of the scope of this book and will not be discussed.

It should be particularly noted that the amplitude of the oscillations
in the f-m system is not involved in the actual process of transmitting
intelligence. Consequently, it is possible to make the system insensitive
to any amplitude-modulated disturbances. This is a particularly desir-
able feature since atmospheric and man-made disturbances are largely
amplitude-modulated. Owing to the difference in character between
a-m and f-m signals, it is possible to separate and extract the signal from
the interference.

17-1. Basic Characteristics of Frequency Modulation. To examine
graphically the fundamental principles of frequency modulation, suppose
that a telegraph dot and dash are applied to an a-m and to an f-m system.
The results have the forms illustrated in Fig. 17-1. For the a-m system,
the frequency of oscillation remains constant, but the amplitude is zero
or a constant, depending upon the time in the cycle. In the f-m system,

363
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the amplitude remains constant, but the frequency changes from a value
f2 t0 a value f1 or f; when the signal is applied.

If the applied signal is sinusoidal and of frequency f.., the effect pro-
duced in an a-m system has the form illustrated in Fig. 17-2b and the
effect produced in an f-m system has the form illustrated in Fig. 17-2¢.

J l £ Pulse

F1a. 17-1. The primary features of a-m and f-m waves.

17-2. Instantaneous Phase and Frequency. The general expression
for an unmodulated carrier wave is given by

e, = E,; sin (vt + 6) 17-1)

In this expression the period of the wave is given by

PN ‘ T =

The quantity

m M wit+0=¢ (17-2)
A/ A Mﬂwrnrﬂﬂ, + is the total instantaneous ““phase”

WWWWMWW of the function. If the phase is

_2r
We

~h| =

written as o(f), the value of the
voltage at any instant is represented
by the expression

e, = E,sin o(i) (17-3)

But, clearly, the angular frequency

Fia. 17-2.  The output of a sinusoidally  jg yelated to the phase by the ex-
modulated a-m and f-m transmitter. pression

_de
T di

w

(17-4)
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This expression agrees with the usual definitions of frequency, and in the
unmodulated case

w=3d—t(wct+0)=wc

17-3. Frequency Modulation (F-M). Frequency modulation is pro-
duced by varying the instantaneous frequency of a carrier by an amount
that is proportional to the amplitude of the modulating signal and at a
rate that is proportional to the frequency of the modulating source. The
amplitude of the carrier is assumed to remain constant in the process.
That is, if the modulating signal has the form

em = Ey c0Os wpl (17-5)
the f-m wave has an instantaneous frequency given by the expression
o) = w, + kEn cos wul (17-6)

The proportionality factor k; determines the maximum variation in fre-
quency for a given signal strength E,.
To determine the expression for the f-m wave, use is made of Eq. (17-4).
This requires that )
w = %% = w, + kB cO8 wml
from which it follows that

o) = [)t o dt
which yields the expression
(1) = wet + ks gi" $in wnt + B0 (17-7)

The initial phase 6, is neglected in what follows, for it plays no part in the
modulating process. Thus, for the f-m wave,

e = E, sin (wct + k; g’f sin wmt) (17-8)
The instantaneous frequency of the f-m wave is
w E. .
S = 5 = fo+ ks 5. sin Wk 17-9)
which has a maximum value of
E.,
fnmx = fc + kf ’27‘ (17‘10)
and a minimum value of
En
Suwin = fo — Lfg (17-11)

The maximum swing of the frequency from its mean value is called the
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frequency deviation and is denoted by f,. Itis

B,
fa = frux = fo = fo = foi = k5= (17-12)
By analogy with amplitude modulation, the modulation index is defined as
_Jo_ e, Bw
mp=r = T (17-13)

Also, the ratio of f; to the modulating frequency f., is called the deviation
ratto and has the value

fn  wm Wn m
In terms of these factors, the expression for the f-m wave assumes the form
¢ = E, sin (wd + § sin wnt) (17-15)
17-4. Frequency Spectrum of F-M Wave. To examine the spectrum

of the f-m wave, it is necessary to expand the expression [Eq. (17-15)] that
represents the f-m wave. This is done as follows:

e = E.[sin wt cos (8 sin wn,l) -+ cos wit sin (8 sin w,f)]  (17-16)

Use is now made of the following expansions,

cos (6 sin wyt) = Jo(8) + 2 Z J 2.(8) cOS 2nwnt
. =l (17-17)
sin (0 sin w,t) = 2 z J2n1(8) sin (2n + Dwwt
’ n=0
where the funetion J,(d) is the Bessel function of the first kind and of
order n. The f-m spectrum then becomes

e = E, sin wd[Jo(8) + 2J2(8) cos 2wnt + 2J4(8) cos dwnt + - - - ]
4 B, cos wt{2J1(6) sin wnt + 2J3(5) sin 3wmt + - - - ] (17-18)

which may be written in the form
e = Jo(8)E, sin wt
+ J1(8)Esin (0, + wm)t — sin (w0, — wm)t]

4+ J2(8)E.[sin (w, + 2wm)t + sint (0, — 20m)i]
+ J3(8)Efsin (w, + 3w}t — sin (w, — 3wn)t]

+ - (17-19)
where use has been made of the trigonometric expansions
sin x cos ¥ = Wlsin (x + ¥) + sin (z — y)] (17-20)

cos z sin y = Wlsin (z + y) — sin (z — y)]
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The Bessel function J,({8) is defined by the series
on 82 5
In(®) = gunt [1 T3 TI@@ L)@ T D
66
- s 17-21

SO F D@ F D@ T 6 T | ara
It follows from Eq. (17-19) that the spectrum of the f-m wave consists
of a carrier and an infinite number of side bands all of whose amplitudes
are various-order Bessel functions. Graphs of several of these functions
are contained in Fig. 17-3. It will be noticed that J¢(8) has a root at
1.0

08 —
\<1=a BESSEL FUNCTIONS OF THE FIRST KIND J, (d)

NSNS
h@ X AKXNNL A
& \\

0.6

/ / \/-\\/'> — -
0/ \5\);&7 8X<a 0 IIN/'ZI{
-0.2 | \\ 7&\ 4 ///><_>C \z
\ AT

Fia. 17-3. Bessel functions of the first kind.

about 2.40. This means that the carrier will vanish when the frequency
deviation is equal to 2.4 times the audio frequency. This fact provides
a method for measuring the frequency deviation since the zero point of
the carrier can be observed by a selective radio receiver.

A list of the roots of various Bessel functions is given in Table 17-1.

TABLE 17-1
ROOTS OF J.(8)

n =10 1 2 3 4 5

2.4048 3.832 5.135 6.379 7.586 8.780
5.520 7.016 8.417 9.760 11.064 12.339
8.654 10.173 11.620 13.017 14.373 15.700
11.792 13.323 14.796 16.224 17.616 18.982
14.931 16.470 17.960 19.410 20.827 22.220
18.071 19.616 21.117 22.583 24 .018 25.431
21.212 22.760 24.270 25.749 27.200 28.628
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It is instructive to examine a particular situation in some detail. Con-
sider an r-f signal that is modulated +75 ke by an a-f signal of 7.5 ke.
The corresponding deviation ratio is 10.0. The important Bessel func-
tion that occurs in the expression for such an f-m wave is J,(10.0). A
plot of J,(10.0) as a function of # is given in Fig. 17-4. Notice that the
function falls off toward zero rapidly after the deviation 75 ke is passed
but that the amplitudes are significant out to about 14 X 7.5 = 105 ke.

Jn(10))
0.31
02
0.1}
1 ] A
O 2 1z R A
~0.1
-0.2
-03L
Fic. 17-4. A plot of J.(10.0) as a function of n.
o.ﬁT
nlll xll l 2 1 ,,Ill.
16 12 8 4 0 L 4 8 12
> wy,

Fi1c. 17-5. The spectral distribution in an f-m wave with § = 10.

A plot of the spectrum corresponding to Eq. (17-19) is given in Fig.
17-5. Notice that this is just a plot of the spectral lines, without regard
for sign, as dictated by the Bessel function plot of Fig. 17-4. The
separation between individual side bands is 7.5 ke, the modulating fre-
quency. It is evident from this plot that the total band width necessary
to include all significant side-bands is 210 ke.

Two similar plots are also included. In Fig. 17-6 is illustrated a series
of plots for constant modulating frequency f,. but for various values of
frequency-deviation ratio 8. The increasing number of side bands with
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5 is clearly seen. Likewise, the disappearance of the carrier is plainly
seen.

The plots of Fig. 17-7 show the spectra for a constant frequency devia-
tion but for various modulation frequencies. It should be observed that
the total band width required to include all significant side bands decreases
somewhat with increasing deviation ratio. For a given frequency devia-
tion fa, except for the very small value of §, almost all significant side

- By 8- _z0 I
G . “im lll“l L.
a5 1 40 ..I“.'."h.
0 \ _ 60 yillubbibhill.

[

15 il 0.0
20 __lhil. 20
"I L*wd L——wd——vl
25l 59 .
- -
" g

F1a. 17-6. The spectral distribution in an f-m wave for different values of 3, different
wg, and fixed wp.

bands are contained within the range fo&. The curve of Fig. 17-8 indicates
the number of significant side bands (those with amplitudes exceeding 1
per cent of the largest side-band component) in an f-m spectrum for
different values of » and 8. In particular, if § = 5, then n must be about
8 for J.(8) to be negligible compared with unity.

Some very important information is contained in Fig. 17-8. To
appreciate this, consider the present Federal Communications Commis-
sion (FCC) regulations on frequency .modulation. These regulations
specify

Maximum frequency deviation, f; = +75 ke.

Allowable band width, B = 200 ke (including a 25-ke band at each
end).
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Frequency stability of carrier, +2 ke.
Remembering that the frequency deviation is related to the amplitude
and frequency of the modulating voltage according to the relation
wWyg = kam
then for that amplitude which provides a frequency deviation of 75 ke
the band-width requirements increase with decreasing f,.. But from Fig.

d’=%i—=0,25
1 1
—_ o5 l I
e cog -]
L0 \ | I :
k- g
20 C I | l |

3.0 Sl

50 b bt
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20.0 !|[]||1.|I|.I|.I|l|d1thlJa1LﬂLﬂuhu
24.0 "
[

Fic. 17-7.  The spectral distribution in an f-m wave for different values of §, fixed wq,
and different wm.

17-8 it is clear that all of the significant side bands or energy is contained
within f; for values of § = 10 or higher. For § lower than 10, the number
of side bands outside of f; begins to increase rather seriously. This occurs
for frequencies of 7.5 ke or higher. Note, however, that with ordinary



Sec. 17-5] FREQUENCY MODULATION AND DETECTION 371

broadcasts the amplitude of the frequencies in the range of 7.5 ke and
higher is considerably smaller than with the frequencies in the middle or
lower registers. Clearly, therefore, E, for these higher frequencies is
smaller than for the mid-frequency band, and hence the total active f; is
materially less than the allowable 75 ke and the system is operating within
a narrower band width than might otherwise be required. In fact, the
band width is so much less than that allowed that it is found convenient
to include weighting, or preemphasis, networks in the transmitter. These
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Fie. 17-8. Values of n for a given value of 8§ to make J.(5) < 0.01. Note that n may
assume only integral values. (From L. Mautner, “ Mathematics for Radio Engineers,”
Pitman Publishing Corp., New York, 1947.)

have such properties that they tend to accentuate the higher frequencies.
In this way, the higher frequency components, which ordinarily do not
contain much energy, are expanded beyond their natural level. This
proves to be a desirable practice in that it tends to give an improved
signal-noise ratio, for the noise generated within the tube circuits is
uniformly distributed over the frequency band. Of course, for fidelity in
reproduction, the receiver must hate networks which deemphasize the
incoming signal to yield the proper energy distribution. More will be
said about this when the circuits for effecting preemphasis and deempha-
sis are discussed.

17-6. Phase Modulation (P-M). Phase modulation is produced by
varying the instantaneous phase of the carrier at a rate that is propor-
tional to the modulating frequency and by an amount that is proportional
to the strength of this modulating signal. The amplitude of the carrier



372 ELECTRON-TUBE CIRCUITS [CHaP. 17

remains unaltered in this process. If the modulating signal has the form
em = ., sin wnl
the instantaneous phase of the wave is given by the expression
8 = 0 + kpEn Sin wnt (17-22)

where k, is a proportionality factor that determines the maximum varia-
tion in phase for a given signal strength.

To find the analytie expression for the p-m wave, use is made of the
fact that the instantaneous phase is given by

o(t) = wt + 8o + kpEy sin wml (17-23)
Equation (17-3) for the present case, when written in full, becomes
e = E, sin (0t + kpln sin wnt) (17-24)

The constant phase 6, is taken as zero, as it plays no part in the modulat-
ing process. This expression is written in the form

e = E, sin (wid + 04 8in wnt) (17-25)
where the maximum deviation in phase is
od = kam (17—26)

A comparison of this expression with Eq. (17-15) for the f-m wave indi-
cates that the two forms are identical. Consequently the entire discus-
sion of the spectral distribution of the energy contained in an f-m wave
can be extended to p-m waves. Therefore the frequency spectrum of a
p-m wave having a maximum phage deviation of, say, 10 rad will be
identical in form with the frequency spectrum of an f-m wave having a
deviation ratio of 10.

There is one very significant difference between the f-m and the p-m
waves, however. This difference is contained in the form of the phase
deviation 6; and the deviation ratio & that appears in Egs. (17-25) and
(17-15), respectively. The differences lie in the definitions of 64 and 3,

namely
0; = k,En for p-m waves

5 = Fin

W

for f-m waves

Clearly, for p-m waves the phase deviation depends only on the amplitude
of the modulating signal, and all modulating frequencies of equal E,, will
possess equal values of 64 independently of the frequency w,. As a
result, the spectral distribution will be the same in each case, although
the separation of the spectral lines will depend on the modulating fre-
quency. In particular, if it is supposed that the maximum phase devia-
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tion of a particular wave is 5 rad, there will then be approximately 8
significant side-band components present. If the modulating frequency
is 5 ke, then the band width is 2 X 8 X 5,000 = 80,000 cps. If the
modulating frequency for the 5-rad maximum deviation is 50 cps, then
the band width is 2 X 8 X 50 = 800 cps.

In the case of frequency modulation, if the value of E,, is such that the
deviation ratio is 6 = 5 for a modulating frequency of 5 ke, then for an
equal E,, at 50 cps the corresponding deviation ratio is 500. The result-
ing spectral distribution in these two cases will be altogether differ-
ent, there being 8 significant side bands for § = 5, and there being in

4-—3:97:;
Modulating | Audio Vo dn | Fre- Reactance . 1y=3/2
signal amplsfier (50- L;,’?C/Z";/s modulator Oscr/lator,
15000
cps)
_797MC] 77 o™ 05 gM . MC
Buffer B3| Three I8 Triol 5 power o= %4
199 ripler o ——
amplifier (£, =1 ok dovblers £ 725K £, =757 |amplifier| £, 75 /¢

Fic. 17-9. A simple reactance-tube f-m transmitter.

excess of 500 significant side bands for 6 = 500. The band width is
2 X 8 X 5,000 = 80 ke under the first conditions and is approximately
2 X 500 X 50 = 50 ke in the second case.

Owing to the simple difference in form between 6, and §, it might appear
that it should be possible to use p-m waves to produce f-m waves. This
would be possible if one could arrange, by means of appropriate circuits,
to cause the apparent phase deviation to vary inversely as the modulating
frequency. Such circuits are possible, and the Armstrong method of
producing frequency modulation operates on this principle. The details
of this method will be discussed below.

17-6. F-M Transmitters—Reactance-tube Types. A variety of
methods for the production of frequency modulation exist, although they
do not all enjoy very great flexibility. In principle at least, the most
direct way of producing an f-m wave is to alter the capacitance in the tank
circuit of an oscillator. This might conceivably be done by incorporating
a capacitor microphone as part of the tank capacitor in an oscillator cir-
cuit. A considerably more satisfactory method, and one which accom-
plishes the same result in substantially the same way, is to incorporate a
reactance tube in the tank circuit. Such an electronic circuit produces a
reactance, either inductive or capacitive depending upon its manner of
connection, which may be varied by varying the potential on one grid
of the tube.

The block diagram of a simple reactance-tube f-m transmitter is shown
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in Fig. 17-9. The essential features of certain of the elements of the cir-
cuit are examined in some detail below. In particular, the operation of
the reactance-tube circuit and the preemphasis circuit will be discussed.

17-7. The Reactance Tube. A simple reactance tube has features in
common with the circuit of Fig. 8-18. A schematic diagram and its
equivalent circuit are given in Fig. 17-10. Tt is desired to find the output

Lep X
ot
|z |
_ DUEZEY /8
— I 1
+ J'l v

F1e. 17-10. The reactance tube and its equivalent circuit.

impedance of this circuit. This is readily accomplished. Note from the
equivalent circuit the following relations:

= By
L= R — jX¢
with (17-27)
1
. Xe =5
Also, the grid potential is
= — REpk
E,=RI, = R —iXe (17-28)

The plate current is

1— _ Epk’ + .u'Egk . Epk + “Ea
p = =

T» Tp
which may be expressed as
_En el RE
» = + R = jXe (17-29)
The total current is then
— _ Epk Epk REpk
I—]p+16—m+7:+gmm (17-30)
The output admittance of the circuit is given by the relation
-1 _ 1 i B -
which may be expressed in the form
1 1 1

gn  guRCw



Sgc. 17-7] FREQUENCY MODULATION AND DETECTION 375

This expression indicates that, in so far as the output circuit of the
reactance tube is concerned, it may be represented by the circuit of Fig.
17-11. Clearly, if the impedances r, and B — jX. are large compared
with (1/gm) — j(1/gmRCw) and if 1/wCR is large compared with unity,
the output admittance becomes purely capacitive and arises from an

equivalent capacitor g.RC. | z
Since the output impedance of the | P : ?

reactance-tube circuit above may be 3 P %R Gn 2 Ey

made to appear as a pure capacitance 3 ' i

C RC
gnRC, then if the modulating sig- T Tgm !l
nal is made to vary the Om of the Fic. 17-11. The equivalent output cir-
tube, and this is readily accomplished cuit of a capacitive reactance tube.
by applying the modulating signal to the grid of the tube, the effective
capacitance will then change with changes in grid potential. The cireuit
of such a reactance-tube f-m oscillator is given in Fig. 17-12. Also

¢ 1 Prn
68T7 42500 .
K » ) (gmé 3000*50036 42000 _é
_Fj s . lSOOé
E' :f L <1000 é
mm AL [V

: % A Js00

{ - A ' 0
C-Reactance tube Tuned plate osc. 8 an d :/‘:Hs. 20

F1a. 17-12. A reactance-tube {-m oscillator, and the curve showing the variation of
gm With grid potential.

Fia. 17-13. An inductive reactance tube, and its equivalent circuit.

included is a curve showing the variation of ¢, of the tube with changes
in grid potential. )
A reactance tube may be connected to yield an effective inductance,
rather than an effective capacitance, across the output terminals. Such
a circuit, with its electrical equivalent, is given in Fig. 17-13. By pro-
ceeding in the same general manner as for the capacitive reactance-tube
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circuit, it can be shown that the equivalent output admittance has the
form

1 1 1
Y—R+ B T7aC +7p+l+ R aCR (17-33)
B, + 1/joC AN I

for which an equivalent circuit exists. This equivalent circuit has the

form illustrated in Fig. 17-14.
: By the proper choice of the vari-
; ous elements in the circuit, the cir-

Zpr  cuit reduces to the simple form,
i

comprising only an equivalent in-
— ductance CR/gm.
Fic. 17-14. The equivalent output circuit A reactance-tube oscillator that
of an inductive reactance tube. incorporates an inductive react-
ance tube circuit as part of a Hartley oscillator is illustrated in Fig. 17-15.
Also included is a graph showing the variation of g,, with changes in grid
3 potential.
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Fic. 17-15. An inductive-reactance-tube f-m oscillator, and the curve showing the
variation of g, with grid 3 potential of the reactance tube.

An approximate expression for the variation of the frequency of a
reactance-tube oscillator as the voltage on the control electrode is varied
is readily possible. The transconductance may be expressed analytically
as a function of the potential of the control electrode. Note from the
curve that

gm = 'g_vo €e + G() (17"34:) gIIZ
0
But since
e = E.+ en au
= Eo + En cos wnt  (17-35) I Yoc
then :
Ee \ g, +%g ¢ (17-36) f .
gm =G0—E—,0+ o+-E—0 'm COS W yA 7 e,
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For the capacitive reactance-tube circuit, the effective output capacitance
is

€. = guCR = GoCR (1 + 22 4 Zo oog wmt> (17-37)
E, ' E,

If it is assumed that the frequency of oscillation of the oscillator is that of
the tank circuit alone, then
1

I = e O+ 0y

1

f= (17-38)

2 \/L()CI() + L()G()CR (1 ‘Jr‘ Eic + E@ (0] O.)mt)
E, E,

The carrier frequency is evidently the value of the frequency of the oscil-
lator when the modulating signal voltage is zero. This is

fo= ! (17-39)
2 \/Lo [Co + GoCR (1 + %)]
0
The frequency ratio f/f. is given by
f_ ! (17-40)

Je \/1 4 LGoCRE,, coS wnt
Lo[Cy + GoCR(E, + E..)]

By expanding this expression by the binomial theorem and retaining only
the first term in the expansion, since the total frequency shift is small, then

f . 1 1 E,. coS wnt

.7 T2 CE/GCR) + B T By (1741
This expression may be written in the form .
f = £.1 + my cos wat)
where the modulation index is (17-42)

1 En
2 (CoBo/GoCR) + E.. + Ey

17-8. Preemphasis Circuits. As discussed in Sec. 17-4, there is a
relatively small amount of energy contained in the h-f portion of the audio
spectrum. As a result, the deviation at these high frequencies is far less
than the maximum allowable value of 75 ke. The corresponding band-
width requirement is correspondingly less than the allowable 150-ke
total. In fact, the relative h-f amplitudes are so low that it is customary
to include preemphasis networks in the circuit to accentuate the h-f

my =
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terms as against the lower frequency terms. In this way the relative
signal strength at these higher frequencies is improved relative to tube
and circuit noise, which has a uniform distribution over the entire audio
spectrum. Of course, corresponding deemphasis must be incorporated
in the receiver in order to bring the relative amplitudes of all frequencies
to their proper levels.
Preemphasis circuits are chosen to satisfy the equation
€y 1

e ITL (w/e) (1743)

The value of w; was originally chosen to be 1/w; = 100 usec, but it is now
taken as 75 usec. With such a preemphasis circuit the amplitude of a
2,100-cps signal is increased in the ratio 4/2/1 over the normal level, and
the relative amplitude of a 21-ke signal is increased in the ratio 10/1.
Either an RL or a CR circuit may be used to accomplish preemphasis.
Two different circuits are illustrated in Fig. 17-16. In the RL circuit,

C= (7 00075
I

——a]

T
L—nwn— H
e R- /00* e

13,—3 !

fee——,

Fra. 17-16. Two different preemphasis c1rcu1ts
the voltage ratio e./e; is readily found to be
e _ _JobL 1 Jtan—! (—R/wL)  (17-44)
e1r RA+jol /14 (R/wL)?

By writing w; = R/L, this becomes

1
T A1 F (w/w)?

Similarly, for the CR circuit, the mathematical development becomes

€e
€1

(17-45)

[ R1 ‘
o g RIC (17-46)
TR ¥ 1/50C
which is
e B (17-47)
‘R, T __._R,.*_
JwCR + 1

At the higher frequencies K >3 Xcor B > _wi(] Eq. (17-47) then becomes
ec — R1 _ 1
B4+ —%

R 1
R T juth

€1
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By writing w; = 1/CR;

e 1
e 1 — jur/e (1748
or
e 1
Ll — 17-49
al V14 (0/w)? ( )

17-9. Frequency Stabilization of F-M Transmitters. Just as in the
case of the a-m transmitter, it is necessary that the average or carrier
frequency of an f-m transmitter be maintained very nearly constant, even
though the instantaneous frequency of the f-m transmitter varies with
the modulating signal. When a reactance-tube modulator is used to
modulate the carrier, the carrier cannot be crystal-controlled and the
average frequency will depend to some extent on the temperature, the
tube characteristics, and the various potentials. Slight drifts in the
operating characteristics of the reactance tube or slight changes in any of
the circuit elements will be accompanied by an appreciable change in the
average frequency. 1t is possible to minimize the effects of the drift in
the reactance-tube characteristics by employing two such tubes in a
balanced connection. Nevertheless the stability is not sufficient without
employing some type of stabilization to maintain the carrier frequency
within the 2-ke deviation specified by the FCC regulations.

Two basically different methods of stabilizing a reactance-tube modu-
lator are in present-day use. In both cases a standard reference fre-
quency is provided by a crystal-controlled oscillator, and the fundamental
or some subharmonic of the transmitter frequency is compared with this
reference {requency. Deviations between the two serve to actuate con-
trol circuits which operate in such a manner as to reduce these deviations.
The RCA and Federal schemes employ somewhat similar all-electronic
methods to effect the frequency stabilization, and the Bell Laboratories
method employs a frequency-sensitive servomechanism which drives a
small motor to which is geared the tuning capacitor, the direction of
rotation of the motor being determined by the relative frequency of the
transmitter and the reference standard.

The RCA method of stabilizing a reactance-tube f-m modulator! is
shown schematically in Fig. 17-17. In this circuit the frequency of the
reference crystal differs from the center frequency of the f-m transmitter
by some definite amount, say 1 megacycle. The two frequencies are
mixed, and the difference frequency is applied to a discriminator (the
operation of the diseriminator will be discussed in Sec. 17-15). The d-¢
output from the discriminator, which is a direct measure of the difference
frequency, is then applied to the grid of the reactance-tube modulator in
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such a manner as to make the net control voltage equal to zero when the
difference frequency is exactly 1 megacycle. Any frequency drifts can
then be appreciably reduced. Clearly, the method cannot yield perfect
stability, for unless there is a slight frequency difference, no control
voltage is applied to the modulator. However, the improvement that
results is sufficient to maintain the frequency stability within the FCC
regulations.

The Federal center frequency-stabilization system is shown schemati-
cally in Fig. 17-18. In this system the frequencies of the crystal oscillator

Signal | Reactance Variable Multipliers | Outpuf
fube frequericy and LT 5
rmodulator oscillator . power amp.
Discriminator] Mixer o ;,; ;‘ /);-Z‘;/o/r

Fra. 17-17. RCA method of stabilizing a reactance-tube frequency modulator.
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Fie. 17-18. The Federal center frequency-stabilization system.

and the master oscillator are each divided to a common frequency and are
then combined in a balanced phase detector. The d-¢ output voltage,
which is a measure of the phase difference between the two oscillators, is
used to actuate the reactance-tube modulator in a manner to lock the
oscillator mean frequency to that of the crystal reference frequency.
This system maintains the center frequency constant within about 1 ke.

The schematic diagram of the Bell Laboratories method of stabilizing
the frequency of an f-m transmitter? is illustrated in Fig. 17-19. Here
the output is frequency-divided, and the resulting subharmonic is then
modulated by the output of the crystal-controlled oscillator in such a
manner as to produce two-phase beat currents. These currents are used
to operate a small synchronous motor to which is geared a tuning capaci-
tor, which is part of the f-m oscillator circuit. If the subharmonie
remains in synchronism with the crystal reference, the motor does not
move. If the carrier frequency drifts, the armature rotates, the direction
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of rotation being set so as to readjust the carrier to the correct frequency.
This method of stabilization proves to be very satisfactory and operates
over a very wide range of drifts to yield satisfactory results.

17-10. F-M Transmitters—Armstrong System. The Armstrong phase-
shift method of obtaining frequency modulation incorporates a crystal-
controlled oscillator as a basic element of the system. Consequently this
system has an intrinsic stability as good as that of its crystal, and no
additional frequency stabilization is required.

Reactance Variable Multiplers
S fube frequericy and ————
gnal | rmodulator oscrlfator poweramp| Olouf
Geared _.--==> f
fo turing ot
condenser |?YI7CTOMOUS
rmotor
Crystal Stabilizing Frequency
oscrilator modulator divider

F1a. 17-19. The Bell Laboratories method of stabilizing a reactance-tube frequency
modulator.

Before the specific features of this method of producing frequency
modulation are examined, it is pertinent to examine the spectrum of p-m
waves with small value of maximum phase deviation. For the particular
case where §; = 0.5, which is illustrated in Fig. 17-6, the significant terms
depend on the following values of Bessel functions,

Jo(0.5) = 0.9385
J1(0.5) = 0.2423
J2(0.5) = 0.0306

J(0.5) =0 for n > 2
and the modulated wave has the explicit form

e = E,sin (ot + 0.5 sin w.f) (17-50)
which is

¢ = 0.9385E, sin w.t + 0.2423E.[sin (w, + wn)t — sin (w, — wm)i]
+ 0.0306 E.[sin (0. + 2w0m)t + sin (we — Zwm)t] (17-51)

Note, however, that the second side-band components are quite small and
that the expression may be written approximately as

e = 0.9385 | E, sin w.t + %d[siu (we + wm)t — sin (w, — wm)t]} . (17-52)

Clearly, this expression will be more accurate for values of ; less than 0.5.
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Now consider the corresponding a-m wave, having the form
e = E,(1 + mg, sin wyt) sin w (17-53)

which may be written as
e = FE, sin ot + 7%’[— cos (w, + wr)t + cos (w. — w)f] (17-54)

Note specifically that, if m, = 64, the only essential difference between the
a-m and the p-m waves is in the relative phase of the carrier and the side
bands. Evidently for small values of 8, if the side bands of the a-m
wave can be shifted by 90 deg with respect to the carrier, a p-m wave
results. It is immaterial, of course,
whether the phase of the carrier or the
phase of the side bands is shifted in
order to achieve the p-m waves.

The process here discussed can be
given graphically in a manner that is
quite illuminating. It was shown in
See. 15-1 that amplitude modulation
could be represented by means of a
sinor diagram. In this diagram, the carrier potential is represented by a
fixed sinor, and the side-band components are represented by two sinors
which rotate in opposite directions. This sinor representation is redrawn
for convenience in Fig. 17-20. The resultant vector e represents the a-m
wave at any instant.

A corresponding sinor representation of the process of p-m production
is possible. Here, as shown in

Eq. (17-52), the carrier must be @

Fra. 17-20. The sinor representation
of an a-m wave.

shifted in phase by 90 deg rela-
“tive to the side bands. The re-
sultant sinor diagram then has €\ [z
the form shown in Fig. 17-21, It ‘
is evident from this diagram that

a phase-modulated wave does re-
sult. Moreover, since 6; is
chosen to be small, the amplitude
variations that result in this process are very small. These variations
can be eliminated by the use of amplitude limiters, although these are
not found necessary.

A block diagram of an Armstrong type f-m transmitter is given in Fig,.

17-22. "The essential features of the system are the following: A stabilized
200-kc primary-frequency oscillator is used to control the mean or carrier

Fic. 17-21. The sinor representation of a
p-m wave.
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frequency of the radiated wave. Part of this 200-ke signal is mixed in a
balanced modulator with a signal representing a frequency-distorted
version of the audio signal, the predistorted signal being such that the

Corrier (200 |Combinmgeoo® 6
amplifer amplifier| £3= | doublers

122¢ps T e
200%¢ g;fa 78%¢

Buffer Balarnced Frequency|995 \Sdoublers osa¥[ power |94
amplifier modulator converter (ggrc\/ fripler {znc |amplifier| 75/C

200%¢ Fon Lore
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Crystal Pr. j Crystal
oscillator emphasis oscillator
Em,fn
frry

Pre-
distorfer

Forfom
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a-f
amplrfrer

Sighal
Em'f;n

Fia. 17-22. Block diagram of an Armstrong f-m transmitter.

amplitude is made to vary inversely with its frequency. The output
from the balanced modulator is the amplitude-modulated side bands with

the carrier-frequency component miss- o0k

ing. The modulation products are — —An n
shifted through 90 deg in phase and are ! £ uf '
then combined with the carrier in the € == sz%’ Mof
combining buffer amplifier. The re- | B

sult is an f-m wave, which has been Fye. 17-23. A predistorter cireuit.
achieved from the p-m wave, the phase

deviation of which has been made to vary inversely with the modulating
frequency. The resulting frequency modulation is multiplied in fre-
quency until it is brought to the desired frequency level for final amplifi-
cation and transmission.

17-11. Pre-distorter Circuit. The function of the predistorter circuit
is to provide an output voltage the amplitude of which varies inversely
with the frequency of the input voltage. A circuit which achieves the
desired results is given in Fig. 17-23. The ratio of the output to the
input voltage is given by



384 ELECTRON-TUBE CIRCUITS [CHAP. 17

Rl/ij R1
f_‘f - R1 + 1/](.00 — 1 + ijRl — 1 (17_55)
er p + R1/Jw(.7 R+ ]?1 1+ Rl + jwCR
Rl + 1/](00 1 + ]wCR1 R1
.. 1 = or
& L (17-56)

er (I + R/Ry) + joCR

This ‘becomes, for the specific circuit
constants indicated on the diagram,

€c 1

e 1.02 + j2.51f (17-57)

Note particularly that for all fre-
quencies in excess of 50 cps the re-
sults are given within 1 per cent by
the expression

e . 1
er  J2.51f
17-12. F-M Transmitters—The
General Electric Phasitron. A cut-
away sketch of the General Electric
GL-2H21 phasitron is shown in Fig.
17-24. Tt consists of a cathode, an
electrostatic focus and deflection
system, and an anode structure.
The electrons that are drawn from
the cathode surface to the anode as-
sembly are acted on by the focus ele-
ments to form a tapered, thin-edged
disk, whose axis is the cathode and
whose focus is at anode 1 of the
anode assembly. The deflection
system consists of 36 rigidly mounted
elements whose active portions lie in
a radial plane below the electron disk
and a solid neutral plane located
above the disk. Every third deflec-
tor is connected together and to one
phase of a three-phase excitation
source. The three-phase voltage
source comprises a crystal oscillator and phase-splitting network.

(17-58)

Fig. 17-24. The General Electric 2H21
phasitron.
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The action of the deflection system is such that portions of the electron
digk are deflected above or below the normal plane by the magnetic field
of the three-phase system to form a sinusoidal edge. The appearance of
the disk is clearly illustrated in Fig. 17-24. The disk may be considered
as rotating at a rate determined by the crystal oscillator.

Anode 1 is a cylinder with 24 holes punched alternately above and below
the normal plane of the disk. Electrons striking the surface of the
cylinder are collected by it, while those that pass through the holes are
collected by the solid anode 2. Figure 17-25 shows a developed portion

Holes punched in Arode 1

Minimum current fo Arode 2 Maxivmuin current to Anode 2

Fic. 17-25. A developed portion of anode 1.
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Fia. 17-26. The General Electric phasitron f-m transmitter.

of anode 1. The solid sine curve represents the edge of the electron disk
at the time when the maximum number of electrons pass through the
openings to anode 2. The dotted curve shows the situation one half cycle
later, and almost no electrons pass through the openings to anode 2. If,
therefore, the two anodes are connected to opposite ends of a resonant
circuit, the circuit will be excited at the crystal driving frequency and in
a time-phase sense that is determined by the phase of the anode-current
pulses.

Frequency modulation of the resonant anode circuit is produced by
phase modulation of the electron disk. This is accomplished by applying
the audio signal to a solenoid which surrounds the phasitron. The axial
magnetic field that is so produced causes the electron disk to be advanced
or retarded about its axis relative to its zero signal position. Conse-
quently the phase of the oscillator is shifted, with a resultant production
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of phase-modulated waves. Moreover, since the magnetic field is pro-
duced by a solenoid which is essentially a pure reactance at audio fre-
quencies, then, for a constant voltage input, the current, and hence the
magnetic field that is produced, will vary inversely with the frequency of
the impressed voltage. Clearly, therefore, the output from the oscillator
is an f-m wave.

A schematic diagram of the phasitron f-m transmitter is given in Fig.
17-26.

17-13. F-M Receivers. The basic circuit of an f-m receiver is some-
what similar to that of an a-m receiver of the superheterodyne type.
However, there are a number of significant differences in the two receivers.
The required band width in the f-m receiver is larger than that for a-m
reception, which requires that the frequency converter and the r-f and

_ i F amp A
8—————>]7p [ﬁ; R amp dalld Mixer x—ﬂ/']] ard  —>|Discriminat, Trequency,
8-108 » limiter . amplifier
l£tmve
Beat
frequency

osc.

Fic. 17-27. Block diagram of a typical f-m receiver.

the i-f amplifiers must be designed for this broader band width. Also,
the last i-f stage of the f-m receiver is operated as a limiter, thus eliminat-
ing any fluctuations in the amplitude of the i-f carrier, however produced.
The other outstanding difference is in the eircuit used to demodulate the
f-m carrier. The f-m diseriminator that is used to convert from frequency
modulation to amplitude modulation does not appear in an a-m receiver,
and also the detector, while it uses conventional diode circuits, operates
somewhat differently in the f-m circuit. The operation of this will be
examined below.

A block diagram of a typical f-m receiver is shown in Fig. 17-27. Such
a receiver must provide a high r-f gain in order to permit high sensitivity
with amplitude limitation. Also, it is necessary to use a relatively high
i-f frequency in order to permit the necessary 225-ke band width. In
addition, the high intermediate frequency has the feature that the image
signals fall outside of the tuning range. In particular, in the block
diagram shown for use in the range from 88 to 108 megacycles, the image
frequencies lie in the band 115.4 to 135.4 megacycles.

17-14. The Limiter. It is the function of the limiter to remove any
amplitude modulation that might exist in the signal. These fluctuations
in the amplitude of the i-f carrier might have been produced either by
variations in the transmitting conditions or by man-made or natural
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static. Such a circuit, which usually operates on the nonlinear portion
of its characteristic, provides an output voltage that is sensibly indepen-
dent of the amplitude of the input voltage. Such limiter action is easily
secured by operating the plate of a tube at a very low plate potential;
by using a high series-grid resistor, by using a low screen potential, or by
a combination of these three. Other limiters are discussed in Chap. 7.
As ordinarily used, the last i-f stage of the f-m receiver is usually
operated at low screen and low plate potential, in a circuit of the type
illustrated. The general character of the gain curve is also included.

30 —
— /
~ ‘120
+
3
310
(@}
0
B+(50-90") 0 10 20 30 40

Input, rms

Fic. 17-28. The circuit of a limiter, and the general character of the results.

Such a circuit as that illustrated will saturate at about 10 volts input to
the grid, and at this point the stage has a gain of approximately unity.

17-15. The Discriminator. In demodulating an f-m wave, the method
generally used is first to convert from frequency modulation to amplitude
modulation and then demodulate the amplitude modulation by conven-
tional methods. The circuit that is used to make this conversion is known
as a discriminator. A variety of such circuits are possible, and several
will be considered in some detail.

The simplest form of discriminator comprises an ordinary resonant
circuit that is funed to a frequency that differs somewhat from the average
frequency of the f-m carrier. The action is made clear by reference to the
diagram of Fig. 17-29. Clearly, as the carrier frequency fluctuates, the
current in the detuned circuit varies, increasing as the impressed fre-
quency approaches the resonant frequency of the eircuit, and decreasing
as the impressed frequency departs from the resonant frequency. The
output from such a circuit is an a-m wave. However, since the side of
the simple resonance curve is not linear, the amplitude-modulated output
is distorted.

The linearity can be greatly improved by using two “off-tuned’’ or
“stagger-tuned”’ circuits instead of one and then choosing the difference
between the two outputs. Such a stagger-tuned diseriminator circuit?
is illustrated in Fig. 17-30, In this discriminator, the input A is tuned to
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the carrier frequency f., circuit B is tuned to a frequency that is somewhat
higher than f,, and circuit C is tuned to a frequency that is somewhat
lower than f,. The a-m output from such & circuit is without appreciable
distortion, owing to the linear resulting characteristic around the point

Fic. 17-29. A simple antiresonant circuit operating as a discriminator.

FM input 7;4
4 a4
@
(4 Y

F1e. 17-30. A discriminator employing two stagger-tuned circuits.

’
‘ra

fe. Such circuits suffer from the fact that reception is possible at three

points, corresponding to each outer portion of the resonant curves and

also to the center or desired linear operating region. The response from
such a circuit is illustrated in Fig. 17-31.

As seen in the diagram, the output from each circuit is passed through

a diode detector of the envelope or peak detection type. The capacitors

e C, and C; are equal and have neg-

ligible reactance at the carrier fre-

J AN quency. The resistors R; and R,

. XN\ are equal and are quite large.
_-7 1/,1 %{E\\\ . The d-¢ potential across C:R; is a
. { ! measure of the amplitude of the

Vo eylee.) output from circuit B, and the d-¢

potential across C2R, is a measure
of the amplitude of the output
from circuit C. Also, the total
output across a’d’ is then a measure of the difference between the outputs
from circuits B and C' and has a form like the resultant curve ez of Fig.
17-31. By careful adjustment of the circuit constants, and if the fre-

Fi1a. 17-31. The a-m output from the dis-~
eriminator of Fig. 17-30.
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quency deviation is limited to the range between f: and fi, the rectified

voltage is an approximately linear function of the impressed frequency.
Another commonly used type of discriminator circuit* is shown in Fig.

17-32. Tt is possible to show that this circuit is substantially a stagger-

C=50upt
]
L e,
Lz
U
]
0000
Ly=2mh

Fie. 17-32. A center-tuned discriminator circuit.

tuned pair® and that the results illustrated in Fig. 17-31 also apply for
this case.

A limited analytic solution of the operation of the center-tuned dis-
criminator circuit is possible. Consider the circuit comprising C1L;C,.
At the i-f frequency, assumed to be 4.3 megacycles in this circuit,

x 1012

T 9 X 4.3 X 10° X 50
Xes = 400 ohms
X3 = 2r X 43 X 108 X 2 X 10-% = 50%

= 800 ohms

The voltage across L; is then '

B, = JX13E12 .
J X1 — j(Xe1 + Xea)

Consider now the mutually coupled cireuit. If the mutual inductance
is small, the impedance coupled into the primary circuit is small and
approximately

E, (17-59)

I -~ E12
By + jXn
which becomes, for high-Q coils,
L Eu
I= X (17-60)
The voltage induced in the secondary is then
. M
Esec = i,’]wMI = i o E12 (17-61)
1

If the loading effects of the diode rectifiers are neglected, then

-
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—jXes JX oM /L)
Eab R, +]X12 —JXcz =+ R, +]X2 Elz
where (17-62)
! 1
X2 = sz - m

Note now that the output d-e potential E,, is proportional to the peak
of the envelope of E,, and correspondingly the output voltage Ey, is
proportional to the peak of the envelope of Ej,. The total output d-c
potential is

Eyy = Ego + Eww = Eyy — By, (17-63)

However, the a-c envelopes can be represented in terms of the potentials
Ea and Eq,, namely,

Ea0=E00+EL=Eac+E12=ETab+E12
-F 17-64)
Ey, = Ep. + Er = — cb+E12=’_2'E_b+E12

Consider the situation when the instantaneous frequency equals the
carrier frequency. At this frequency, the secondary circuit is resonant,
and the quantity X, is zero. The voltage E is then given by the fol-
lowing expression, obtained from Eqs. (17-62). The positive sign is
chosen arbitrarily.

(XM
Eu = J (EE) E < CoL ) Ey, Y/O (17-65)

The voltages E.. and E;, then have the amplitudes and phase somewhat
as illustrated in the accompanying sinor diagram. Note that since

and

Ea’o = Eb’o

then
Ealb) — O

When the instantaneous frequency is greater than the carrier frequency,
the secondary reactance X is positive and Eqs. (17-62) may be written
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in the form

f M 1 .
Ea =7 (m) E m (wCzL > E.Y/—8 (17-66)

The corresponding sinor diagram has the form shown.

Ebc
Here, since

| Bao | > | Eso |

then
Ea’o > Eb'o
and it follows that
E v is positive
When the instantaneous frequency is less than the carrier frequency,
X, is negative and Eqs. (17-62) become

f M 1 .
Eab - .7 <w02L1) E12 R2 — jX2 (wC L >E12Y/0 (17-67)

The corresponding sinor diagram in this case is as shown. In this case

Eab

I an l < l Ebo I
and
Ea’a < Eb’a
so that
E.» is negative

The above gives a good representation of the action of such a center-
tuned discriminator over the linear range. Owing to the approximations
that have been made, it does not represent too well the action over the
entire range.
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PROBLEMS

o

17-1. Determine and plot the instantaneous frequency corresponding to each
of the phase functions in the figure.

¢ Sime 14

¥ L ¢Hﬁfabo/a
4 / ¢
T
¥ @ Parabola
AN .. ,
a7 l

17-2. A 100-megacycle f-m signal is modulated 75 ke at a 400-cpsrate. Write
an expression for the instantaneous voltage if the signal amplitude is 10 volts and
if both the frequency and instantaneous magnitude are a maximum at ¢ = 0 sec.

17-3. A wave is frequency-modulated at an audio rate of 5,000 cps. If the
frequency deviation fs is 75 ke, plot the spectrum of the wave, including all
significant side-band components.

17-4. &. The amplitude of a 15-ke wave causes a 75-ke frequency deviation of
an f-m wave. Plot the spectrum, and calculate the band width required to pass
all side bands of appreciable magnitude.

b. Suppose that the amplitude is altered to give deviation ratios of 3 and 1.
Repeat part a for these two cases.

¢. From these results, estimate the value of the deviation ratio that may be
used to be within the FCC limitations of +75-ke-frequency band spread.

17-5. Consider the reactance-tube circuit shown in the diagram. Show that
by choosing L properly Z is capacitive and is given by C/g.R without approxi-
mation. Compare with Eq. (17-32).

i

¢
<—E—-——Z

|

}
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17-6. Given the reactance-tube circuit in the figure. Show that, if the
reactance of C is negligible at the operating frequency and if wL 3> R, the
effective input impedance results from an induetance L/g.R.

4—'———2

|
!

17-7. Consider the reactance tube and oscillator shown in the diagram for this
problem. The oscillator is to operate at 5 megacycles with a frequency deviation

i

of 10 ke. What change in ¢., is required to achieve the desired frequency

modulation?
17-8. Assume that between the limits of —2 and —6 volts the g.-e., charac-

teristic of a 68J7 tube may be represented by the expression
gm = 3,000 4 500e, pmhos

Y}

This tube is connected as a reactance modulator, as illustrated in the figure. Itis
desired to have a center or carrier frequency of 5 megacycles and a frequency

Uscrllartor
tank
lppt == ==
6k =/ | ok oo
e
?__‘l
I

4 v
deviation of 7.5 ke. Determine the correct setting of the oscillator tank capaci-
tor and the required modulating voltage.
17-9. Carry out the analysis to show that Eq. (17-33) does give the equivalent
output admittance of the inductive reactance circuit.
17-10. Obtain an approximate expression for the variation of the frequency of
an f-m oscillator as the voltage on the grid of an inductive reactance tube is
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varied. Proceed in a manner analogous to that employed in the text in obtaining
the corresponding expression for a capacitive reactance tube.

17-11. Calculate and plot the voltage ratio for the preemphasis or accentuator
cireuit, shown in the diagram, as a function of frequency. Plot the curve on
semilog paper.

aoo!
o
iy
LS 100k 1
' L ]
e & e
' {
v v

17-12. Calculate and plot the voltage ratio for the deemphasis circuit, shown
in the accompanying figure, as a function of frequency. Plot the curve on semi-
log paper.

00%
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~
0.007

4—-—@ 1
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17-13. Determine the maximum frequency deviation possible with the Arm-
strong system of Fig. 17-22 if the distortion is to be less than 6 per cent. The
phase varies at a 60-cps rate.

17-14. What must be the ratio of side-band to carrier voltages in the Armstrong
system to produce a frequency deviation of +12.2 cps at the audio frequency of
400 cps?

17-15. Show by an analysis similar to that which leads to Eq. (16-6) for the
a-m case that the output of a frequency doubler to which an f-m signal is applied
is the f-m signal centered about the second harmonic of the carrier.

17-16. An f-m wave of the form given by Eq. (17-15) is combined with a large
sine wave E,sinw¢. Showthat, if both waves are applied to a rectifier, the output
will contain the f-m wave shifted in the frequency scale.

17-17. An antiresonant circuit consists of a capacitance of 65 puf and an
inductance of 0.4 mh and 16 ohms. It is to be used to receive a wave having a
frequency modulation of 1.5 ke. What should be the value of the carrier fre-
quency? Estimate the percentage modulation of the output.

17-18. Suppose that a discriminator as shown in Fig., 17-30 comprises two
circuits which have band widths of 200 ke and are tuned approximately to 4.7
megacycles. Plot the resultant discriminator characteristic for the following
separation of the resonant peaks: 150, 200, 250, 300 ke.



CHAPTER 18

RELAXATION OSCILLATORS

IN ADDITION to the feed-back and negative-resistance oscillators that are
discussed in Chap. 12, there is a class of oscillators that is referred fo as
relazxation oscillators. This type of oscillator, like the feed-back oscillator,
'is provided with a feed-back loop. However, in the case of the feed-back
oscillator the amount of feedback is usually so adjusted that a substan-
tially sinusoidal output voltage results. In the relaxation circuits, the
feed-back voltage is very large—so large, in fact, that the tube is driven

eb eb

F1c. 18-1. The output-voltage wave forms in the multivibrator and in the blocking
oscillator.

beyond cutoff. The tube remains cut off for a time determined by the
time constant of the elements in the grid circuit, after which the grid
recovers control of the circuit. Because of this operation, a seriously
distorted output results. But as such a distorted wave is rich in har-
monics, it may be used as a harmonic source. More often, however,
these waves serve to provide wave shapes that possess direct applications.

Among the important relaxation oscillators are the multivibrator, a
device that provides a sensibly square wave in the output, and the block-
ing oscillator, a device that provides relatively narrow pulses. The
general character of the wave shapes at the output of these circuits is
illustrated in Fig. 18-1.

Owing to the nonsinusoidal wave forms present in the circuit and the
fact that cutoff exists for an appreciable portion of the cycle, the mathe-
matical analysis of the general feed-back circuit is no longer applicable to
a description of the operation of relaxation oscillators. In fact, owing to
the cutoff that occurs, a substantially transient analysis must be made.
Details of the operation of several types of circuits will be given below.

395
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18-1. Plate-Coupled Multivibrator. The multivibrator was first
described by Abraham and Bloch! in 1918. The circuit is shown in
Fig. 18-2. It will be observed that this circuit is essentially that of a
simple two-stage resistance-capacitance coupled amplifier, with the out-
put of the second stage coupled through a capacitor to the grid of the
first tube. As a result, any signal on the grid of the first stage will be
amplified by the two-stage RC amplifier, and the output signal is in phase
with the input signal on the grid of the first stage. Because the output
of the second stage is of the proper polarity to reinforce the input signal,
positive feedback results and oscillations can take place.

The operation of the circuit is substantially the following. When the
anode current in one of the tubes, say T'1, i3 increasing because of a-
positive-going signal on the grid, a negative signal is being applied to the
grid of the second tube T2. As a result, the current in 72 is reduced, and
the output signal is positive. This positive signal, which is coupled back
to T'1, causes the grid of T1 to become more positive, thus increasing the
anode current of T'1 still further. This effect is cumulative—the current
in T'1 reaches a maximum, while the potential of the grid of 72 is driven
so far negatively, almost instantaneously, that the current in T2 is cut
off. With T2 still cut off, the
charge on capacitor C; leaks away
13- through the resistor R, and at
<~ » some point the potential of the

7. grid of T2 becomes such that the
“~ 1 tube will again begin to conduct.
g2 This results in a negative output
Fie. 18-2. A free-running plate-coupled signal being applied to the grid of
multivibrator. T1. The currentin T'1 decreases,

and the start of a cumulative
chain, which results in T'1 being cut off and T'2 reaching the state of maxi-
mum conduction, is initiated. Evidently there are two unstable limiting
conditions that occur. In one of these 7'1 is cut off and T2 is fully con-
ducting, and in the other the roles of 71 and T2 are interchanged.

18-2. Detailed Explanation of Operation.? Consider the circuit from
the instant when the cumulative action discussed above has caused the
grid of T2 to be driven beyond cutoff. The circuit of Fig. 18-2 is redrawn
for convenience. Just before the switching occurs, the voltage across
the capacitor Cy 18 E; and is given by

E, = By — Ey (18-1)

where Ej, is the drop across tube T2 when it is conducting and Eo, is the
cutoff potential of T'1 and the grid potential of T1 at which current will
just begin to flow in T1.
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When T2 is cut off, this tube is effectively removed from the action of
the circuit and remains out of the circuit until the grid potential has
recovered to the cutoff value Eyy, when the tube will again begin to draw
current. During the cutoff period, there will be no plate current through
Mte resistor ng, “and this plate will assume the potentlal of the

f16. 18-4. The charging path, and the equivalent circuit for charging capacitor C;.

B-supply source Ew. Hence, during the cutoff period of T2, the capacitor
(1 begins to charge toward Ebb Since the charge on Cy cannot change
instantaneously, the sudden rise e,
in plate voltage will appear on
the grid of T1. Thus T1 is
caused to conduct its maximum Eb5Fp;
plate current. But as the grid of e,
T1 becomes pos1t1v:e with respect g g oE,,
to the cathode, grid current wil —
flow. Thus C; begins to charge
toward FEp through the path !
shown in Fig. 18-4.. In fact, since / By Eipz
the resistance r, of the internal Egr
grid-cathode path is smaller than Fie. 18-5. The wave shapes of the current
the Eeérirst or R, capacitor C; will through ax}d the p('Jtential‘ across capacitor
charge mainly through this path. C during its charging period.

Since 7, of the internal grid-cathode path during conduction is small
compared with R,; and, in fact, is also small compared with Ri,, the charg-

ing time constant is approximately CiRB». During the charging process

2y,
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the potential e; across the capacitor C; will vary between — By — Eo
and Ew, where Ep; is the voltage across T2 when this tube is conducting,
The voltage and current conditions have the forms illustrated in Figs.
18-5 and are governed approximately by the equations

=t
e1= By — (Ew — Ep + Eope BeCr (18-2)
and
— o
1ol = Eli_%_"'__‘g_‘“ e EBnCi (18-3)
12

The process illustrated in Fig. 18-5 continues in the manner illustrated

until the switching action occurs. At this time T'1 stops conducting, and
T2 begins to conduct. The discharge path of €1 and the equivalent elec- -

trical circuit are given in Flg 18-6. At the instant that discharge of C,

2
G/ O |
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¢ e"z R.?lv
L’& !
¥

F1e. 18-6. The discharge path, and the equivalent circuit for the discharge of capaci-
tor Ci.

begins, the voltage across C: is essentially Ew. C: begins to discharge
toward Eps — Eo1 in the circuit shown. But in this circuit R;, is shunted
by 7a2, the beam resistance of the tube. Ordinarily 72 is small compared
with R,;, and the controlling equations for the current and voltage are
approximately

~_t .
e1 = (Bye — Eo1) + (B — Ep2 + Eor)e EnC: (18-4)
and

.t
e RgC1 ) (18_5)

Clearly, the current builds up until it reaches the value +Eo/R,1, at
which time the potential on the grid of T'1 is £y and the cumulative action
once again occurs. The cycle of operation is thus completed, and.the
circuit is ready to repeat its cycle.

The wave forms of the potentials and currents at various points of the
circuit are given in Fig. 18-7. The corresponding results for the second
tube are of the same form, but will be shifted #; sec along the time axis.

18-3. Frequency of Oscillation. The period of oscillation of the multi-
vibrator is readily found. It follows from Eq. (18-5), since 7'1 is off for
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the time required for e: to increase from Ew — Ei to Eo along the

exponential curve, that ¢t
t £o, . T o
En= —(Ew — Eys)e EnC e fue? o ;
from which T che ML
ts = RpC:log, 22— B2 (18.4) o o
—Eu By
Similarly, for T2, the results are
ty = R;eCs logeM (18-7) By By
—Eqe
Th'e period of ‘?he completfe oss:il— Ebb‘Ebz+;/€:1 ! | i
lation, neglecting the switching R, ]
time, is
S vt e
T = 11 + ty = R9101 loge bl;'Ebz "73';1
Ew — By + R,:C: log, Ew — By _'Tgl'
—‘E()l —Eoz €cy Th
(18-8) Kie i
If the two tubes have identical T e |
characteristics, then Ly
=" Ep,)
Ebl = Eb2 = E2 ebl E'bb (1] 2
E01 = E02 = EO
and Eq. (18-8) becomes
Eyy s
T = (Rg101 .
~ Ey — E i .
+ R,2C>) log,. —T (18-9) ,'61,«.5023 ‘ L
If, also, ‘el
Rg1=Rgz=Rg 01=02=C

Fra. 18-7. The potential and current wave
E(}; (1%‘9)‘ redu(];gs to forms at various points in a symmetrical
%

‘ T = ZRgO log, 7 Eb{ (18—10) multivibrator.
! —fy |

The expressions given by Eqgs. (18-8) to (18-10) apply to multivibrators
having a low repetition frequency, since they do not take stray capaci-
tances into account. At the higher repetition frequencies, the following
more precise equation should be employed instead of Eq. (18-8):3

E —
T = (Cs + Co)Ron loge< T )
g

4 (Cs + Cugs)Ras log (E”b__EO;E“ - fzck 2) (18-11)
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This expression is also subject to limitations and should not be used for
extremely high repetition frequencies, except perhaps asan approximation.

An approximate value for the period of oscillation of the multivibrator
is frequently found in the literature. If one assumes that the period is
that determined only by the time constants of the discharge circuits of
C; and (. without regard for the potential levels between which the dis-
charges occur, the period of the oscillation is approximately

T = C4R,: + CoRy (18-12)

This result is in error, of course, and frequently an empirical constant is
used to give the frequency of operation. The frequency is given by

= :
N(CiRg1 + CoRys)

o

(18-13)
where N, the correction factor given in Eq. (18-13), is about 2 for fre-
quency operation below 300.eps and rises to about 4 at 10,000 cps.
18-1. Biased Multivibrators.® If the time duration of the output
wave of a multivibrator is important, switching of the nonconducting
tube, which determines the trail-
ing edge, is critical. Switching
occurs when the exponential grid
voltage discharge curve intersects
t  the tube cutoff curve. If this
Z, intersection is sharp, the time at
i which the trailing edge occurs is
correspondingly well defined. If
the intersection is gradual, the
point of intersection will depend
to a greater or lesser degree on the variations of tube constants and volt-
ages. To ensure a sharp intersection, it is usual to employ a positive
bias on the tubes. Such a circuit is illustrated in Fig. 18-8. The
expression for the period of such a modified circuit becomes

Ew — By + E, Ey — Eyv + E
—_— T = C e—h—“—‘,“—c
"B+ B, T Cefalos =T g

For normal operations, it is found that the frequency of oscillation may
be varied over wide limits in an almost linear manner by controlling E..
The linearity between frequency of oscillation and control voltage E, can
be improved by including resistors B; in each cathode,* the value of these
being determined experimentally.

The effect of the application of the positive bias is best illustrated
graphically, and Fig. 18-9 shows the wave form e,; on the grid of T'1.

X

Fre. 18-8. A biased multivibrator to re-
duce the time jitter of the trailing edge.

T = CiR, log, (18-14)
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The equivalent circuits for the charging of C; and the discharging of
C,, corresponding to those shown in Figs. 18-4 and 18-6, now become as
shown in Fig. 18-10.

If it is desired to operate the bi- ey
ased multivibrator at a fixed fre- B —m——— - — ———
quency, E. should be made as high /// r\///
as possible, e.g:, equal to Eyp. If E,; ;——*r“— P
the values of E; and E, are negli- 4.
gible in comparison with Ky, the A5
period then approximates to - - BBy

- '+ Fre.189. Wave form of e for the circuit
T = Okt Gk 105“3?15) of Fig. 18-8.

If the positive bias is applied to a single tube only, as in the circuit of
Fig. 18-11, the expression for the period becomes

By — Eos 2Ey, — Ein
Zw — Boz 4 R log, “ot T Zb1 o (qg
_E, CoRtys log. - =—7 = (18-16)

This shows that the period has changed because the time required for the

T = C1Rgl loge

C;-charge C,-dhscharge
Fia. 18-10. Equivalent circuits for the charge of C; and the discharge of C: in Fig.
18-8.

grid recovery of T2 has been decreased, the recovery time for 71 remaining
unchanged. This means that the wave forms for the recovery of the two
tubes are not of equal time duration,
and an unsymmetrical or unbalanced

i
L
é % %92 condition results. Of course, an un-
X symmetrical wave form is easily ob-
c, C> tained with the previously discussed
o1 circuits by changing the grid-circuit

Fro. 1511 Moltoibeator with one time constants of one circuit and not
grid returned to the plate supply of the other. One should not at-
voltage. tempt to achieve a markedly unbal-

anced condition of time in the multi-
vibrator, since if the time constant CyR,» were made too different from
C1R,1, the trailing edge of the long-time-constant tube might become
unstable.
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The wave form of e, of this eireuit is given in Fig. 18-12. The equiva-
lent cireuits governing the charge and discharge of the capacitors are

ez those of Fig. 18-10, with E. in the

By discharge circuit replaced by FEg.

7 . 18-5. Cathode-coupled Multi-

S Tong, i e vibrator. The circuit of a cath-

& B B . ode-coupled multivibrator is given

Zys, in Fig. 18-13. The operation of

Bk this circuit is somewhat different
b6 51|

from the plate-coupled circuit of
Fig. 18-2. To understand the ac-
tion of this circuit, suppose that it
is Initially without plate voltage. There will be no charge on C, and the
grids of both T'1 and T2 will be at ground potential. When the supply
potential is suddenly applied, both tubes will start to conduct and the plates
of T'1 and T2 will begin to fall in potential. But since the voltage across C'
cannot change instantaneously, the drop in potential that takes place at

Fic. 18-12. Wave form of e for the cir-
cuit of Fig. 18-11.

zul Rz, By, 1,‘52
' \C
?
er :
R '
! ex 3By
S i

T1c. 18-13. A cathode-coupled multivibrator using direct coupling.

the plate of T'1 is coupled to the grid of T2, tending to cause T2 to cut off.
This tendency is also accentuated by the tube currents which flow through
the cathode resistor Ry, which raises the cathode potential of both tubes.
But, with the current 4 tending to decrease, %, will increase, resulting in
a larger negative potential to the grid

of T2 and also a larger positive po- Kj.?

tential to the cathode of T2, and T2 P

will rapidly reach cutoff. 2, & »
T2 is held beyond cutoff during the | - ° e 92

time required for C' to discharge along T 65 £ L

an exponential curve and reach the g Tt Ty T e Greuit
cutoff potential of the tube. Th'e for discharge of C of Fig. 18-13.
equivalent circuit of the discharge is

given in Fig. 18-14. When this cutoff potential is reached, T2 will begin
to conduct. This current through R; will tend to raise the cathode poten-
tial of 71, and the current i;; will begin to decrease. Asa result, the plate
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potential of 71 will increase, resulting in a positive signal to the grid of
T2, and the cumulative cycle will continue until T'1 is cut off and 72 is
conducting its maximum current.

i (4 |,C’
n Li}

QH

®y

,gq’“

AAAAAA.
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D

:l."—E'ab
(a) (6)

Fic. 18-15. The equivalent charging circuits of C: (a) applies during the time that

grid current is drawn; (b) applies for the remainder of the time interval.

:Ebb

e ‘Sb e =l

R

The grid of 72 is driven highly positive, resulting in a large plate cur-
rent, which causes the voltage across Ry to rise quickly. However,
because grid current is drawn, the capacitor C' charges relatively quickly
for a time, until the potential e.. and e, are the same, and thereafter
charging continues at a slower rate.

° ] | The equivalent charging circuits are
shown in Fig. 18-15. As C charges,
h\ ‘\N the bias on 7'2 decreases, causing iy

Eop—— =
er to decrease. The grid of T'1 is

held constant at ground potential

I T__ — to decrease. This in turn causes
|
| .
| so that this tube remains cut off as
I

TFig. 18-16. Wave forms in a cathode- Fie. 1817. An electron-coupled
coupled multivibrator with direct cou-  multivibrator.

pling.

long as e; is positive relative to ground by more than cutoff voltage.
When ¢;, drops to Eqi, T'1 begins to conduct and the eycle reverses.

The wave forms at several points in the circuit (see Fig. 18-16) illus-
trate the operation.

18-6. Pentodes in Multivibrator Circuits. One may use pentodes in a
multivibrator circuit, as illustrated in Fig. 18-17. It will be observed
that the circuit is essentially a econventional plate-coupled multivibrator,
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the cathode, control grid, and screen grid serving as the triode for the
switching action. Since the load resistors are connected to the anodes,
which are shielded from the switching circuit by the suppressor grid,
load changes will not materially affect the oscillatory circuit and the fre-
queney is reasonably independent of the load.

18-7. Design Considerations. In addition to the choice of constants
to yield the desired repetition frequency, a number of other factors must
be considered in designing a multivibrator circuit. If the wave shape of
the output is important, it is necessary to examine the factors which affect
the steepness of the rapid shifts of potential. If a rapid rise of voltage is
desired, one may have to employ design factors that are common to the
design of video amplifiers. Thus it is necessary to employ low values of
plate resistance and to use tubes with low shunt capacitance. With
reasonable care in the choice of these values, it is not difficult to design a
multivibrator cireuit which can reach its full rise of potential in 1 usec,
using low-current receiving types of tubes. If
more rapid action is required, heavier current
tubes must be used. For example, the full rise
may be obtained in 0.2 psec, using a 6AG7 tube.

18-8. The Blocking Oscillator. Suppose that
the second stage of a free-running multivibrator
is replaced by a transformer which is so connected
that regenerative feedback results. Such a circuit
Fra. 1818. A simple has the properties that the t.ube can be made to
blocking oscillator. conduct hard for a short period of time and then

turned off for a relatively long interval before it
goes through its cycle. The circuit of such an oscillator is given in Fig.
18-18.

The operation of the circuit is substantially the following: Suppose
that the grid is only slightly negative. The tube will conduct, and the
voltage of the anode will begin to fall. This changing potential, which
appears across the transformer in the plate circuit, will be accompanied
by a changing potential in the grid winding of the transformer. The
phase of the transformer connection is such that the potential of the grid
becomes positive, thus increasing the plate current. This i$ a regenera-
tive action, which continues until the grid draws current, thus charging

the capacitor C to a voltage %, / 1, dt, where 7 is the duration of the
0 )T 18 the At10n

charging time, the current through R, being neglected. The charging
ceases when the plate potential falls so low that the plate circuit can no
longer drive the low impedance reflected from the grid circuit.

At this time there is no longer any voltage induced in the grid winding
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of the transformer, and the voltage on C begins to discharge. The dis-
charge of (' causes thé grid-cathode voltage to decrease. This results in
a decreasing plate current and hence a rising plate potential. The
resulting voltage in the grid winding causes the grid to go more negative,
thus initiating the cumulative action that causes the tube to cut off.
Now, however, with the tube cut
off, the charge on the capacitor can
leak off only through the grid re-
sistor 2, resulting in an exponential
rise toward ground with a time con-
stant approximately equal to R,C.
This rise continues until the grid
potential reaches the cutoff poten-
tial of the tube, when the cycle will
repeat itself.

The wave forms at various points
in the circuit are shown in Fig. 18-
19.

The total repetition period of
such a bloeking oscillator is seen to
be

i)

T =+ + RyC log, EF (18-17)
7

where 7 is the duration of the pulse
and E is the potential to which the
capacitor is charged during the %

pulse.
The transformer in the ecireuit [L
may be connected in a number of Fig. 18-19. The wave forms in a single-
ways. Thus, in addition to the SWing blocking oscillator.
connection of Fig. 18-18, the transformer windings can be in the grid and
cathode line and also in the plate and cathode lines (see Prob. 18-6).
Precisely the same considerations concerning the possibility of jitter of
the trailing edge of the output pulse applies for the blocking oscillator as
for the multivibrator, and the biased blocking oscillator achieves the
same results in the same way as the biased multivibrator. Consequently,
if the jitter is to be kept to a minimum, a biased blocking oscillator should
be used. The diagram of such a circuit is given in Fig. 18-20. The
recurrence period of this device will be given by the expression

E,
T = r + RC log, E*}% (18-18)
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The duration of the pulse, .., the length of the conducting period r,
depends upon the capacitor C and upon the characteristics of the trans-
former. For a given transformer, C is the
most important cireuit element, larger values
of C being accompanied by longer pulses.
For example, a certain transformer, when
used in the circuit of Fig. 18-20, yielded
pulses which could be varied from approxi-
mately 0.2 to 20 usec by changing the size of
the capacitor C.

18-9. Van der Pol Relaxation Oscillator.
One of the earliest forms of single-tube relax-
ation oscillators was described by van der Pol
in 1926.5 The circuit of such an oscillator is given in Fig. 18-21. It con-
sists of a tetrode in which the control grid and the screen grid are capac-
itively coupled, the control grid being maintained positive by means of a
high resistance coupling to K. However,
since these oscillators ordinarily incorporate a
pentode rather than a tetrode, the pentode-
type oscillator will be discussed here. @

The circuit of the pentode-type relaxation
oscillatot is given in Fig. 18-22, This circuit
depends for its operation on the fact that a Fre. 1821, The van der
change of potential on the suppressor grid is  pe] oscillator.
accompanied by an amplified change of poten-
tial without phase reversal on the screen grid. To see that this is so,
consider for the moment that capacitor C is removed, and suppose that
the tube is in a quiescent state. The situation is then as illustrated

in Fig. 18-23. Suppose that a negative

Fre.18-20. A biased blocking
oscillator.

1 signal is applied to the suppressor grid of

1oy 3%132 such amplitude that the anode current
c ] is interrupted. As a result, the total
— space current will be collected by the

screen grid, with a consequent decrease in
screen potential, owing to the screen re-
sistor. In fact, if it is considered that the
control-grid potential establishes the total
space current, the effect of a signal on the
suppressor grid is to control, in a nonlinear
manner, the division of the space current between the anode and the
screen grid, although a more positive suppressor grid results in a
decreased screen current and hence a more positive screen-grid poten-

>
Ry g,

AAAA

Fic. 18-22. A pentode van der
Pol relaxation oscillator.
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tial. That is, the suppressor-signal and the screen-potential variations
-are in the same phase. Thus, if the gain of the cireuit is greater
than unity and if feedback is arranged between the output circuit (the
screen) and the input cireuit (the suppres-
sor), the device becomes an oscillator and
is almost equivalent to a multivibrator.
Refer now to the circuit of Fig. 18-22,
and suppose that, at the instant that the
suppressor is positive, the anode is taking
current. As a result, the anode potential
ig falling, and the screen potential is ris-
ing, owing to the reduced screen current. Fie. 18-23. To illustrate the
The rising screen potential, which is Prineiple of operation of the pen-
tode type of van der Pol re-
coupled to the suppressor through' ‘Fhe laxation oscillator.
capacitor C, is accompanied by a rising
suppressor-grid potential, since the capacitor voltage cannot change
instantaneously. This is a cumulative action that continues until the
maximum current is drawn by the anode. When this condition is
reached, a charging current immediately starts flowing into the capacitor
through the combination of R, in psdrallel with the screen-cathode path
resistance and the combination of R; in parallel with the suppressor-
cathode path resistance, assuming that a suppressor-grid current flows.
ec, As the voltage across the capaci-
, tor rises, the suppressor voltage

r falls. This results in a falling
e screen potential, and at a critical

value the anode current begins to
fall, with a resulting increase in
screen current. This causes a
Fic. 18-24. Typical wave form of thesup- cumulative effect which continues
pressor voltage in a pentode van der Pol rapidly until the anode current is
relaxation oscillator. cut off and maximum -current
flows in the screen circuit. The capacitor charging current now flows
through R; and the combination of B; in parallel with the screen-cathode
path resistance, and the potential of the suppressor begins to rise. This
brings the action to the point at which the considerations began, and the
cycle repeats.

A typical wave form of the suppressor voltage is given in Fig. 18-24.
The wave is unsymmetrical because during one portion of the cycle the

time constant T is given by C <R3 + RRm ), where 7, is the average
2

ot 7

screen-cathode resistance; and during the second portion of the cycle the
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By o+ RRj? :
3 2

the average screen-cathode and the average suppressor-cathode resist-
ances during the charging period. Evidently, the larger that ¢ and R,
are made, the lower is the frequency of oscillation.

18-10. Synchronized Relaxation Oscillators. Synchronization in mul-
tivibrators may be of two general classes according to the character of
the operation. The lightly synchronized multivibrator is free-running,
and its frequency is ‘‘ corrected” by the application of a synchronizing

Vv

B

Fia. 18—25. Synchromzmg a mult1v1brator with positive pulses.

time constant T’ 1s given by ' ( ), where 7} and 7/ are

voltage. The heavily synchronized multivibrator operates with one or
both tubes so heavily biased that the circuit is inactive until a compara-
tively strong synchronizing or triggering voltage is applied. Further-
more, the presence of the heavy bias causes the circuit to come to rest
after it has passed through one complete cycle. Such circuits are fre-
quently referred to as gate, one-skot, or unwvibrator circuits. Only the
lightly synchronized multivibrators will be discussed here, Chap. 19
being devoted to a study of gate circuits, among others.

In the lightly synchronized multivibrator, the inherent poor frequency
stability of the system is overcome by ‘“‘driving” the multivibrator with
a synchronizing voltage. This forces the period of the multivibrator to
be exactly the same period as the synchronizing frequency or a multiple
or submultiple of it. The synchronizing wave form may be of almost
any shape, although a pulse or a sine-wave potential is generally used.

Actually the discussion to follow applies for any of the free-running
relaxation oscillators and is not confined to multivibrator circuits.

18-11. Synchronization by Positive Pulses. Figure 18-25 illustrates
the effect of applying positive pulses to one grid of a free-running multi-
vibrator. This diagram shows the conditions before synchronization
occurs and the transition stages until synchronization becomes complete.
Note that the pulse A has no effect because it does not raise the grid
recovery voltage above the cutoff potential of the tube and that pulses
B and € have no effect because they are applied to the grid of the conduct-
ing tube and grid clipping occurs. Pulse D is of sufficient amplitude to
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raise the grid above the cutoff potential, and as a result the tubes are
switched as the current begins to flow in the tube that was formerly cut off.

Suppose that the frequency of the triggering pulses is considerably
higher than the natural frequency of the multivibrator. The situation is
then as illustrated in Fig. 18-26. Thus, if trigger A causes the multi-
vibrator to switch, triggers B and C occur at times when the tube is con-
ducting. Since the grid is already positive, these pulses have no effect
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Fic. 18-26. Synchronization with pulses of higher frequency than the natural period

of the multivibrator.

on the conduction. Triggers D, E, F are applied to the nonconducting
tube, but they are not large enough to cause conduction. Trigger G does
carry the grid voltage above the cutoff point of the tube, and conduction
occurs. In this example, every sixth pulse switches the multivibrator,
and hence the repetition frequency of the multivibrator is one-sixth of
the frequency of the trigger pulses.

In multivibrators, if accurate frequency division is desired, the division
per stage should be relatlvely low, say 10 or less. If accurate division is
not required, a single stage may be used for a division of 100 or more.
Also; for best results, the peak of one pulse should rise above the base of
the next pulse on the grid recovery curve by about 20 per cent of its
height.

18-12. Synchronization by Negative Pulses. Multivibrators may be
synchronized by means of negative pulses. The situation is then some-
what as shown in Fig. 18-27. To understand the operation in this case,
it is necessary to remember only that the application of a negative pulse
to the grid of the nonconducting tube will have no effect, as the grid is
already negative and beyond cutoff. However, a negative trigger applied
to the conducting tube will result in the application of a positive pulse to
the nonconducting tube, owing to the amplifier action of the conduecting
tube. If the resulting positive pulse is large enough, this will initiate the
regenerative effect, with the subsequent switching,

18-13. Sine-wave Synchronization. The condition when a sine wave
is used for synchronization is not unlike that for synchronization by
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pulses, although the addition of a sine-wave synchronizing voltage to the
grid recovery does change the grid-voltage wave form, somewhat as
shown in Fig. 18-28.

The operation of the circuit is substantially the following: When 7T'1 is
conducting during the time from A to B, grid limiting occurs and the
potential e;; remains substantially constant. When the synchronizing
voltage falls below zero and starts to decrease the voltage on the grid, the

Trigger T1

y

eq ]

e,

Fic. 18-28. Synchronization with sine-wave voltage.

multivibrator regenerative action causes 7'1 to cut off. As this occurs at
the same point B, C, D, . . . in each cycle of the synchronizing voltage,
the multivibrator is forced to operate at the synchronizing frequency.
Evidently, however, this action exists only when the synchronizing fre-
quency is higher than the natural frequency of the multivibrator.
Synchronization by means of a sine-wave potential injected in the
cathode circuit of one tube is possible. It is essential that the internal
impedance of the synchronizing voltage source must be low in order that
the tube current through this impedance does not sericusly alter the
shape of the wave. The operation of such a synchronized circuit is illus-
trated graphically in Fig. 18-29. If one supposes that the grid-ground
potential is not affected by the presence of the sine-wave synchronizing
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voltage but that the grid-cathode potential contains this sinusoidal com-
ponent of voltage, then one may consider that the effective cutoff poten-
tial of the tube varies sinusoidally about the normal value in phase with
the synchronizing voltage.

At the instant when the synchronizing voltage is suddenly applied at
point A, it is supposed that T'1is conducting. The synchronizing voltage
causes the cathode to rise, so that conduction of T1 is decreased. This

Fia. 18-29. Wave forms of a multivibrator synchronized by a sine wave in the
cathode circuit.

_‘

T16. 18-30. The grid-voltage wave form of a blocking oscillator synchronized with
positive pulses.
leads to the regenerative action, and the tube is quickly cut off. This
switching action will cause the tube to stop conducting at a time earlier
than would be the case for the free-running multivibrator. The voltage
e will follow its normal exponential curve until it intersects the cutoff
curve, which has the assumed sinusoidal form, and switching takes place
at the point B. If it is assumed that during conduction the grid-cathode
potential remains constant at some small positive value, which is given,
in fact, by ,r., the presence of added negative potential on the cathode
will cause the grid voltage to follow the cathode potential and the poten-
tial follows the curve CD. When the cathode voltage begins to rise,
conduction in 7'l is decreased and the regenerative action again takes
place.

18-14. Synchronization of Blocking Oscillators. Blocking oscillators
may be synchronized with either sine waves or pulses applied to the grid,
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in much the same manner as for synchronizing multivibrators. For
example, Fig. 18-30 illustrates the grid-voltage wave form of a six-count
divider. As for the multivibrator synchronization, the trigger heights
should be such that the peak of one pulse rises above the base of the next
pulse by about 20 per cent of its height. A smaller trigger might allow
the divider to fire unsynchronously between triggers. An excessively
large trigger may introduce instability due to variations in trigger heights.
Also, for accurate frequency division with a blocking oscillator, as for the
multivibrator, the d1v1510n per stage should be relatlvely low, also 10
or less.
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PROBLEMS

Note: In the following problems, if necessary, assume that r. for cach tube is
500 ohms. If it is necessary to determine the value of 7, when e. = 0, refer to the
plate characteristics of the tube. The cutoff grid voltage of each tube may also
be obtained from the plate characteristics.

+ 18-1. Determine the frequency of oscillation of a plate-coupled multivibrator
using 6J5 tubes for which

R, = R, = 500¢ Oy = Cy'=0.01 uf Ry = R;; = 30+ Ey = 300°

18-2. Repeat Prob. 18-1 when the grids are returned to a positive supply.
Plot the frequency as E., is varied from 0 to E.
18-3. Given the biased multivibrator shown in the diagram.
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a. Calculate the discharge time constants of the capacitors.

b. Calculate the peak value of each grid voltage. Assume the grid voltage of
the conducting tube to be zero in these calculations. Ey = 300 volts.

c. Calculate the cutoff periods of each section of the tube.

d. Calculate the repetition frequency of the multivibrator.

~18-4, Design a free-running balanced multivibrator to operate at 1,000 eps.
Assume the following: B; = 10%, B, = 500%, 6J5 tubes, Ew = 200 volts.
.~ 18-5. Design a free-running unbalanced multivibrator to operate at 5,000 cps,
with one half cycle three times as long as the other. TUse B, = 500%, B; = 10%,
6J5 tubes, and Ey = 250 volts.
18-6. Sketch blocking-oscillator circuits with the transformer windings in

a. Grid and cathode circuits.
b. Plate and cathode circuits.

Be sure to indicate the transformer winding directions with appropriately
placed dots.

18-7. Discuss the operation of the tetrode relaxation oscillator shown in
the figure.*

\A\'As

| Oulput

18-8. A balanced multivibrator is operated at 1,000 cps. The constants are
those of Prob. 18-1 except for the values of C; and C,. It is to be synchronized by
injecting a positive pulse on the grid. What must be the amplitude of the
synchronizing pulse if the frequency is 1,100 cps? _

18-9. Repeat Prob. 18-8 if the pulse-recurrence frequency is 5,600 cps.

18-10. Sketch a curve of the grid potential of one tube of a balanced multi-
vibrator that is being synchronized by a sine-wave voltage injected in the grid
circuit. The synchronizing voltage ig in the frequency ratio of 5:1 with the
multivibrator frequency.

18-11. Discuss the possibility of synchronizing a multivibrator with a positive
pulse, the recurrence frequency of which is a submultiple of the free-running
frequency of the multivibrator.

*Black, D. H., Elec. Commun., 18, 50 (1939).



CHAPTER 19

- HEAVILY BIASED RELAXATION CIRCUITS

THERE are two important heavily biased relaxation circuits. One type
is known as gate, one-shot, or univibrator circuits, the other general class
being known as #rigger or flip-flop circuits. The gate circuit operates
with one or both tubes so heavily biased that the circuit is inactive until
a comparatively strong synchronizing or triggering voltage is applied.
This strong signal causes the circuit to change from its stable limiting
condition to an unstable limiting
condition, and after a definite
time interval that is determined
by the circuit constants the circuit
returns to the stable state, where
it will remain until it is again

triggered. The trigger, or flip-
Fiec. 19-1. A gate circuit with two a-c ﬂ‘Op, 'circuit is quite like the gate
couplings. circuit except that for fixed values

‘of applied voltage there are two
stable conditions of equilibrium. The currents and voltages in such cir-
cuits can be made to change abruptly from one set of stable values to a
second set of stable values, or back again, although independent disturb-
ances are required for each switching action.

19-1. A-C Coupled Gate. Refer to the diagram of Fig. 19-1, which is
essentially a multivibrator of the conventional plate-coupled type, but
with one tube biased to or beyond cutoff by the application of a fixed
positive potential to the cathode of tube 72. 1In this circuit T'1 is nor-
mally conducting, and 7'2 is normally cut off, thus requiring that the
synchronizing or triggering pulse must be negative-going. Likewise, the
duration of this negative-going pulse should be less than the time of the
unstable portion of the cycle. If it is required to operate the circuit with
a positive pulse, it should be applied to the grid of 7'2, although in this
case the pulse amplitude must be larger than when it is applied to 7'1.

The analysis of such a circuit follows the same general method as that
used in analyzing the free-running multivibrator. The result of such an
analysis leads to the following expression for the time duration of the
pulse:

414
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Ebb - EbZ

t = CiR, log, 7

(19-1)

An alternative circuit to that of Fig. 19-1, but one which is normally
triggered with a positive pulse, is
given in Fig. 19-2. The time
duration of the output square

wave is found to be _k_ <_>q
t = CsRys log, E’Lﬁj&ﬁ% (19-2) ~
' }

19-2. D-C Coupled Gate. The
circuit of a d-c¢ coupled gate is
given in Fig. 19-3. It will be
noted that this circuit is only a
slight rearrangement of the circuit of Fig. 19-2. In this circuit tube 72 is
biased at or beyond cutoff by the application of a negative potential tothe
grid. This fixed bias is obtained from the voltage divider comprising
Ru, R, and Ry,, which is connected between Eyp and E... Also, in order to
ensure that T'1 is normally in the
conducting stage, R,;, which is
shown connected to ground, may
be connected to Fy.

The capacitor Cs, which might
appear to be unnecessary at first
glance, actually serves a twofold
purpose. It serves to decrease
the switching time from T'1 to 7'2,
and also it serves to increase the reliability of operation of the circuit.
To examine this matter, it is necessary to consider the effects of the
several interelectrode tube capacitances. Thus the tube capacitance
Cyx in T2 tends to prevent the grid-cathode voltage from changing
rapidly. The capacitance C,, which couples the grid with the plate of
the tube tends to cause the grid voltage to vary in a direction to oppose
the effective switching from 7'1 to 72. The capacitance Cy, tends to pre-
vent the plate potential from changing.

Another factor to be considered arises from the voltage-divider action
of the coupling and biasing resistors B and R,. Without C; in the cir-
cuit, the change in grid voltage is R,o/(R + R,:) of the change in the
plate potential of T'1, and this ratio is normally about 14. = In fact, the
action of the interelectrode capacitances is to reduce the change in grid
voltage considerably below this value of 14.

The presence of C,, which is usually of the order of 50 puf and which is

Fie. 19-2. A gate circuit that is roughly
comparable with that of Fig. 19-1 except
for the polarity of the triggering pulse.

F1e. 19-3. A d-c coupled gate.
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therefore appreciably higher than the tube capacitances, forces the grid of
T2 to respond more quickly to the changes in the 7’1 plate potential. This

ecr . is because any change in potential of the
B A S — —— plate results in a nearly equal instanta-
neous change of the voltage of the grid.

By ' Furthermore, with € shunting the cou-

pling resistor R, the full value of the volt-
age appears on the grid, the resistor K
being effectively short-circuited for these
short-period changes.

The shapes of the grid potentials at
each of the tubes are illustrated in Fig.
19-4. The time duration: of the gate

Fic. 19-4. The grid potentials
of the d-c coupled gate.

from the circuit is given by
t = CiRy log, T = B

— B

19-3. The Cathode-coupled Gate. The cathode-coupled gate is essen-
tially the cathode-coupled multivibrator which is so arranged that one
tube is normally biased beyond
cutoff. A comparison of the cir-
cuit of Fig. 19-5 with that of Fig.
18-13 shows that these are almost
the same, except that R, in the
circuit of Fig. 19-5 is connected
from the grid to the cathode of 12
instead of from grid to ground. Fic. 19-5. A cathode-coupled gate.
In this circuit, 71 will be noncon-
ducting, and 72 will normally be in the conducting state. Consequently
a positive triggering pulse applied to the grid of T1 is required in order

to activate the circuit.
I As ordinarily used, the grid of
— T1 is returned to a positive po-
tential, rather than io ground.
With this change, it is found that
the pulse width ¢ is directly pro-
portional to the d-c¢ potential %,

Fig. 19-6. A cathode-coupled gate with to a hlg}_l degree of accpra',cy
the grid of T1 tied to a positive bias £,, ~ °Ver & Wwide range of variation

of this d-c¢ potential. Such a
modified cireuit is illustrated in Fig. 19-6. A detailed analysis of the
operation of this circuit follows.

The d-¢ bias voltage E, is kept low enough so that tube T2isnominally

(19-3)

4—--@-—»
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conducting. The current through this tube ig given by the relation

En
R 4+ rve + Ri

and the cathode-ground potential Ex, is then simply
Ey = IpeR: (19-5)
Consequently, the voltage across the capacitor, assuming that the grid-
cathode potential of 72 during conduction is zero, is
Ey; = Ey — Eye (19-6)
When the circuit is triggered, T'1 conducts and 72 is turned off. The
current through 7'1 is given by the relation
By
Ry + 11+ R
and the cathode-ground potential Ej; is
By = IRy (19-8)
Clearly, when the circuit is triggered, the plate of tube T'1 falls from Ewto
Ew — IR, and the point K changes from Exe to Eri.  Because of this,

the voltage across the capacitor C will tend to change from the value
given in Eq. (19-6) to the value

Iy = (19-4)

I = (19-7)

Ey = (Bw — InnRu) — Exy = Er1 — Exy = Ey (19-9)
The capacitor potential changes by an amount
AE = E; — E1 = By — Eri — Exs + En (19-10)

Of this, the fraction ¢, initially appears across the grid of T2, where

b2 = (B — Ery — Ers + Eny) 57 25— o (19-11)

+R

and where R’ is the parallel combination of 751 and Ry + R;. The
potential will then approach zero along

an exponential curve, and T2 will again R c
begin to conduct when e, = Eo; in the “ . R,
circuit of Fig. 19-7. This occurs at the B, = R i

time when
—_t Fia. 19-7. The discharge circuit
—Eo = ee OB (19-12)  of the capacitor C.

approximately. This expression assumes that R, is large compared
with the parallel combination of 7,; and Ry; + Ry,  Solving for the time
t yields

By —En—Ew+Eu R
t = CR, 10g2< = Tl—Ewk2 s R’ -i-ng‘ﬂ)
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which is given with good approximation by

t = CR, log, E————bb — EEI’,I — Bu
—ALpe

‘ (19-13)

To reduce the jitter in the trailing
edge of the pulse, and also to permit
somewhat greater control of pulse
width with d-c¢ bias voltage, the grid
Fre. 19-8. A cathode-coupled delay of T2 is returned to the plate supply
multivibrator. voltage through a large grid resistor,
as illustrated. Because of this change, the analysis given above must be
modified. Such an analysis leads to the following expression for the dis-
charge time of the capacitor and hence fc2
for the width of the gate:

2Ebb - ETI - Ek2
Ey — Exi + Eog
(19-14)

A sketch of the important wave shapes
of the circuit is given in Fig. 19-9.
This circuit will receiver further con-
sideration in Sec. 19-8. B
19-4. Pentode Gate Circuits. The Fic. 19-9. The grid potential of 72
van der Pol relaxation oscillator shown and the plate potential of T1 in the
in Fig. 18-22 may be conv erted into cathf)de-coupled delay multivibrator
. . . . of Fig. 19-8.

a gate circuit by applying a negative
bias to the suppressor grid or by reducing the value of the resistor
R,. As already discussed in Sec. 18-9, the principle of the circuit is
essentially the same as that of the two-tube multivibrator, except that
the necessary amplification without phase
reversal is obtained in a single tube. A
2 circuit of this pentode gate is given in Fig.
L_ 19-10. Such a gate circuit may be trig-
gered either by positive or by negative

— e —

t = CR, log,

€s1

R4 :;R 2

E% P \F:"J pulses, the general character of the wave
“tz 3 B . . . . .
% forms at various points in the circuit being
v as illustrated in Fig. 19-11.

Fre. 19-10. A pentode gate cir-

cuit Another form of pentode gate circuit

is illustrated in Fig. 19-12.' In the
quiescent condition the tube 7’1 draws grid current, and the plate
potential is at a value E,. The application of a negative triggering pulse
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to the input will cause the tube to cut off, the time of cutoff being con-
trolled by (3, Rs, and Ey. During the triggering pulse, the capacitor

i Grid
/
] Plate
Screen
]
/ /r Suppressor

Fic. 19-11. The wave forms of a pentode gate when triggered with negative and with
positive pulses.

(', is discharged through 72, and recharging takes place through R,
since at the end of the pulse T2 will be cut off. The grid and plate wave
forms are somewhat as illustrated

in Fig. 19-13. e =y I

19-5. Trigger or Flip-flop Cir- PR
cuits. The trigger circuit is not
unlike the gate circuit except that, ec,
for fixed values of applied voltage, 1 e [

there are two stable conditions of

%1.?2 Ry, Ry

€

72
e gﬁ@[ Le, /7 _

£y

T~

Fia. 19-12. A positive-bias pentode Fra.19-13. The grid and plate‘wave forms
gate circuit. in the pentode gate circuit of Fig. 19-12.

equilibrium. The currents and voltages in such a cireuit ean be made to
change abruptly from one set of stable values to a second set of stable
values, or back again, although independent disturbances are required for
each switching action.

Refer to the circuit of Fig, 19-14, which was first discussed by Eccles
and Jordan in 1919.2 Observe that this circuit is like the multivibrator,
although direct coupling exists between the plate of T'1 and the grid of
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T2 and between the plate of T2 and the grid of T1. Likewise, the grids
are normally maintained negative by the voltage divider and the negative
C-supply voltage.

Suppose that T'1 is conducting and 72 is cut off. Thed-cpotentialson
the grids of the tubes are then, respectively, approximately zero on T1,

owing to grid clipping, and —E.. - Bt R + R (Bee + Eyr) on T2. These

must be such that e, is slightly positive and e, is negative. If now a
positive signal is applied to both grids simultaneously, there will be no
appreciable action in T'1 but 72 will begin to conduct. This will reduce

the grid potential on 7'1, which re-

Sigral duces the tube current, setting off a
&, l &,, regenerative action that continues
o ‘ f until 7’1 ceases to conduct and T2 is

fully conducting. The transfer is
effected in precisely the same manner

L 131 Ifé as that discussed for other multi-
Lg 92% vibrator ecircuits. The ecircuit will
_]I-_E'Cc remain in this new stable condition

until another positive pulse is applied.

Negative trigger pulses may also be
used to effect the switching. In this
case the negative trigger acts on the conducting tube, causing a sud-
den decrease in the plate current and a corresponding rise in the plate
voltage. This rise is passed to the tube that is cut off, resulting in a flow
of current in its plate circuit, which initiates the switching action.

A practical form of the trigger circuit is illustrated in Fig. 19-15. Note
the use of capacitors C; and C; across the coupling resistors R; and R..
These are used to overcome the ef- % I

I ]
LI 1

F1c. 19-14, The Eccles-Jordan trig-
ger circuit.

fects of the presence of the tube ca-
pacitances and also to increase the
reliability of operation, precisely as for
the action of the capacitor in the d-¢
coupled gate circuit of Fig. 19-3.
Since two pulses are required to cause s G G

the circuit to complete its cycle, viz., % %

for each tube to pass from the non- = - -y =
conducting state to the conducting Fre. 19-15. A “scale-of-2” circuit.
state and then back again, the output from a differentiating circuit con-
nected to either plate will consist of a series of positive and negative pulses,
the rate of each being one-half that of the triggering group. Thus, if
either the positive or the negative output pulses are selected, there will be
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one-half as many as the primary triggering source. This accounts for
the naine, scale-of-2 circuit. Circuits of this type are used very exten-
sively in scaling down the number of pulses produced in nuclear-physics
reactions. Ordinarily such scaling circuits are connected in cascade to
produce scale-of-4, scale-of-8
scale-of-16, etc., outputs. This
permits a high-speed pulse source
to be measured on a low-speed

mechanical recorder. Co; o/
A circuit of the Eccles-Jordan

type may be used to form gates,
one edge of which is controlled by
one circuit, the other edge of
which is controlled by a second eircuit. In this case, the grids are fed
from separate sources, one source switching the circuit on, the other
switching it off.

A number of variants of this basic circuit have been published. Reich?
replaced the triodes by pentodes. In this case the grids are free for the
application of the initiating signals, the suppressor grids serving the same
function as the triode grids. The circuit is shown in Fig. 19-16. Here
the application of a positive voltage to the control grid of the nonconduct-
ing tube cannot cause conduction to begin, owing to the high negative
voltage on the suppressor grid, which prevents plate current from flowing.
The application of a negative voltage to the control grid of the conducting
tube reduces its current and triggers the circuit. If a short-duration
negative pulse is applied to the control grids of both tubes simultaneously,
both tubes will be cut off. However, the coupling capacitors cause the
suppressor of the tube which was
conducting to be more negative
than that of the other tube, and
as a result the current transfers to
the other tube at the end of the

- : - - triggering pulse. The size of the

fliiulltg;ls?n A;l:itdematlve form of trigger .5 hacitors should be such that the

&P o time taken for them to charge or

to discharge from one equilibrium value of voltage to the other values is

large compared with the duration of the triggering pulse but small com-
pared with the time between successive pulses.

An alternative circuit that operates satisfactorily was suggested by
Regener.* The circuit is shown in Fig. 19-17.

A cathode-coupled scale-of-2 circuit was suggested by Scal.s The
circuit is shown in Fig. 19-18, It will be observed that this circuit bears

Fia. 19-16. Eccles-Jordan type of trigger
circuit using pentodes.
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the same relation to the cathode-coupled multivibrator that the circuit
of Fig. 19-15 bears to the plate-coupled multivibrator.

19-6. Single-tube Pentode Trigger Circuit. It was first pointed out
by Reich?® that, by replacing with a resistor the coupling capacitor
between the screen and the suppressor grids of the pentode relaxation
oscillator of Fig. 18-22, the result is a trigger circuit. This circuit is
illustrated in Fig. 19-19.

%'20,( ) RI% &y

Fie. 19-18. A cathode-coupled scale-of- Fra. 19-19. A single pentode trigger
2 circuit. cireuit.

A physical explanation of the operation of the circuit is possible. Sup-
pose that the tube is initially in such a condition that the current to the
plate is zero when the current to the screen is a maximum. If the resis-
tors R and R; and the suppressor bias are properly chosen, the suppressor
potential is sufficiently low to maintain no plate current and the tube
remains in the zero-plate-current state.

Suppose now that a positive triggering pulse is applied to the control
grid which is sufficiently positive to cause plate current to flow. As a
result, the screen current will begin to fall, and the screen and also the
suppressor potential will begin to rise. This causes the plate potential
to tend to increase, resulting in a cumulative action which continues until
the maximum possible plate current flows. At this point, the screen is
almost at Lw, the suppressor potential is slightly positive, owing to the
suppressor-grid current when the potential is positive, and the plate con-
tinues to draw current. The tube thus remains in the conducting state.

To turn the tube off will require the application of a second positive
triggering pulse. With an increase of tube current, the screen will collect
more electrons, lowering the screen potential. Thislowers the suppressor
potential, which then begins to control the anode current. With a
decreased anode current, the screen current increases and the cumulative
action begins, which ends when the anode current is zero.

19-7. Scaling Circuits. In addition to the scaling circuits which may
be constructed by forming a cascaded group of scale-of-2% circuits, the
result being scale-of-4, -8, -16, -32, -64, etc., circuits are possible to yield
scale-of-5," scale-of-6,8 scale of-10,% and others. Some of these scalers use
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the basic trigger circuit but provide for forced resetting at the count of,
say, 10. Others make use of what is known as a ring circuil. Since
decade scalers are used extensively, it might be well to consider the opera-
tion of such typical circuits.

"e, {LC7—4

Fia. 19-20. A decade scaler consisting of conventional trigger circuits with forced
recycling at the count of 10.

A representative type of decade scaler which consists of four conven-
tional trigger circuits but which provides for forced recycling at the count
of 10 is illustrated in Fig. 19-20.° This circuit will operate in a conven-
tional manner for the first nine pulses of a pulse train, assuming that the
initial reset causes all even-numbered tubes, T2, T'4, T'6, T'8, to be conduct-
ing. Table 19-1 shows the sequence of tube operation with successive
pulses. If now provision is made after the ninth pulse to force 74 to

L Stage 1 1> Stage 2|-|Stage 3|~ - - - =\S5tage. ——)‘

Fia. 19-21. Block diagram of a conventional ring counter,

Pulse
source

remain condueting and also to cause T8 to become conducting, then the
scaler will have been recycled, with T2, T4, T'6, T8 conducting after the
tenth pulse. It is the function of the feedback from a tap on R; asso-
ciated with 72 through capacitor Cs.; to force T7 to go out and T8 to
become conducting. Also, in a similar manner, the feedback obtained
from R; associated with T'7 through capacitor Cq.4 forces T4 to remain
conducting.

A block diagram showing the general features of a ring counter which is
capable of operating with as many as 50 stages is given in Fig. 19-21.
The pulses are fed continuously into each stage, which is some form of
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trigger circuit with two input channels. This tends to keep all the stages
in one of their two stable conditions, which might be termed the normal
state. If some pulse causes stage 1 to flip into its other state, the next
pulse will flop stage 1 back to normal. This change of state causes a
pulse which flips stage 2 to its odd state, to be returned to normal by the
next input pulse. Thus the odd state advances systematically down the
string of states, moving one stage with each regular input pulse.

TABLE 19-1
SEQUENCE OF TUBE OPERATIONS IN A DECADE SCALER

Conducting tubes
Pulse
71 72 T3 T4 75 76 7 78

0 T T z z
1 z z z T
2 x z z z
3 z T z z
4 z ol T z
5 z z z z
6 z z z z
7 z T z z

";‘ x z z x
9 - z z z z

19 z | T z z |

Clearly, the pulse from each preceding stage, which serves to flip a
given stage over from its normal state, will arrive at the stage almost
simultaneously with the regular input pulse which tends to keep the stage
in its normal state. If the regular input pulses are short enough and if
the time constants of the stages are long enough, then the flipping-action
pulse may be delayed until the regular input pulse has passed and satis-
factory operation is possible. The diagram of a scale-of-5 ring circuit
employing pentodes is given in Fig. 19-22.7

19-8. Linear Delay Circuits. Certain radar applications among others
require circuits to generate pulses, the width of which is directly propor-
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tional to a d-c potential, to a high degree of accuracy, and over a wide
range of variation of this d-¢ potential. Such a cireuit as this will make
possible the generation of a marker or triggering pulse at an accurately
known instant after it was initiated. Although a tremendous effort was
expended in the investigations of circuits to fulfill these requirements, only
a few circuits have been found which are even moderately satisfactory.

3L g P é %M

e e e

Input,, ; %
1t

< d p.
3 > S >
3 2 2
i 3 E: kS z

Fic. 19-22. The General Electric scale-of-5 ring circuit.

Among the circuits to be studied which do possess the desired character-
istics are: (a) the linear delay multivibrator, (b) the sanatron, (¢) the
phantastron, and (d) the linear-sweep delay circuit.

The essential element of the linear delay multivibrator is the cathode-
coupled delay multivibrator of Fig. 19-8. To see that the time duration
of the gate is directly proportional to the bias voltage E,, Eq. (19-14) is
examined in some detail. This expression is rewritten for convenience.

2Ebb _ ETl - Ek2

b= CRploge g~ 7,

(19-15)
First it is noted from the tube characteristics of a typical triode, say the
6SN7, that the plate current can be related to the plate and grid potentials
by a relation of the form

L= 1 (@ + uB) (19-16)

where E; is the plate-cathode potential and E. is the grid-cathode poten-
tial. That is, except in the region of very small currents, the linear set
of curves is a fair representation of the normal space-charge curves of the
tube. It follows from this expression that

B, = kI, — uE, (19-17)
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Also, it follows from Fig. 19-8 that

Eb + Ib(Rll + Rk) = Ebb (19—18)
By combining Egs. (19-17) and (19-18) there results
. Ebb + /JfEc
L= Ry + Bv+ k& (19-19)
Also from the figure
E, = E, + I,R: (19-20)
It then follows from Eqs. (19-19) and (19-20) that
3 B + nlly (19-21)

T RoiF W+ DR E

These expressions are combined with Eq. (19-15) to yield
log By 4+ ItRy — Eje

9275 By — iR — Eos

(R + (u + DRy + k(B — Ers) + RuEw + nERn
(B + (u 4+ DE: + kl(Bw — Eo) — Rl — wb, Ry,

t=CR

t = CR, log, {

(19-22)
This may be written in the form -
a + bE,
t = CR,, log, e = df, (19-23)
where
a=|[RBn+ (u+ DBy + k](Ew — Exe) + RuFEw
b= #Ru
¢ =[Ru+ (u+ B + kl(Ew — Eoz) — RiEw (19-24)
d = uRx

Now expand Eq. (19-23) to the form

t = CRy [loge (Cl + log. (1 + 3E0> — log, (1 - %Eg>] (19-25)
But over the range for which
’ro<1 fE <1 (19-26)

the logarithm may be expanded and only the first term in the expansion
retained. The expression for ¢ then becomes

a b d
t = CRgz <10ggz -+ ;1- Eg -+ EE9>
or finally

a

t = CR, [logg% + (9 + %) E] (19-27)
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A circuit that was used extensively at the M.I.T. Radiation Laboratory
for producing a marker pulse is illustrated in Fig. 19-23. This circuit
yields an output pulse the delay of which is directly proportional to the
d-c potential applied to the grid of 7'1 within +0.25 per cent over the

Cathode-
Irput coupled Blocking
diode gate oscillator T
‘5'/(
0% 200

o—} 20k
Negative
7 "Wi[ 100%
npu > -
ok Positive
20% % output
%200./). pulse

Fie. 19-23. A linear delay multivibrator which triggers a blocking oscillator to
produce a sharp pulse.

range from about 8 to 150 usec. Other characteristies of this circuit will
be given below.

19-9. Miller Integrating Delay Circuits.! The sanatron and phantas-
tron delay circuits are two of a variety of linear delay circuits which have
been designed around the so-called Miller integrating circuit. This cir-

£ Zos E €
2 'cc +

>
<
b

M L\ o BjE 4y

€e
T i

Fic. 19-24. The basic Miller integrating Fra. 19-25. The suppressor and plate
circuit. potential of the Miller integrating
circuit of Fig. 19-24.

€

[
'
---Q‘P ————a]
< =
|
|

cuit, which is illustrated in Fig. 19-24, makes use of the fact that the
potential of the plate e, will fall linearly with time when the plate is made
conducting by applying a positive-going gate to the suppressor. The
general character of the output is illustrated in Fig. 19-25.

To examine the action of the circuit analytieally, it is noted that the
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current ¢, is given by

iy = (B, — €)Y, (19-28)

and the output voltage is related to the grid potential by the expression,

e = Ke, : (19-29)

where K is the gain of the tube. It is assumed that the grid current in the
tube remains substantially constant, and any changes occur across the
capacitor C. It then follows that

1.
e = e — op 1 (19-30)

By combining Eqs. (19-28), (19-29), and (19-30), there is obtained

_o_Yolfp &
8 SRR

which is

1\ _v,1 _ ¥,1

eb(l Tc) CKp® = T 0l
or
Q(_K?;L) pe — & = —KE,, (19-31)

g

By writing, for convenience,
— Y,

then

<% + 1) & = KE., (19-33)

This is the controlling differential equation that relates the plate potential
with the input potential.
The solution of this differential equation, subject to the initial condi-
tions
& = Ey when ¢t = 0
is the expression
&y = KEM + (Ebb - KECC)E_M (19—34)

Ordinarily the bias supply potential E,, is the plate supply potential
Ejy, in which case the expression, Eq. (19-34), assumes the form

e = KBy + (1 - K)Ebbe_bt (19-35)

But for the conditions of operation this expression may be expanded and
only the lower-order terms retained. This yields
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bt)?
e = KBu(1 — K)E,,b[1 e 8 ]
or approximately
e = Ep[l — (1 — K)bt] (19-36)
But

(1-K _, 1
T CR,(K -1 " R.C

and Eq. (19-36) reduces to the form
e = By (1 L t> (19-37)

1 —K)b=

~RC
Some measure of the linearity is possible by examining the ratio of the

second order to the first order term in the above expansion. The per-
centage deviation from the linear is

¥4 (b)?

3~ 100 = 506t (19-38)

Per cent deviation =

For a circuit for which the linear time is to extend for 100 usec, the
deviation becomes

—6
S0bt = 100 X 10-8 X 50

3 105X 100 X 10~ 3 300 - 1%

The initial potential drop that appears in the plate potential does not
appear in these equations but represents the contribution to the initial
plate current by the charging current required to charge the tube and
wiring capacitances.

If the circuit is modified as illus-

trated in Fig. 19-26, a control is
possible to the upper and lower po- \ %
tential limits between which the lin- _@ZJ.:; E,
ear saw tooth traverses. In this
circuit, if the potential of the plate —9
is higher than El, the diode T2 will Fia. 19—26: A Miller integrator with
conduct. In this way the plate of controlled limits.
T1 is tied to Fi:. Likewise, when the plate potential is falling with the
application of the gate to the suppressor grid of 71, diode 73 will be non-
conducting until the plate potential falls to K., when the diode 73 will fix
the lower potential of the plate fall to E,.

The linear saw-tooth wave from the Miller integrating circuit is then
used in a comparator circuit. In this ecircuit a comparison is effected
between the potential, and hence the corresponding setting of a poten-

AAA—In

WV
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tiometer, with that of any desired position on the linear saw tooth. The
output, which appears as the movable edge of the gate, is directly propor-
tional to the potential on the linear potentiometer, and hence to the position
of the potentiometer shaft. Such a voltage comparator eircuit isillustrated
in Fig. 19-27.  Note that the saw-tooth voltage from the Miller integrator
is fed directly to the grid of one tube, the second tube being connected
to the movable arm of the linear potentiometer.

The circuit resembles the cathode-coupled gate, and its operation
depends on two cumulative actions taking place when certain conditions
are realized. Suppose that the potential at the slider of the ranging

F1a. 19-27. A voltage comparator circuit.

potentiometer is about 14Ky, At the instant that the Miller integrator
is activated by the application of the positive gate to the suppressor grid,
the potential of the grid of T'1 will be Ew, the potential of the grid of 72
will be Y4Ey, and T1 will be conducting. This state of the comparator
circuit continues while the grid of 7'1 falls with the saw tooth, until it
approaches the potential of the grid of 72. The circuit now becomes
unstable, and a flip action takes place, with 7'l becoming nonconducting
and 72 beginning to conduct. Clearly, as the potential of the slider is
reduced, the flip action takes place at an increasing time after the start
of the initial event. The time delay between them will be proportional
to the angular position of the shaft of the ranging potentiometer. The
corresponding action which returns the circuit to its initial state takes
place at the equivalent potential on the exponential rise when the Miller
circuit capacitor is recharging,.

The amplitudes of the voltage steps that appear at the anodes of 71 and
T2 depend on the amount of current that is transferred from 7’1 to 72 at
the instant of the flip action. This current depends on the setting of the
potentiometer slider, but the variation may be reduced considerably by
returning the cathode resistor to a negative supply. The two adjustable
resistors at each end of the ranging potentiometer are to permit the volt-
age across the ranging potentiometer to be adjusted during calibration.

19-10. The Sanatron.! A circuit which incorporates a pentode gate
circuit for producing the positive gate for starting the integrator, and the
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Miller integrator circuit, the output of which would then be used to feed
a voltage comparator circuit, is called a sanatron. The complete circuit

Coritro/ " Integrator
Fia. 19-28. The sanatron delay circuit.
is given in Fig. 19-28. The significant wave forms at several points in

this circuit are given in Fig. 19-29.
19-11. The Phantastron. The phantastron combines the Miller

Y | integrator and the trigger properties

e - of the sanatron in a single tube. The
71— schematic diagram is given in Fig. 19-
Rzé to By, 30, and th.e s1g'n1ﬁcant. wave forrgs at

,' II several points in the circuit are given

26 - in Fig. 19-31. Owing to the mutual
L—E\L effects that exist during the course of

: l its operation, the phantastron in the
& !

A I e % Lo
7
I'R7C2ﬁ’Ebb 1 @

Aoy

2% M L

Fic. 19-29. The potentials at various  Fia. 19-30. The phantastron delay cir-
points of the sanatron. cuit.

“Q

Y]

1=

form shown is somewhat inferior to the sanatron. It is for this reason
that during the Second World War the British, who devised both cir-
cuits, preferred the sanatron.

The American version of the phantastron is designed around the 6SA7
heptode, which, owing to the mutual shielding between significant ele-
ments, proved to be entirely satisfactory. One version of the circuit is
given in Fig. 19-32.

A second variation of the basic circuit is given in Fig. 19-33. This
circuit employs a cathode follower to restore the 6SA7 to the quiescent
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state quickly by helping to restore the plate voltage to the starting condi-
tion at the end of the operating period. In fact, the circuit of Fig. 19-33
vields an output pulse the delay of which is directly proportional to the
d-¢ potential applied to the control
//’fPU" ! 1 diode within +0.1 per cent over
rigger -
the range from about 8 to 150 usec.
19-12. The Linear-sweep De-
lay. The linear-sweep delay ecir-
cuit incorporates a feed-back lin-
earizing circuit to achieve a linear
saw-tooth wave. This particular
circuit will be discussed in some
detail in Chap. 20. A comparison
; is then effected between the poten-
| tial, and hence the setting of a po-
Sereen _4 _______ tentiometer, with that of any de-
' sired position on the linear saw

Plate

Cathode

tooth. Although the voltage com-

parison is accomplished in a dif-

Fia. 19-31. The potentials at various ferent manner from that in the

points of the phantastron. sanatron, the net result is a com-
parable delay circuit.

The essential elements of the linear sweep may be discussed by reference
to the circuit of Fig. 19-34. In this circuit 7'1 is normally conducting,
and the potential across the capacitor is By, With 72 absent and with
the application of a negative gate to the grid of 71, the capacitor will

:

Negative |5y %27" %/0&

trigger
InpuUt

Fic. 19-32.  One version of the phantastron built around the 6SA7.

begin to charge from FEy toward FEy along an exponential curve, with a
time constant BnC.  With T'2 connected as shown and with the applica-
tion of the negative gate to cut T'1 off, then as the potential across the
capacitor increases, the feedback through the cathode follower 72 which
is applied to the circuit through which the capacitor charges will cause
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6847 68SN7
R, Rz Ry
Posrtive by
trigger —y¢ =t
input C i

——>COutput
Fre. 19-33. A second version of the phantastron delay circuit.

the point A to increase. In effect, therefore, the capacitor, instead of
charging to a constant potential Ey,, charges toward a continually increas-
ing potential. As a result, in-

stead of the charging curve being Ry

exponential, it is very nearly lin- A
ear, the extent of the linearity

R
being determined by how nearly ‘ c
unity the gain of the cathode fol- L S
lower is. A

The ecircuit of the linear-sweep
delay is shown in Fig. 19-35. In
this circuit, T'1 and T2 are connected as a simple cathode-coupled gate, the
negative square wave thus generated being applied to the grid of T3.
The time duration of this square wave is the maximum length of the

/L

N

72

Fra. 19-34. A linear saw-tooth generator.

T4
200 s0% §50K
{ W — 04-18

i ElE
5k
=] =
78 79
L=
0.0 250
, | _ | Lt [
Gate Linear sweep generator Amplifier A
Restoring  Restoring  Pick-off 25K S0k
djode arnd  diode diode Blocking /50
clamper -oscillator

F1a. 19-85. A 150-usec linear-sweep delay circuit.
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delay desired. This negative square wave is applied to the linear saw-
tooth circuit, comprising 73 and 76. 74 helps restore the sweep quickly
to the quiescent condition. The 2* resistor to ground causes a rapid rise
at the beginning of the saw tooth, making it a trapezoidal wave. This is
necessary in order to make the sweep start rapidly enough to overcome
circuit capacitance. Often thisresistor may be omitted. The400* resistor
and TS are placed in the circuit as an additional sweep correction to pro-
duce linearity. 77 is called the pick-off diode because it begins to conduct
at a point on the sweep determined by the selection of its cathode voltage
with the adjustment of the 35* potentiometer. This is essentially the
voltage comparator in the circuit. When T'7 begins to conduct, its output
is amplified by T8, whose plate output triggers T'9, the blocking oscillator
tube.

Table 19-2, taken from M.1.T. Radiation Laboratory Report T-18, shows
a comparison of the features of the cathode-coupled delay multivibrator
(Fig. 19-23), the phantastron circuit (Fig. 19-33), and the linear-sweep
delay circuit (Fig. 19-35). These data are tentative. The percentage
change in range indicated is the maximum change of the maximum
observed at any point in the cycle.

TABLE 19-2
COMPARISON OF THREE DELAY CIRCUITS FOR 150 xSEC MAXIMUM.
DURATION
Subject ]?elay Phantastron Linear sweep
multivibrator
Duration vs. voltage. .. .| 0.25 % from about | 0.1 % from 8 to 150| 0.1 % from 5 to 150
8 to 150 usec usec usec
10 9% change in Ei about | £0.5% change in | ¥ 0.15 % changein | £:0.15 % change in
250 volts time duration duration duration
Temperature coefficient
(% change in duration
7°C). —0.0059%/°C —0.002 9, /°C +0.003 % /°C
Number of tube enve-
lopes................ 214 3 5
Max over-all sensitivity
to all tubes........... +10% change +5% +19,

19-13. Pulse Generators. It is ordinarily not possible to distinguish
between a narrow gate and a pulse, particularly since the two may be
generated in the same manner. A sharp distinction is hardly necessary,
but one might perhaps distinguish between them on the basis of the ulti-
mate purpose of the signal. Another distinguishing feature might be
based on the time duration of the signal. There are, however, certain
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methods available for generating very narrow pulses with reasonably
sharp rise and fall which are not suitable for generating wider gates. It is
not always necessary that the pulse be rectangular, although certain
applications require such a pulse.
Several methods for generating such
narrow rectangular pulses will be con-
sidered. These methods fall into two
general classes. In one, tube circuits
are employed, and these may be gas-
filled or vacuum tubes, with provision -
for damping to keep the pulse narrow Fia. 19-36. A thyratron pulse gener-
and rectangular. In another type, a.tor .with an oscillatory extinguishing
artificial transmission or pulse-form- cireut.

ing lines are used to control the duration of the pulse and also to effect
a rectangular shape.

A simple circuit for generating pulses incorporates an oscillatory circuit
between the plate and cathode of a thyratron. Such a circuit is given in
Fig. 19-36. It is the function of the oscillatory circuit when shock-excited
to cause the plate potential to fall below that required to maintain the
discharge of the thyratron, once it has been fired. The pulses so gen-

= = = ~/50
Fi1a. 19-37, A thyratron pulse generator with thyratron clipper.

erated are not rectangular in shape but are acceptable for some types of
service.

The circuit of Fig. 19-37 shows a circuit for generating narrow rectangu-
lar pulses ranging from less than 1 usec duration to perhaps 10 or 20 usec
duration. In this circuit an 884 thyratron with its ionization time of
approximately 10~2 sec is used to generate the pulse, the trailing edge of
which is controlled by a second thyratron. The output pulse from such
a circuit has relatively sharp sides.

Suppose that the 884 has been triggered by the application of a positive
triggering pulse to the grid. This causes the 884 to conduct, and the
potential that appears across the 0.001-uf capacitor from plate to ground,
less the drop in the 884 appears across the cathode resistor, capacitor,
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and the 2050 clipper thyratron. Note that the 200* plate resistor and
the 1¥ cathode resistor are so large that a continuous discharge through
the 884 cannot be sustained, and that the energy of the pulse must be
supplied from the 0.001-uf capacitor.
% Clearly, for different pulse lengths,
different sizes of plate-ground capac-

itors will be required.
Once the 884 has been fired, the po-

I o tential on the plate of the 2050 in-
T $ creases to some positive value, and if
T % the energy in the pulse is small com-

pared with that on the plate capacitor,
the 2050 plate potential remains rel-
atively constant. Owing to the RC
circuits between the plate and the control grid and the grid and the cath-
ode of the 2050, there will be a time delay before the grid-cathode potential
increases from the normally nonconducting value of —15volts, determined
by the voltage divider between the —150-volt source and ground, to the
approximately zero potential required for the tube to fire. The time dura-
tion is controlled by the adjustable 1# resistor in the circuit. Once the
2050 fires, the cathode of the 884 is effectively short-circuited to ground,
thus terminating the output pulse. Of course, the 2050 continues to con-
duct until enough of the charge has leaked off the capacitor in the 884
circuit for the potential across the 2050 to fall below that required for
maintaining the discharge.

F1e. 19-38. A triggered blocking os-
cillator for pulse generation.

" CL z L L L )
W TI? TIC’ ITC TIC ,[Ic l«{\;

L] i~

Fie., 19-89. The basic circuit incorporating a pulse-forming line,

The use of a blocking oscillator which is biased to be off normally and
which is triggered as desired will yield pulses which are sometimes suitable
for some services. Such a circuit which provides for an adjustable pulse
width is given in Fig. 19-38.

19-14. Line-controlled Pulse Generators. The use of artificial trans-
mission lines in the formation of short rectangular pulses has become
widespread in recent years. The basic circuit is shown in Fig. 19-39.
The line is considered to consist of a sufficient number of sections so that
it closely approximates a continuous transmission line. One end of the
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line is open-circuited; a resistance R, equal to the characteristic imped-
ance of the line Z, = /L/C is connected across the other end. The line
is initially charged by means of the battery, and hence all capacitors are
charged to full battery potential. When the switch is closed, one half of
the battery voltage appears across the
terminating resistance Ry and the remain- E
ing half of the voltage traverses the line 0 g 7
as a voltage wave. The wave front is
delayed ¢ = v/LC sec for each section
through which it passes. As it pro-
gresses down the line, the voltage wave
removes one-half of the voltage present
across the line. When it reaches the end
of the line, the wave encounters the open
cireuit and is reflected without change of
polarity. The remaining voltage on the
line is then progressively removed as the Fre. 19-40. The traveling voltage
wave returns toward the starting point. Wave on an open-circuited trans-
When the wave front reaches the starting 2ission line that is originally
. . charged and is being discharged.
point, it cancels the voltage across the
resistance B, and the entire system comes to rest. In traversing the line
forward and backward, the occupied time is

t =2N VLC  sec (19-39)

E/2

T
e

where N is the number of sections.

The sequence of events is illustrated in the block diagram of Fig. 19-40,
which shows the voltage distribution on the line at various times during
the existence of the running wave. As a result of the sequence of actions,
a voltage pulse appears across the resistor Fo. When the switch is
closed, the voltage instantaneously assumes one-half of the applied volt-
age; this voltage persists until the voltage wave has traversed the line
and returned to R,, and it thereupon drops to zero suddenly.

The circuit provides a very simple method of forming a rectangular
pulse of controllable length, provided that the pulse length is short
enough to be obtained in an artificial line of practical dimensions. The
practical difficulty that might be encountered in such a pulse-forming cir-
cuit is the number of sections required to approximate a continuous trans-
mission line. Each section introduces a small deviation in the flat top
of the pulse. If the top is to be essentially flat, a large number of sec-
tions should be used.

The Guillemin line is a network which simulates the section of a trans-
mission line which is open-circuited at the far end. A circuit of this line
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is given in Fig. 19-41. This network is a closer approximation to the
continuous transmission line than a simple line of an equal number of
sections. Several typical line-controlled pulse circuits are given below.

Fre. 19-41. The general characteristics of a pulse-forming circuit employing a
Guillemin line.

Lirme RC

Fic. 19-42. A line-controlled thyratron pulse generator.

Figure 19-42 is essentially the circuit of Fig. 19-36, except that the
pulse duration is controlled by the “length” of the line in the plate cir-
cuit, the thyratron being extinguished when the plate potential falls to
Zero.

In the circuit of Fig. 1943 a line is added to the grid circuit of a block-
ing oscillator to control the duration of the pulse. In this circuit the
triggering pulse is applied to the arti-
ficial line and is followed immediately
thereafter by the beginning of the
rectangular wave. The wave of
voltage traverses to the open end of
the line and then is reflected back
without change of sign. When the
wave front reaches the input end, the
positive grid voltage is removed from
the line, reducing the input potential
to zero. This causes the grid-cathode potential to be driven below cut-
off, thus yielding a sharp pulse in the output of the circuit.

A delay line may also be used as the cathode impedance in an amplifier
tube, as shown in Fig. 19-44. The operation of this circuit is essentially
the following: The sharp rise at the beginning of the applied gate to the
grid is accompanied by a corresponding sharp increase in the plate cur-
rent. This causes a cathode-ground voltage wave, which then proceeds

F1a. 19-43. A line-controlled blocking
oscillator,
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down the transmission line, which is essentially open-circuited, as the
terminating resistance Rj is made much higher than the characteristic

impedance of the line. IRy serves
only to complete the d-¢ path from
cathode to ground. The voltage
wave is reflected from the open
end and retraces its path back
along the line. This reflected
voltage at the input end adds to
the applied voltage to cause the
cathode-ground potential to reach
a value of nearly twice the initial
voltage.
the tube to cut off, thus terminating the pulse.
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A pulse generator with the

This increase in the cathode-ground voltage is enough to cause

As a general reference, see Chance, B., et al., Waveforms, Vol. 21, MLI.T. Radia~
tion Laboratory Series, McGraw-Hill Book Company, Ine., New York, 1949.

PROBLEMS

19-1, A 6SN7 tube is to be used to produce a positive rectangular gate of

108 usec duration.

The pulse repetition frequency is 400 per second. The gate

is driven by a negative trigger pulse, and the positive gate is to begin at the time

that the trigger is applied.

a. Draw the circuit for such a gate.

Indicate on the circuit the terminals to

which the negative trigger is applied, the terminals from which the gate is
taken, and the circuit elements which determine the length of the gate.
One grid should be returned to B+, and the other to ground. Give reasons.

¢. Calculate the coupling capacitor connected to the grid of tube T1.

the following data:

Section 1 Section 2

Grid to B4+ | Grid to ground
By oo 300 300
Bgwo oo 0.5M 1M
Ri .. 20% 305
e e 20 20
SEALIC Ter v rv e v 500 ohms 500 ohms
Staticrs when e, =0............... 10% 10%

Use
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19-2. . Calculate the recharging time constant of the capacitor C in the
cathode-coupled delay gate.

b. To what values does e.» jump when the circuit recovers, i.e., what is the
value of e.; at point A of Fig. 19-9?

¢. What is the value of e at point B?

19-3. Carry out the analysis that leads to Eq. (19-14) for the duration of the
gate of Fig. 19-8,

19-4. The circuit shown in the diagram is to be designed to give a pulse output

Posrtve
frigge;—'

of 100 psec width. Assume the following:
6SN7 tube; Ew = 250 volts

re = 1% when e, = 0 or positive
7y, = 10k when e, = 0 or positive
Ey = —10 volts

Trigger prf = 400 cps

a. For operation under these conditions, what limits are imposed on the values
that E, might assume?
b. Calculate the value of the coupling capacitor C.

19-5. The circuit of Fig. 19-23 uses a 6SN7 tube and is supplied from a 300-volt
regulated supply. Suppose that the bias voltage E, can be varied over the
limits from 20 to 65 volts.

a. Are the approximations in Egs. (19-26) satisfied over this voltage range?
b. Calculate the duration of the gate at each limiting value. The plate current
is related to the voltages by the approximate expression

I, = 9.1 X 10-5(E, + 20E) amp  +10%

19-6. The variable resistor of the pulse ecircuit of Fig. 19-37 is set at 0.5%,
Estimate the duration of the pulse generated by the circuit. E, = 300 volts.

19-7. The fundamental problem in the design of a tuned pulse-forming network
is to determine a network composed of but few circuit elements which will respond
with a closely rectangular wave of current when excited with a unit voltage.
Show that the rectangular wave may be represented by a Fourier series, the first
five terms of which have the form:

f(t) = ay sin wt + a3 sin 3wt + a5 sin dwt + a7 sin Twt + a5 sin Yt



HEAVILY BIASED RELAXATION CIRCUITS 441

Calculate the values of the coefficients a.. Plot the resulting curve represented
Ly these results, and compare with the results for which

ay = 1.2575 a; = 0.3725 as = 0.1735
a7 = 0.08315 as = 0.02777

19-8. The diagram for this problem shows a circuit of the pulse-forming stage
of a pulse modulator. Calculate the width and amplitude of the generated pulse.

19-9. It is required to design-a circuit which will provide the several outputs
as shown on the accompanying time diagram.

Base
Frigger k
Trigger II }
A LA
60)] 110
L
Trigger ! ! k >
B lr j '
A IB

a. Draw a block diagram of a circuit that will satisfy the requirements.
b. Show the complete circuit diagram. Do not evaluate the circuit elements
to be used.

All times are given in microseconds.



CHAPTER 20

SWEEP GENERATORS

THE function of the sweep circuit as applied to a cathode-ray tube is to
cause the luminous spot that results from the impact of the electron beam
on the fluorescent screen phosphor to move across the screen with a known
velocity, whether it be constant or whether it be varying in some definite
way with respect to time. The proper selection of the form of the sweep
is most important, since otherwise a relatively simple investigation may
prove to be almost impossible. If, for example, it is desired to examine
the shape of a periodically recurring wave, a sweep circuit that is propor-
tional to the time would normally be desired. Such a linear sweep might
not be appropriate in some application where a sweep that is proportional
to some other quantity might be indicated.

The problems that arise in producing sweep circuits for electrostatic
cathode-ray tubes are quite different from those in producing the sweep
circuits for electromagnetic-type tubes. This chapter will consider the
problems that arise in the generation of sweeps for electrostatic-type
tubes; the next chapter will consider the problems arising in the genera-
tion of magnetic and other sweeps.

20-1. Simple Saw-tooth Sweep. One of the most common sweep
requirements is for a repetitive trace along a straight line. Owing to the
dimensional limitations of the cathode-ray tube screen, the wave form

required to produce it is of the

3 § saw-tooth form, as shown in Fig.
2 ! 20-1. The wave form illustrated
2% | is the ideal, since it varies linearly
g g [ with time, but following standard
3%

practice, no attempt is made to
linearize the fly-back portion of
the wave. With the wave form
shown, the electron spot moves
across the tube face with a uniform velocity and with a speed depend-
ing upon the slope of the curve. The spot is caused to return to the
starting point very rapidly, and ordinarily it is not seen or, at worst, its
brilliancy is much reduced over that of the writing portion of the cycle.
The ideal saw tooth illustrated is not easily obtained by direct means.
442

|
L Time of frace—-L (——l

Flyback time
Fia. 20-1. A simple saw-tooth sweep.
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and various methods have been employed to linearize or to compensate
nonlinear waves. The details of such circuits will be examined below.
20-2. Capacitive Sweep Circuits. Many of the more common circuits
employ the changing potential across a
capacitor- upon the application of a I R
constant source of potential through a =g, o= Switch
resistor. These circuits usually employ T ] j §
separate charging and discharging cir-
cuits in order that the retrace, or fly- Fig. 20-2. The elements of a
back, time may be made much shorter switching cireuit for producing &
’ saw-tooth wave.
than the writing time. Ordinarily the
charging circuit is permitted to function continuously, the rapid dis-
charge being accomplished by a rapidly acting switching circuit. The
equivalent form of such a circuit is shown in Fig. 20-2.
The potential across the capacitor in the circuit shown follows the form

t
€c = Ebb(l — € R—é) (20—1)

where Ej; is the voltage applied to the RC combination, ¢ is the time in
seconds, ' is the capacitance of the capacitor in farads, and R is the
resistance in ohms. For a short time after the application of the voltage

T WA
pad ; R
7 3
// :
Y Ebb :-Ebb C==
/ H
MM s
|4 ¥ hY

F1c. 20-3. Achieving a linear saw tooth  Fia. 20-4. A saw-tooth generator using
from an RC circuit. a glow discharge tube.

Ew, the voltage increases across the capacitor will be reasonably linear
with time. For example, for a time equal to one-fifth the time constant
of the circuit, the voltage increase will be linear-within about 5 per cent.
If the switching is properly timed, a reasonably satisfactory wave, of the
form illustrated in Fig. 20-3, is possible.

One of the earliest and probably one of the simplest capacitive saw-
tooth generators utilizes a glow discharge tube as the switch in the circuit
of Fig. 20-2. The circuit of this saw-tooth generator is given in Fig. 20-4.
Cuppose that the capacitor is initially uncharged when the switch S is
closed. The voltage across the capacitor will increase according to
Eq. (20-1). When e¢ equals the breakdown potential of the glow tube
Fa, charge will flow through the tube. This discharge is accompanied
by a rapidly falling capacitor potential, because charge is being drained
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from the capacitor. When the potential across the eapacitor falls below
the extinction potential E, of the glow tube, the discharge ceases.
The discharge current is high since it is limited only by the resistance and
inductance of the leads that connect the capacitor to the glow tube, and
the discharge time is very small.

Once the tube becomes extinguished, the capacitor 1mmed1ately begins
to recharge. When the potential across the capacitor again reaches the
discharge F,, the tube will again break down and conduction will continue
until the capacitor voltage again falls to K., when the process repeats
itself. This process is periodic and results in oscillations that have a
period 7" equal to the time required for the capacitor to charge from the
potential £, to B4 and then discharge to E,. The expression governing
the process is found from Eq. (20-1) to be
Ebb — Ee
Eyw — By
The amplitude of the oscillation equals the voltage difference ¥; — K

Such simple glow-tube circuits

may be used for frequencies of 1

/]/l/]/] Wm cycle every few minutes to fre-

quencies well up in the a-f range.

The wave shape of the resulting

, saw tooth is dependent upon the

(a) (b) magnitude of the supply source

F1g. 20-5. The wave shape of the output Ky, The use of a VR-90, for

in a simple glow-tube sweep generator. which &, equals approximately

Curve (a) is for.a supply voltage of 600 120 volts and for which E, equals

volts; curve (b) is for. a supply v.olta'ge c')f 85 volts approximately, and a 600-
135 volts. The amplitude of oscillation is ’

the same in both cases. volt supply yields a wave that

is approximately triangular, as

shown in Fig. 20-ba. The same circuit when used on a 135-volt supply

yields the curved wave form of Fig. 20-55.

20-3. Thyratron Sweep Generators. Two obvious shortcomings of
the simple glow-tube sweep gen-
erator are that high voltages must
be used in order to obtain rela-
tively linear saw-tooth waves and
that the amplitude of the output
wave is relatively small. The use
of a thyratron as a switch al-
lows reasonable flexibility in con-
trol of the period of oscillation
and also in the amplitude of the saw-tooth wave so generated. The cir-

T = RC log, (20-2)

Fre. 20-6. A saw-tooth generator em-
ploying a thyratron.
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cuit of a saw-tooth voltage generator employing an 884 thyratron in such
a relaxation circuit is given in Fig. 20-6. In this circuit R, is a protective
resistor in the grid circuit, and R’ is a protective resistor in the plate cir-
cuit. R’ is a current-limiting resistor that is made as small as possible
consistent with the tube-current rating in

order that the capacitor may discharge very \\\ 240’6
quickly through the tube. 160+

To understand the operation of the circuit, N £
reference must be made to the critical grid N 50;
curve of the thyratron, which is given in Fig. N S
20-7. Suppose that the battery potentials -3z -2 -16 -8 2°
are set at K, = —20 and Ep = 250 volts. Grid Potential

Fie. 20-7. Typical -critical
grid characteristic of an 884
argon-filled thyratron.

Also suppose that the capacitor is initially un-
charged. After the switch S is closed, the
voltage across the capacitor will increase
exponentially according to Eq. (20-1). This charging process will con-
tinue until the voltage across the capacitor reaches approximately 160
volts. At this time the tube will break down. Charge will leak off the
capacitor very rapidly, and the tube will stop conducting when the
cathode-anode potential falls below about 16 volts, the arc-maintaining
voltage of the tube. The capacitor will again begin to charge through

o

— -—Ey,-Supply voltage

— - - - - Firihg pofertlial (farge bias)
| =

Firing potential (small bias)

Dejorizing potentinl

‘ Time
F1a. 20-8. The change of amplitude and frequency of a thyratron saw-tooth generator
by change of grid bias.

the local RC circuit, and the entire process will repeat itself. The period
of oscillation can be adjusted by varying R, C, or the voltages E.. or
Ey. Certain of these results are made evident from an inspection of
Fig. 20-8.

The oscillations of a gas-tube generator are not very stable in fre-
quency. The thyratron oscillator can be synchronized with a given fre-
quency by injecting a small voltage of the desired frequency on the grid,
in precisely the same way as synchronization is achieved for a multi-
vibrator or blocking oscillator (see Chap. 18). The entire synchroni-
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zation process is illustrated in Fig. 20-9. The operation is essentially the
following: The natural period of the oscillator is adjusted to be slightly
less than that of the synchronizing voltage. The natural action is shown
dotted in the figure. Without the synchronizing voltage, the tube would
fire at point A. The presence of the synchronizing voltage on the grid

€c
A C, o FIring potential varied
B -D - ' by synchrorizing poferntia
|
! AR I &, with syrch.
Ly ALY
{ RV ! e, without syrch
/7 1y L
¥4 / 1/
/ 1/ 1/
——W __Y¥ YV peonizing porential

Fia. 20-9. Synchronizing a thyratron saw-tooth generator with a sine wave.

causes the firing point to vary in accordance with the grid signal. At
some time during the synchronizing cycle the firing potential will be low,
8o that the tube fires at point B. On the next cycle the voltage across
the capacitor reaches the firing point at D. The period, or time per cycle,
is thus reduced from AC to BD, and the oscillator is now synchronized,
or locked, to the frequency of the injected voltage. In a similar manner
it may be synchronized to a submultiple or multiple of the synchronizing
voltage.

P

|
oA}
N

Fig. 20-10. Free-running vacuum-tube sweep generators.

20-4. Free-running Vacuum-tube Circuits. The thyratrons of the
previous circuits may be replaced by vacuum tubes with substantially
the same operation. However, since a vacuum tube as such is neither
self-triggering nor self-extinguishing, circuits must be employed which
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accomplish this action. The use of a hard-tube relaxation-oscillator cir-
cuit serves the purpose very well, and such circuits are used extensively.
Four such circuits are illustrated in
Fig. 20-10. One circuit employs a
conventional plate-coupled multivi-
brator; one employs a cathode-coupled
multivibrator; the third employs a
blocking-oscillator circuit; and the
fourth employs a pentode relaxation
oscillator. These cireuits may be
synchronized by injecting a synchro-
nizing voltage into the grid or into the cathode circuits, as already dis-
cussed in connection with the several oscillator circuits. Hence all the
properties of the gas-tube relaxation circuits are also possessed by these
relaxation circuits.

20-5. Triggered Sweep Circuits. The use of a vacuum tube as a
switch allows a very accurate timing of the start of the sweep voltage,
since there is substantially no delay between the application of a signal

ron the grid and the consequent

Fig. 20-11. A hard-tube sweep ecir-
cuit.

e
4 effect in the plate circuit. In par-
ticular, refer to the circuit of Fig.
20-11. In this circuit, the grid is
Ey

—= g0 biased that the tube is conduct-
ing when no square wave is applied
| to the grid. The potential across

e: ! the capacitor Cis then Ep, the drop
F1g. 20-12. The voltage across the capac- . acrf)ss the tube. Wl th the appli-
itor C in the cirouit of Fig. 20-11. cation of the negative gate, the

tube ceases to conduct, and the
voltage across C begins to increase toward Ej through the plate-load
resistor R;. Then, depending on the width of the gate and the constants
of the circuit, the saw-tooth will follow one of the paths shown in Fig.
20-12.

€y
Ry, [——
R, N I
2 By, N

JL

I (D U /. N ——

Al

F'IG. 20-13. A negatively Fic. 20-14. The output-voltage wave form from
biased saw-tooth generator, the sweep generator of Fig. 20-13.
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If the tube is normally biased negatively so that no current flows
through it, then upon the application of a positive gate the potential
across the capacitor will fall from the value Ey, to the value determined
by the drop across the tube E; and the drop across the resistor Ry, if one
is used to limit the current through the tube. The generator circuit is
given in Fig. 20-13, and the general character of the discharge curves is
illustrated in Fig. 20-14.

20-6. Linearizing Saw-tooth Waves. When a linear-sweep voltage is
necessary, the most direct recourse is to employ a high potential toward

which the capacitor is charging and then

to use only the lower portion of the charg-

ing curve. An alternative and somewhat

more satisfactory method is to replace the

charging resistor by a constant-current de-

vice, such as a pentode or other constant-

i) current generator, and charge the capacitor

I through this. For the majority of cases,

the degree of linearity obtainable with such

8 ; a constant-current generator is usually suf-

saw-tooth wave by using a high g oiort  Other methods of linearizing saw-
charging voltage, obtained by .

interrupting the current in a U0Oth generators do exist, and these gen-

large inductor. erally employ one or another of the

following methods of obtaining the desired

compensation: (¢) the inverse curvature of a vacuum-tube character-

istic; (b) an auxiliary time-constant circuit; (¢) fecd-back methods. Each

of these methods will be considered below.

Charging to a High Voltage. As already pointed out, the use of a frac-
tion of the charging curve will yield a sub-
stantially linear voltage increase, particu-
larly if the capacitor is charging to a high
potential. It is not necessary that a high
d-¢ potential source be available, and the
circuit of Fig. 20-15 illustrates the method of
generating a high voltage by interrupting
the current in a large choke (of the order
of 500 henrys). Such circuits have long .
flyback times and are limited to circuits Fie. 20-16. A thyratron saw-
having a small duty cycle (the ratio of the t00th generator with a pentode

h charging circuit.
duration of the sweep to the sweep recur-
rence period).

Use of Constani-current Generators. The use of a constant-current

generator in place of the ordinary charging resistor allows a very satis-

Fre. 20-15. Linearization of a
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factory linear saw-tooth voltage to be generated. With such a device,
the capacitor charging current passes through the constant-current
generator, and the capacitor potential increases linearly with time.
Figure 20-16 illustrates the circuit of a thyratron generator with a pentode

Fra. 20-17. Positive- and negative-going linear saw-tooth generators employing
pentode constant-current generators for linearization.

as the constant-current generator. With such a circuit, the frequency
may be varied by changing the bias of the pentode, since this controls
the tube current and hence the

charging rate of the capacitor.
The circuits of Fig. 20-17 show 7 | ‘é
the connections and the wave
forms expected from a vacuum- @ £
tube circuit employing pentode T N
charging. For a circuit that in- 3

corporates a triode as a constant- ‘
Fia. 20-18. A saw-tooth generator incor-

he figure of : j
(I:)urren; generator see the figure o porating pentode charging with adjustable
rob. 20-7. feedback.

A slightly modified circuit pro-
vides pentode charging with adjustable feedback. In this way, any
curvature that might still remain in the saw tooth can be compensated by
controlling the feedback. This circuit is illustrated in Fig. 20-18. A
variation of this circuit was suggested by Bedford. His arrangement is
given in Fig. 20-19.
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Linearization by Means of Inverse Curvature. These methods compen-
sate to a certain degree for the curvature of the charging characteristic by
inserting a device having a similar but inverse characteristic. An
arrangement which is often adopted is to amplify the potential across the
capacitor by means of a tube in such a way that the curvature of the
tube characteristic 1s employed as a linearizing means. It is fortunate
in this respect that the curvature of a part of the transfer curve of the

tube approximates the inverse of an

_I_ c exponential characteristic. Such a

A circuit is illustrated in Fig. 20-20.

@ In this circuit the output potential

iNg ‘@ is amplified by a second tube which
is operated with such a bias that the

. nonlinear operation compensates
Fre. 20-19. An alternative circuit that the nonlinear input. The added
provides a combination of pentode capacitor (s is to maintain the an-
charging and feedback to linearize the gde potential reasonably constant
saw tooth. during the discharge period of Ci.

Linearization by Means of an Auxiliary Time-constant Circuit. A
simple method that yields fairly satisfactory results modifies the exponen-
tial wave form across the capacitor by the addition of an integrating
circuit." The essentials of the circuit are illustrated in Fig. 20-21. In
this circuit, the charging capacitor consists of two parts C; and Cy in
series. These are charged together, through the resistance Ri, and dis-
charge through the tube.

! o

AAAA-
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— JL =c, w=¢
i =

I
. | T~ & |

F1c. 20-20. A circuit for linearizing a saw  Fie. 20-21. A circuit that employs an
tooth by employing the curved character- integrating network in the output to
istic of a vacuum-tube amplifier. linearize the saw-tooth wave.

Assume that the capacitors €y and (s have just been charged. The
capacitor C; will be at a potential less than that across 1, as C; charges
through R;. The potential of C; depends on the time constant C3R,
and the length of time that C; is charging through R,. When the gate
is applied to the grid, C; and C; begin to discharge, while the potential
across C; falls more slowly owing to the large time constant C3R,. When
Cy and C, are discharged and the tube is again nonconducting, C; will
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retain a considerable charge. Ci and C; now start to charge once more,
but €, receives charge from two sources, the B+ supply through R, and
from C; through R.. C; supplies charge to €, until the potentials are
equalized, and C; charges thereafter from C;. As a result, the potential
across C; and C; is exponential, while that across Cs is approximately
parabolic. If €, and C; are properly chosen, the output is approximately
linear.

Linearization by Means of Feed-back Arrangements. Feedback may be
applied at two points in a saw-tooth generator for improving the linearity
of the output. The effect that results from the stray capacitances of the
leads and the plates of the cath-

ode-ray tube can be minimized by § R
feeding the output from the cath- 43
ode of a cathode-follower stage. R,

The other effect arises because the 3 —
potential across the charging ca- 1 -
pacitor is exponential as it ap- 71 :i' 3772
proaches the fixed charging poten- 172 IR
tial. This can be compensated by
introducing a compensating po-
tential in the charging circuit to
counterbalance the potential of the capacitor. A circuit that accom-
plishes this result is illustrated in Fig, 20-22.

In this circuit, 7'1 is normally conducting, and the potential across the
capacitor is Ey. With T2 absent and with the application of a negative
gate to the grid of 7'1, the capacitor will begin to charge from Ej; toward
Ew along an exponential curve, with a time constant (Ei -+ R.)Ci.
With 72 connected as shown and with the application of the negative gate
to cut T'1 off, as the potential of C; increases the potential at Ri increases,
and if the gain of the cathode follower is unity, the two potentials are
exactly equal. Consequently, by the application of the output of the
cathode follower into the cireuit in such a way that the voltage across the
capacitor is just balanced by the cathode-follower output, the net effect
is a linear output. The capacitance of C; is made sufficiently large so
that the potential across it remains steady, and it is kept charged from the
B+ supply through R..

It should be noted that the charge leaking off C; through R; and R,
must be replaced during the recycling time, and since the time constant
of the circuit must be large compared with 7', this requires an appreciable
time. Unless the recyeling time is long compared with the duty time, a
d-c¢ shift will result. Moreover, the presence of B, reduces the feed-back
gain. The use of a diode in place of R, avoids these difficulties, as it

FiG. 20-22. A linear saw-tooth generator
employing a cathode follower for feedback.
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cuts off during the duty interval but closes to give a low impedance during
recycling. Such a circuit is illustrated in Fig. 20-23.

The extent to which the resulting saw tooth is linear depends upon how

closely the gain of the cathode fol-

lower approaches unity. In effect,

77 therefore, the circuit is such that the

2 capacitor, instead of charging to a

! ' constant potential Ky, charges to-

1r ward a continually increasing poten-
Tt i:{:} L 72  tial, the extent of the increase being

Cz 2R, such as to compensate very nearly

- - for the potential across the capacitor.
Frc. 20-23. - The use of a diode in the Thus the current through the circuit
plate cireuit to reduce any d-c shift and \ .
to maintain the feed-back gain. remains constant, with a consequent
linear potential across C.

Of course, if amplification is provided before applying the output across
the capacitor € to the grid of the cathode follower, it is then possible to
get almost any degree of compensation. Such a circuit would have the
form illustrated in Fig. 20-24.

£, N
2 \r
r s

TI -]
—
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F1c. 20-24. A linear saw-tooth generator with amplification before the application of
feedback through a cathode follower.

"
]

It is a disadvantage of the above circuits that the grid of the cathode
follower is driven negatively during the flyback period. Because of the
various stray capacitances across the output circuit, these will tend to
delay the fall of the cathode potential, and the cathode follower may
momentarily cut off, with a consequent poor flyback. For those applica~
tions in which the duty cycle is small, the results with the circuit of Fig.
20-23 are highly satisfactory. This circuit is used in the linear delay
gate and was discussed in Sec. 19-14.

20-7. Push-pull Deflection. By tying one of each pair of deflecting
plates in a cathode-ray tube to the second anode, the total number of
external leads is reduced by two. On the other hand, when this is done,
both defocusing and trapezium distortion will result.? Consequently, in
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those cases where these effects cannot be tolerated, it is necessary to con-
nect the anode potential to the mid-point of a high resistor across each
pair of plates and apply the deflecting potential across the plates. Using
the connection illustrated in Fig. 20-25 provides the opportunity for using
push-pull deflection. This is particularly desirable in that a number of
advantages are gained. These are improved linearity of the trace,
improved deflection sensitivity, and avoid- —
ing the need for clamping circuits. l App/,ed
Actually, the use of push-pull deflection __[_ A derlecting

i . R potential
with one of the pair of deflecting plates ¥

being connected directly to the saw-tooth Fie. 20-25. The connection to
generator, the other being fed from an in-  the deflecting plates in a cathode-
verting amplifier of unity gain, results in 2y tubeto reduce defocusing and
a sacrifice in linearity and in flyback speed. trapezium distortion.

However, it is possible to arrange the circuit so that the distortion intro-
duced by the tube approximately cancels out the effect of an exponential
curvature in the wave form of the saw tooth. It is essential that the
gain of the amplifier remain unity—otherwise some distortion will result
but this is not difficult to achieve if the amplifier is provided with nega-
tive feedback.

The improved deflection sensitivity results because the instantaneous
deflecting potential difference with push-pull deflection is twice what it is
with a single-sided, or unbalanced, deflection.

Clamping circuits are unnecessary because the average ordinate of one
wave is equal and opposite to that of the other wave, and the effects are
in such a direction as to cancel each otber.

Five important methods of obtaining push-pull deflection potentials
from a single input wave are available. These are

1. A single-tube phase-reversing stage which may or may not prov1de
more than unity gain. This may be subdivided into

a. Those circuits in which the input saw-tooth wave form is sensibly
linear and the tube distortion is arranged to be a minimum.

b. Those circuits in which the input wave form is exponential and the
amplifier characteristic is employed also for compensation of the
input curvature.

2. A single-tube push-pull, or paraphase, amplifier.
3. A two-tube push-pull amplifier which has been modified to handle
the peculiarities of a saw-tooth wave form. This may be subdivided into

a. A standard form of push-pull amplifier.
b. A cathode-coupled push-pull, or paraphase, amplifier.
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4. Split saw tooths.

5. The use of two equivalent saw tooths operating in phase opposition.

It is not possible to state which of these methods is the most satis-
factory, since each possesses certain merits. For most purposes, type
2, the single-tube paraphase circuit, where no amplification is required,
and type 3b, the cathode-coupled paraphase amplifier, where amplifica-
tion is required in addition to the provision of a push-pull output, will
ordinarily provide satisfactory results. The use of 4 and 5 usually permit
deflection voltages with a minimum of distortion.

Single-tube Phase-reversing Amplifier. Any vacuum tube used as s
conventional plate-coupled amplifier provides an output voltage that is
opposite in polarity to the input voltage.
However, since the gain of such a stage is

% ordinarily greater than unity, some means
£y must be found to reduce the amplifica-

R tion. One common method of reducing

the gain is to introduce sufficient negative

5 feedback; the anode follower, discussed in

Sec. 6-7, would be suitable for this service.
However, it is quite likely that the phase
difference between input and output po-
tentials might differ slightly, particularly at the higher frequencies, where
stray capacitances become important.

A second way to reduce the gain of the simple amplifier circuit to unity
is to use a voltage divider in the input circuit to reduce the amplitude of
the grid signal by an amount equal to the gain of the amplifier. If the
wave form which is to be inverted contains many harmonics, special care
must be taken to compensate the voltage divider for the shunting effect
of the stray capacitances associated with it.

Stngle-tube Paraphase Amplifier. A combination of amplifier and phase
inverter to provide a push-pull output from a single input wave is known
as a phase splitter or paraphase amplifier. A single-tube paraphase
amplifier in which the plate resistor is divided equally between the plate
and cathode circuits is the simplest form of paraphase amplifier and was
examined in Sec. 9-11 (page 187). The circuit of this amplifier is redrawn
for convenience in Fig. 20-26.

An important feature of this circuit is to be noted. This arises from
the presence of stray capacitances between the cathode and ground. If
a positive-going trace is applied to the grid, this capacitance will charge
slowly during the trace, and when the grid is brought down sharply at
the end of the trace, the tube current decreases and hence during the
flyback time the capacitance must discharge through the cathode resistor,

F1g. 20-26. A single-tube para-
phase amplifier.
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a relatively long time-constant circuit. If, on the other hand, a negative-
going saw tooth is applied to the grid, the eathode-ground capacitance
will charge slowly and during the retrace time the tube current will be
large; as a result the cathode potential is enabled to change rapidly, and
the flyback is not impaired.

Another point to be observed is that the tube behaves as a cathode
follower sufficiently to prevent the output at the cathode from being
appreciably influenced by the value of the cathode load impedance.
The presence of Ri increases the effective impedance of the tube as seen
from the anode, so that the anode current is almost independent of the
anode circuit. The output potential at the anode is directly dependent
upon the value of R; in parallel with the deflecting-plate leak resistor R,
and the total stray capacitance associated with the anode and the deflect-
ing plates. It is for this reason that the stray capacitances across R;
and R, must be equalized. This balancing arrangement prevents the
flyback from overshooting the start of the
trace.

Two-tube Paraphase Amplifiers. These par-
aphase amplifier circuits are discussed in some
detail in Sec. 9-11 (page 187), and reference
should be made to this section for details.

Cathode-coupled Push-pull Amplifier. The
cathode-coupled paraphase amplifier is dis-
cussed in some detail in Sec. 6-9 (page 117) as
the difference amplifier. This paraphase am-
plifier has. many desi'rable features .Whl'()h TeC~  oupled paraphase ampli-
ommend it as a satisfactory solution of the g
paraphase problem. The circuit is redrawn in
convenient form in Fig. 20-27.

The attractive features of this circuit are the following:

1. Low distortion and relatively small value of grid current when
overloaded.

2. Freedom from any tendency to self-oscillation. .

3. Permits d-¢ connections at the input and output.

4. Permits providing shift, astigmatism correction, and balance
controls.

5. Permits sweep expansion.

Figure 20-28 shows a circuit in which a cathode-coupled paraphase
amplifier ig arranged to provide sweep expansion and other controls.

Split Saw Tooths. 1t is sometimes desirable to avoid the necessity for
amplification and phase inversion by generating a saw-tooth wave form
having sufficient amplitude to allow half the output voltage to be applied

Fic. 20-27. A cathode-
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to each deflecting plate. The principle involved 1s indicated in Tig.
20-29a. Here the two charging resistors have a capacitor between them,
although one might equally well use two equal charging capacitors with
the charging resistor between them. The output provides equal poten-
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Fic. 20-28. A cathode-coupled paraphase amplifier with sweep expansion,
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Fia. 20-29. A split saw-tooth generator. (a) employs a single capacitor and two
resistors.  (b) employs two capacitors and one charging device.

tials of opposite phase. The discharging device is indicated by the
switch 8. Figure 20-29b shows a practical circuit for obtaining a split
saw tooth from two capacitors and one charging device.

Saw Tooths in Phase Opposition. In Fig. 20-30 is shown a circuit which
comprises two saw-tooth generators, one of which is connected in the
reverse sense to the other. In this

' i circuit a single discharging device may

== R, l be employed, but the plate supply
2T /s would be larger than would be nec-
R 1 essary if separate discharging devices
i g G y are employed. The resistors R, and

' o R, may be replaced by constant-

current devices. The switch S which
represents the discharging device is
used to bring the capacitors to the
same potential. Since R; and R, are equal, this potential is half that

Fra. 20-30. Saw tooths operating in
push-pull.
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of the plate source. When the switch S is opened, one plate is driven
in the positive direction and the other plate is driven in the negative
direction.

The circuit of Fig. 20-31 is one in which the elements are so arranged
a3 to provide a push-pull output in which the whole of the available supply
potential may be made to appear across each of the capacitors €y and Cs.

Syrich.

~Co _I_

70 plates
Fie. 20-31. Two thyratron saw-tooth generators operating in push-pull.

In this ecircuit the two thyratrons T'1 and T2 are connected across the
capacitors C1 and (s, respectively, and the bias potentials applied to
their grids are determined by the adjustment of the resistors Ry and Ey..
The potentials across these resistors remain constant.

When the capacitors Cy and C; are being charged, the potential of the
anode of T2 remains fixed, while those of the cathode and grid rapidly
become more negative with respect to the anode. Since the grids of the
two thyratrons are joined together through €5 and the discharge current
of C; passes through E,, the grid-cathode bias of T'1 is greater than that
due to the potential drop across B;. For this reason R must be adjusted
to provide a smaller bias potential than is the case with R, since other-
wise there will be a time lag between striking of 71 and T2. The object
is to obtain simultaneous striking, and this is best achieved by making
the potentials at the two grids equal at the instant immediately prior to
striking by accurate adjustment of R.
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PROBLEMS

20-1. An 884 thyratron is used in the saw-tooth generator of Fig, 20-6. The
parameters are adjusted to be
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Eyw =300 volts Ee=—20volts C=0003uf R = 10%ohms

a. Calculate the frequency of oscillation.

b. Calculate the amplitude of the generated waves.

c. Plot the wave shape of the generated waves. Assume that the flyback
time is zero.

20-2. Design a thyratron relaxation saw-tooth generator to yield a substan-
tially linear saw tooth having a peak amplitude of 25 volts, with a recurrence
frequency of 1,000 cps. Specify reasonable values of Ew, E.., R and C, and give
reasons for your choice.

20-3. Derive an equation for the potential across capacitor C in the circuit of
Fig. 20-11:

a. During the time that the gate is applied.
b. After the gating period.
¢. Sketch these results.

20-4. The parameters in the simple sweep cireuit of Fig. 20-11 are the following,
for tube 6SN7:

R, = 75% C = 0.005 puf Ey, = 300 volts prf = 1,000 cps
The input negative gate has an amplitude of 50 volts, and a duration of 150 usec.

a. Calculate and plot curves of the form illustrated in Fig. 20-12.
b. Repeat a for B; = 50%.

20-5. Set up and solve the differential equation that controls

a. The charge to capacitor C' of Fig. 20-17a when the negative cutoff gate is
applied.
b. The discharge of capacitor C at the end of the gate period.

20-6. The circuit of Fig. 20-17b is to be used in a saw-tooth generator circuit.
The triode is a 6J5, and the pentode is 2 68J7. A linear saw tooth with a 100-volt
excursion is required, the duration of which is 250 usec. The recurrence fre-
quency is 1,000 cps. The available plate-supply source E., = 300 volts. Specify
all elements of the circuit.

20-7. o. Find expressions for the potential across € during the charge and
discharge portions of the cycle of the circuit in the figure for this problem.

1

%R;
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Assume that the beam resistance of T2 is r, when the tube conducts and is infi-
nite when the gate is applied.

b. Plot the results of part a.

¢. On this same curve sheet, plot the results of Prob. 20-3, assuming the
same value of C and that B, = R;.

20-8. Derive an expression for the output potential from the circuit of Fig.
20-21 when a positive pulse is applied to the grid. The tube is normally biased
beyond cutoff. What should be the relation among the circuit elements for an
approximately linear output?

20-9. The circuit shown in the diagram is essentially the feed-back circuit of

Fig. 20-22. Discuss the advantages of this arrangement over that of Fig. 20-22.
20-10. Derive an expression for the voltage across capacitor C; in Fig. 20-22.
20-11. If the circuit of Fig. 20-22 is modified as shown in the accompanying

diagram, and assuming that the cathode of T2 rises linearly at a constant rate K.,

%g, {
@ 1 N7z
¥ ““C:z‘llh“‘h
ot ¥

show that the voltage that appears across C'; during the saw tooth is given by

t —
es = Kit + KiRCy(e EG 1)

Neglect the effect of charging C; from the main source.
20-12. Discuss the operation of the following circuit, suggested by Puckle.

S
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Constant
current
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CHAPTER 21
SPECIAL SWEEP GENERATORS

IT MAY be shown that the deflection of the electron beam in an electro-
magnetically deflected cathode-ray tube is proportional to the field
strength of the deflecting field. The field strength is proportional to the
current passing through the deflecting coil, if saturation is avoided. Con-
sequently, if it is desired to deflect the electron beam linearly with time,
the current through the coil must be increased linearly with time. When
the end of the sweep is reached, the electron beam must be returned to its
starting point quickly. It will be seen below that achieving a linear
current through a deflecting coil (a series RL circuit) is a difficult task; in
general, one seeks to achieve satisfactory results, even though these may
leave something to be desired.

21-1. Sweep Generators for Electromagnetic Deflection. There are
four general methods in use for obtaining a linear current through a
deflecting yoke. They make use of (a) the initial portion of the exponen-
tial charge of current through the yoke when a step voltage is impressed
on the series RL circuit, (b) the initial change of current in an inductance
during an oscillation when the current in a parallel ELC circuit is varied

suddenly, (c) the increase of current in an
inductance due to the application of a
trapezoidal voltage of properly chosen
dimensions, and (d) the use of feedback in
Deflecting & WaY to provide for lineaﬁty. Each of
yoke these methods will be examined below.
Exponential Rise of Current. The basic
Fre. 21-1. A simple circuit for  circuit of the sweep generator for produc- -
producing a saw-tooth current. ing an exponential current through an
inductance is given in Fig. 21-1. In this circuit it is supposed that no cur-
rent is initially flowing in the deflecting-yoke circuit. When the switch S
is closed, the current will begin to rise exponentially according to the
equation

e,
i

Ret

i = %_b (1 — ¢ L+E) (21-1)

The rate of rise of current is given by
460
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di  Ew

dt ~ L+ L.
and hence the sweep speed may be varied by adjusting the magnitude of
the inductance in the circuit.

To return the sweep to the initial condition, the switch S is opened.
When this is done, however, the current tends to oscillate owing to the
oscillatory circuit consisting of the yoke inductance and the distributed
capacitance of the yoke. In order to damp out these oscillations, it is
sometimes necessary to connect a resistor or a damping diode across the
deflecting yoke.

An electronie circuit that is based
on these principles is illustrated in
Fig. 21-2. 1In this circuit, the tube AN
is normally biased beyond cutoff, [
and hence no current is flowing in
the deflecting-coil circuit. At the
time that th is to be pro-
duced. a p(‘fsiiij:;?l}ise s appliel()i to Fre. 21-2. A cir'cuit fo.r generating a

7 sweep current by impressing a rectangu-
the grid of the tube. The purpose 1,, pulse on an RL circuit.
of the resistor and diode that are
connected across the deflection coil is to damp out the oscillations that
are excited at the end of the sweep. The diode serves to disconnect the
damping resistor during the rise of current. When the driver tube is cut
off at the end of the positive pulse, a reversal of potential across the
inductance results, which will make the diode conduct and permit cur-
rent to flow through the damping resistor.

Initial Part of Oscillation. When an attempt is made to interrupt the
current in a circuit consisting of a coil shunted by a capacitor, an oscilla-
tory current is produced in the tuned circuit. The first part of the first

(21-2)
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F1e. 21-3. A circuit for ob- Fie. 214. The current in
taining an oscillating cur- the deflecting coil in the
rent in a deflecting coil. circuit of Fig. 21-3.

cycle of the oscillation of the current is reasonably linear and may be

used as a sweep current. The elements of the circuit are illustrated in
Fig. 21-3.
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The shape of the current in the coil is somewhat as illustrated in Fig.
21-4. The rate of change of current in the interval from @ to b depends
upon the resonant frequency of

éb the deflecting-coil inductance, and
\ 7%, the shunt capacitance, and the
L amplitude of the initial current.
. @ | Bz, Of course, if different values of
1 L 8z, shunt capacitance are 1.15ed, dif-
L EZR ferent resonant frequencies result,
= whence the sweep speeds (con-
T =% L .
T sidering the region from a to b to

Fic. 21—.5. An oscillatory sweep-current  he the effective portion of the
:lel;c()u’tovsviltti};fzrfa?}%:?v(zzzs foradjusting the o w001) may be varied. Likewise,

P P the amplitude of the oscillation
will depend upon the magnitude of the d-¢ current in the coil before it is
interrupted.

A sweep circuit that employs such an oscillatory circuit is given in
Fig. 21-5. In this circuit the deflecting coil is coupled to the plate circuit
of a current-amplifier stage by means of a large capacitor C. The induec-
tors L1 and L. are very large and hence serve to isolate the a-c oscillatory
current from the zero-position circuit and the plate supply Ew and thus
confine the current to the deflecting-yoke circuit. However, the bias
battery E,; sends a steady current through resistor R, inductor L., and
the deflecting coil for the purpose of centering the spot.

In this circuit the application of the pulse to the amplifier tube causes
the current in the deflecting-coil
circuit to decrease and oscillate
about one level, and the removal
of the pulse causes the current to
oscillate about the d-¢ value de-
termined by the local circuit con-
taining E; The shape of the
curve is somewhat as illustrated
in Fig. 21-6. The second oscilla-
tion is damped more rapidly than
the first because the beam resistance of the tube is in parallel with the cir-
cuit during this portion of the cycle.

Linear Current by Trapezoidal Voliage. Both the foregoing methods
for obtaining a linear-sweep current utilize a small essentially linear por-
tion of a nonlinear function. It is possible to find a voltage wave form
which, when applied to the inductive circuit of the deflecting coil, will
yield a current that is linear with time. To examine the required voltage
wave shape, refer to Fig. 21-7.

Fra. 21-6. The current in the deflecting-
coil circuit when a pulse is applied to the
grid of the current tube in Fig. 21-5.
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For a linear current having the form

1= ki (21-3)
the voltage across the deflecting coil must be

d .
e=1L i + Ri (21-4)

which requires, for the linear current, that the voltage have the form
e = Lk + Rkt (21-5)
This has the form illustrated in Fig. 21-8.

z ———
di_g i r
v
/30 i b2 £
R

Fra. 21-7. A linear deflecting current. Fia. 21-8. The voltage wave to produce
a saw-tooth current in an RL circuit.

A circuit which is capable of developing a trapezoidal voltage wave form
is shown in Fig. 21-9. The switch S that is connected across R, and C
permits the capacitor to be charged and
discharged. When the switch is opened,

Lo
the eurrent in this circuit increases accord- l R.: -3
. . C . L' 7]
ing to the relation Y m ;
¢ ':

T

=y

_ _Bw  —mme 4
TR RS (21-6) —
Fig. 21-9. A circuit for gen-
The output voltage of the circuit is erating a trapezoidal wave.
e = Ebb - 'L.RL
or
EwR, —riee
= _ _wlte - TEITRye R
e Ey R. * R, € (21 7)
The slope of the voltage is
de EuR, S T
AR | (RLt R C -
&~ B + R)C° (21-8)

At the initial time, ¢ = 0,
(). = B e
dt)o ~ T® Ry + R)C
and (21-9)
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If the time constant (B. + R,)C' is large compared with the sweep time
T, so that only a reasonably linear portion of the exponential curve is
used, the output voltage will be a sufficiently good trapezoidal voltage
wave having the properties shown in Fig. 21-10.

)

Lyp Ry,
(R tRe)?C
¥

r

IR —
F1a. 21-10. Trapezoidal voltage and the relation to the circuit constants,

An electronic circuit that incorporates the foregoing features for pro-
ducing a linear saw-tooth current through the deflecting coil is given in
Fig. 21-11. It will be observed that tube 7'l serves as the switch of

Fig. 21-11. A circuit for generating a saw-tooth current wave for electromagnetic
deflection.

Fig. 21-9, the output trapezoidal wave being applied to the grid of a
current amplifier tube T2. A biased clamp 7'3 is used to set the reference
level.

It would be possible to deduce the features of the voltage that must be
applied to the grid of the driver or current amplifier tube in Fig. 21-11 in
order to give the desired saw-tooth current in the deflecting yoke. How-
ever, this will require a knowledge of the tube parameters. Since these
will not be constant, owing to the fact that the tube is nominally biased
beyond cutoff, and will conduct only on the application of the grid driving
potential, such an expression is only approximate, at best. More
accurate results are possible by direct recourse to the plate character-
istics of the tube, and deducing therefrom the requisite grid signal.
This will require a knowledge of the yoke current and the features of the
voltage across the yoke, as well as the grid clamping potential. This grid
signal may, in fact, be nontrapezoidal.
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" A variation of the circuit of Fig. 21-11 that does not require a clamp is
shown in Fig. 21-12.

L

Fic. 21-12. A saw-tooth current generator that provides for d-c restoration by means
of a separate circuit.

There are two factors which tend to influence adversely the considera-
tions given above, viz., the distributed capacitance of the coil, and the
capacitance of the circuit wiring. Since the voltage across a capacitor in
a series RC circuit cannot change suddenly, the distributed capacitance
at the input to the current or driver stage will reduce the steepness of the

Z

»£

Fic. 21-13. The effect of distributed Fia.21-14. The use of a narrow spike to
capacitance in retarding the start of a  aid in starting a linear-sweep current.
sweep current.

initial jump of the trapezoidal voltage, making the trapezoid tend to
approach a saw tooth. The application of such a voltage to the RL cir-
cuit through the current tube is a current which increases slowly at first,
as shown in Fig. 21-13, and gradually becomes linear with time. Fre-
quently one applies a sharp spike at the beginning of the sweep to help
overcome this effect. Such a
wave has the form shown in Fig.
21-14.

The effect of the distributed ca-
pacitance of the deflecting-coil
circuit, which may be considered
to appear as a capacitance across
the coil, is to produce an oscil-
latory circuit. The rapid change of current passing through the coil at
the time of the return trace will ordinarily shock-excite the coil into
oscillation. But since it is necessary to provide some means of dissi-

Fic. 21-15. The wave form of the current
in the deflecting coil.



466 ELECTRON-TUBE CIRCUITS [Caap. 21

pating the energy in the electromagnetic field of the coil so that the cur-
rent can fall to zero in a short time, a resistor is often connected in
parallel with the deflecting coil. This resistor serves to damp the oscil-
lations produced by the shock excitation. The complete curve is gen-
erally of the form illustrated in Fig. 21-15.

Feed-back Circuits. Although the cireuit methods deseribed under
Exponential Rise of Current have been used extensively for magnetic
sweep-current generation, the present-day methods generally incorporate
feedback in the circuit as a means for linearizing the current wave. That
is, the circuit is so arranged that the application of a linear voltage saw
tooth to the grid of the input amplifier tube will result in a linear saw-
tooth current through the deflecting yoke.

Consider the circuit of such a feed-back sweep amplifier shown in Fig.
21-16. The input saw tooth to this amplifier may be generated by a

Fig. 21-16. A feed-back sweep-current amplifier.

simple RC sweep generator, since only a small input signal is required,
and for most purposes the resulting linearity in using a small portion of
the wave is adequate. This input is passed through two voltage-ampli-
fying stages and is then applied to the grid of the current-amplifier tube.
If the total current through the current tube differs from a linear varia-
tion, there will be a difference in potential between the cathode of the
input stage and an appropriately chosen sample of the output current
stage. Owing to the feedback between the output and the input stages,
the effective signal will vary in a manner to yield a linear current in the
output. Note also in the figure that the grid of the output stage is d-c
restored to a value beyond cutoff.

An improved circuit is shown in Fig. 21-17. In this improved circuit,
the sampled output current is amplified before being fed back to the input.

There are two features of the above circuits that should be discussed.
In the first place, the sampling of the output current is done by means of
the potential drop across the cathode resistor. Evidently, therefore, it
is the total current that is being sampled, and not the current through
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the deflecting yoke. Of course, if the fraction of the total current that
flows through the deflecting yoke remains constant as the current
increases, then there will be no error resulting from this manner of
sampling.

-

“—\V\Vv

Fre. 21-17.  An improved version of the amplifier of Fig. 21-16.

A second feature is one which is important in certain types of applica-
tion. It will be noted from Figs. 21-16 and 21-17 that the deflecting yoke
is in the plate lead of the current-amplifier tube. Likewise, with the
clamping tube that is provided, the position of the cathode-ray beam at
the start of the sweep will be independent of sweep amplitude or sweep
speed. This is a very desirable characteristic in & radar indicator, since it
avoids the requirement for a centering voltage, which will depend on the
sweep speed.

Fia. 21-18. A feed-back amplifier with an a-c¢ coupled output.

If provision must be made for controlling the position of the start of
the sweep, the yoke may be a-c coupled to the current amplifier by means
of a transformer and by providing a separate source for effecting the
desired displacements. The elements of a circuit that permits this type
of operation are given in Fig. 21-18. In this circuit the current in the
deflecting yoke is sampled, amplified, and combined with the input saw
tooth in a difference amplifier. The output from such an amplifier is a
very satisfactory linear current wave.
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21-2. Circular-sweep Generator, In certain applications it 13 found
desirable to employ other than a linear sweep of the cathode-ray beam
across the face of the tube. In some instances the beam may be deflected
across the tube face according to some prescribed function of time, not
necessarily linear. In other cases the cathode-ray beam may be caused
to describe a circular path, a spiral path, a rotating radial path, or, in
fact, any of a wide variety of paths. Several of such sweep generators
will be studied.

An elliptical or circular sweep of the electron beam can be readily
accomplished by making use of the fact that the application of sinusoidal

] e voltages which differ in time phase
! 2 1 by 90 deg to the two sets of de-
‘::;fe ___l flecting plates of the cathode-ray
input . tube which are 90 deg apart in
‘E’ 2 i IC J F_] space will generate an ellipse, if

the vertical deflection is different
from the horizontal deflection, or
will generate a circle, if the two
deflections are the same. The amplitude of the voltages must be slightly
different in general in generating a circular sweep in order to take into
account the different deflection sensitivities of the deflecting plates, owing
to their different distances from the screen.

The simplest circuit for obtaining the necessary two voltages which are
90 deg apart in time phase is illustrated in Fig. 21-19. The circle diagram
of this circuit is given in Fig. 21-20, and it will be seen that, for a fixed

Fr1a. 21-19. Phase-shifting circuit for pro-
ducing an elliptical or circular trace.

»..Q
M
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Ep s
C—-
z | T =
Fra. 21-20. The circle diagram of the Fig. 21-21. An improved simple phase-
phase-shifting network of Fig. 21-19. shifting cireuit.

value of C, the degree of ellipticity, which depends upon the relative
voltage across R and C, is controlled by controlling the value of £. The
potentiometer P controls the amplitude of the sine-wave voltage that is
applied to the phase-shifting circuit. If this voltage is large, the voltages
across both R and C will also be large. Consequently, the circle traced
on the screen will be of large diameter.

If the source of voltage for the sweep generator contains appreciable
harmonics, the trace cannot be made circular. A modification of the
circuit of Fig. 21-19 is possible which will avoid most of the errors arising
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from this cause. It consists in replacing the resistance of the circuit by a
parallel circuit that is tuned to the frequency of the supply source. The
circuit then has the form illustrated in Fig. 21-21. At the supply fre-
quency, the impedance of the parallel circuit is equivalent to a pure
resistance of value L;/C,R,, where R, is the effective resistance of the
induct. With this circuit, the parallel branch impedance is capaci-
tive for the harmonic frequencies, and so the variation of this impedance
with frequency is substantially the same as that for the capacitor C, with

-
71 1

772 ?‘l F
| I

Fra. 21-22, A circular-sweep generator circuif.

the result that the amplitudes of the harmonic potentials applied to the
two deflector plates are substantially reduced and the circularity of the
trace is not seriously impaired.

The main advantages of such a circular trace are the ease of generation,
the increase in the length of trace possible on a given cathode-ray tube
face, and the avoidance of flyback. A disadvantage is that such sweeps
are ordinarily used with tubes which require the presence of a central
electrode to which the signal is applied in order to obtain a deflection of
the trace. However, it will be shown that the use of such special tubes
is not required since it is possible to obtain a radial deflection without the
use of the central electrode.

The disadvantage of these generators is that the omission of push-pull
sweep deflection results in trapezium distortion unless the tube is specially
designed to reduce this. The effect of the distortion is readily avoided
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through the use of the somewhat more elaborate circuit illustrated in
Fig. 21-22. This circuit, which is based on the same principles as above,
provides a greater flexibility.

In this circuit the values of C and R are chosen so that a circular sweep
will be generated at the frequency of the applied voltage. Push-pull
deflection is provided in order to reduce trapezium distortion. The gain
of the four amplifier tubes is controlled by the voltage on the screen grids,
which is controlled by the voltage at the plate of 75, a quantity that is
set by the setting of the bias po-
tentiometer in the grid circuit of
this tube.

If no signal is applied to the grid
of T'5, the voltage at its plate will
be constant and a circle will be
generated. However, if a signal () 5
is applied to the grid of T'5, the . 9193 A circular and a spiral trace
voltage at the plate will be possible with the circuit of Fig. 21-22.
changed in accordance with the
shape of the input signal, assuming that there is no distortion. This will
cause the diameter of the circle to change in accordance with the applied
signal, whence the signal is made to appear on the beam. Such a pattern
may have the form illustrated in Fig. 21-23a.

To obtain the spiral trace illustrated in Fig. 21-23b, it is necessary only
to apply a saw tooth to the input of 75, the frequency of which is a sub-
multiple of the frequency of the applied sine wave. In particular, suppose
that the applied sine-wave voltage is 1,000 cps and that a saw-tooth
voltage of 200 cps is applied to the grid of 5. The gain of the amplifier
tubes will be varied continuously during the 5 cycles of the sine wave.
As the gain increases from zero to the maximum, the spot rotates on a
circle of ever-increasing diameter, returning to the center during the
flyback period of the saw tooth. If the saw tooth is not a submultiple
of the sine wave, the spiral will revolve.

By substituting current-amplifier tubes for the voltage-amplifier tubes
in the push-pull circuit and replacing the electrostatic deflecting system
by an electromagnetic deflecting yoke, the foregoing discussion is valid
for the electromagnetic type of tube.

21-3. Rotating Radial Sweep. A radial linear sweep which can be
rotated with uniform angular velocity is extensively used in radar appli-
cations. Such an indicating system is known as a plan position indicator
(PPI) since, in its operation, the rotation is synchronized with the scan-
ning of the radar system, the resulting display being in effect a plan view
of the scanned area. A number of methods have been used to generate
such a display.
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The simplest method of producing the plan-position-indicator sweep
incorporates the magnetic deflecting yoke which produces the nominal
linear deflection in a mechanical assembly which can be rotated physi-
cally. The physical rotation of the mechanical assembly can be synchro-
nized with the primary driving source either by means of rigid mechanical
couplings or by means of a servomechanism, a device which permits
accurate follow-up of driven and driver systems by purely electrical
interconnection.

A second method that has been extensively used utilizes a so-called
two-phase selsyn transformer. Such a device consists of two stator

Deflecting
yoke

'Egs

F1a. 21-24. A selsyn transformer circuit for producing a rotating radial sweep.

windings which are placed at right angles to each other and which are
excited from a single-phase movable rotor. The application of, say,
a trapezoidal wave form (which would theoretically provide a linear-
sweep current) to the primary will yield two output voltages which are
in time phase but the amplitudes of which vary respectively as the sine
and cosine of the angle of the rotor or primary with respect to the second-
ary windings. These outputs when amplified and applied to two deflect-
ing coils at right angles to each other will produce a display of the type
here considered. That this is so follows readily from the fact that the
horizontal and vertical magnetic fields are proportional to

B, = ¢(t) cos ¢
B, = ¢(t) sin ¢

It

from which it follows that

B = /BT B = ¢(t)

That is, the resulting field, and hence the deflection, at any angle ¢ is
constant in amplitude and of the form to produce a linear saw-tooth cur-
rent wave. Of course, the requirements imposed on the selsyn trans-
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former is that it faithfully reproduce in the output circuit the wave shape
of the input wave. ,
The main elements of such a circuit are given in Fig. 21-24.
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PROBLEMS

21-1. The deflecting yoke of a magnetic cathode-ray tube has an inductance of
8.9 mh and a resistance of 15 ohms. It is connected in the circuit of Fig. 21-3.
The initial current in the coil is 80 ma wher 8 is opened. Calculate and plot the
current through the coil when C = 0.01, 0.1 and 1 uf, respectively. Estimate
the range over which a linear current within 5 per cent exists.

21-2. The deflecting yoke of Prob. 21-1 is connected in the circuit of Fig. 21-11.
Tube T1 is a 6J5, T2 1s a 6V6, Ey, = 300, The clamp sets the grid bias of 72 at
—580 volts. If the current wave through the yoke is to vary linearly from 0 to
80 ma in 60 usec,

a. Specify the trapezoidal wave that must be applied to the grid of 7'2.
b. Specify a set of constants of the eircuit of 71 to yield such a trapezoidal wave.



CHAPTER 22
ELECTRONIC INSTRUMENTS

A NUMBER of instruments have been developed which incorporate
vacuum tubes as an integral part of these devices. These instruments
possess certain advantages over the standard electromechanical varieties.
In particular, most of the vacuum-tube types of instruments possess
relatively high input impedance and also may be used over a very wide
range of frequencies. These instruments are divided into the following
general classes: voltmeters, ammeters, power meters, frequency meters,
and phasemeters.

Perhaps the most versatile of all electronic instruments is the cathode-
ray oscilloscope, which may be used as a voltmeter, ammeter, frequency
meter, and phasemeter, depending upon the manner of its connection in g
test circuit. The applications to these various services will be discussed
below in the appropriate section.

22-1. Electronic Voltmeters. The Oscilloscope. The applicability of
the oscilloscope as a voltmeter arises from the fact that the deflection
sensitivity of the cathode-ray tube, for a given accelerating potential, is
a constant and the deflection of the cathode-ray beam on the screen is
directly’proportional to the applied deflecting potential. Thus, by set-
ting the gain of the amplifiers associated with the oscilloscope at some
convenient value, the peak of any applied potential may be compared
with a calibrating potential.

Such devices are very flexible but are usually limited to the lower fre-
quencies, owing to the frequency distortion that occurs in the amplifiers
at the higher frequencies. If connection is made directly to the plates of
the tube, this frequency limitation is avoided and the tube may be used
to the very high frequencies. However, as the deflection sensitivity is
usually low, of the order of 40 volts/in. on a 5-in. tube with an applied
accelerating potential of 2,000 volts, such a voltmeter would be limited
to the higher potentials, in the range from 5 to 150 volts. For higher
voltages, a potential divider might be used. Lower voltages cannot be
measured, except with the aid of amplifiers, and with their consequent
frequency limitations.

Vacuum-tube Voltmeters. The vacuum-tube voltmeter provides a con-
venient method for the accurate measurement across high-impedance

473
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sources of both d-c and also a-c voltages up to very high frequencies.
The use of the conventional type of tube usually limits the operation to
frequencies below about 1.5 megacycles. For frequencies higher than
this, the grid-circuit loading, resulting from the input capacitances of the
tube and the electron transit time, usually becomes sufficiently serious to
influence the operation. Where the loading effects are permissible, the
use of suitable standard receiving-type tube is permissible to frequencies
of approximately 20 megacycles without serious calibration errors.

For the measurement of voltages having frequencies above 1.5 mega-
cycles, to perhaps 30 megacycles, Acorn type tubes in a special probe
construction may be used without introducing appreciable loading. With
such a probe construction, the lead impedance is reduced to zero by allow-
ing direet connection to be made from the voltage source to the grid of the
tube. Also, the shunting effect of the grid resistor is made negligible
either by neglecting it entirely or by using resistors of low self-capacitance
in series to provide from 5 to 10 megohms across the grid to cathode.

A wider range of operation, perhaps to 100 megacycles or higher, is
possible by the use of the Acorn type diode rectifier. Such a circuit
provides a low input capacitance and low transit time, and although a
high efficiency of rectification is possible and a high average impedance
may be obtained when the load is of the order of 50 megohms, the input
impedance during the peak of the positive half e¢ycle of the applied volt-
age decreases. Also, the reading is dependent on the impedance of the
source, which results in a reduction of the applied voltage at the terminals
of the voltmeter. If the tube diode is replaced by one of the present-day
crystals, the range of a vacuum-tube voltmeter is extended somewhat, to
perhaps as high as 500 megacycles.

All a-c¢ voltmeters are essentially rectifiers, employing diode, grid-
circuit, or plate-circuit rectification. They may be grouped according
to the value of the wave form of the applied voltage to which their read-
ings are proportional, as rms, average, peak, or logarithmic. A number
of circuits that are currently in use will be discussed.

RMS voltmeters. The response of this type of voltmeter is proportional
to the rms value of the applied
voltage. To achieve such a re-
sponse, the rectifier that is used
must have a square-law relation
T b between the applied ‘input voltage

ce 56 ba:  and the mean rectified current.
Fi1a. 22-1.  The basic circuit of a vacuum-  SQuch voltmeters may therefore be
tube voltmeter.
used to measure the rms values of
voltages, regardless of what the wave form may be.

AY |
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The basic circuit of such an instrument is given in Fig. 22-1, which is
essentially a conventional thermionic vacuum-tube circuit, except that
an auxiliary d-c¢ circuit is applied across the indicating milliammeter in
the plate circuit in order to balance out the steady component of the
tube current when, the input voltage is zero. In this way, the milliam-
meter reads the average rectified current that results when the a-c voltage
is applied to the input terminals.

Frg. 22-2. Vacuum-tube voltmeters with balanced output.

It is possible to arrange the circuit in such a way that the tube forms
one arm of a balanced Wheatstone bridge. In this way, the static
operating current may be balanced out without the need for a separate
d-¢ source. Two such circuits are illustrated in Figs. 22-2. In these
circuits, to achieve good sensitivity, the resistor R; must be made large
in comparison with the meter resistance.

A characteristic which is closely square law for a limited range of
applied voltage, and this is usually less than about 1 volt peak, may be
obtained by operating a triode or
a pentode on the curved portion /
of the characteristic curve. To

ensure that the negative peak of l R VA ': a7
. . ) | i
the applied voltage will not ap j_ —1 ——
e -

proach too closely to the cutoff 1
bias of the tube, tl}e static plate ___;_
current must be slightly greater | d
than twice the increment of plate !
current, required to produce full-
scale deflection of the indicating
meter. The situation is best un-
derstood by referring to Fig. 22-3, which illustrates the operation of the
above circuits.

Values of applied voltage higher than 1 volt peak may be measured
without affecting the square-law property of the voltmeter by using a
voltage divider across the source of voltage and applying a known small
fraction of the total voltage to the input terminals. When this is done,
however, the desirable property of very high input impedance is lost.

—_—— — s

Fic. 22-3. Tllustrating the operation of an
rms voltmeter.



476 ELECTRON-TUBE CIRCUITS [Cuap. 22

In general, also, the calibration of this type of instrument is dependent
upon the tube maintaining its square-law characteristic. As a result,
frequent calibration is usually necessary.

Average-reading voltmeters. The response of an average-reading volt-
meter is proportional to the average value of the input voltage. To
achieve such a response, there must be a linear relation between the
applied input voltage and the mean rectified current of the rectifier that
is used. But as the mean rectified current is proportional to the mean
of the positive excursions of the applied voltage, the instrument is depend-
ent on the wave form of the input voltage.

The rectifier that is employed may be either a simple diode rectifier
without a shunt capacitor, a diode bridge circuit, or a biased triode or

Ry _
TO

Fia. 22-4. The circuits of several average-reading vacuum-tube voltmeters.
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pentode that is operated from approximately cutoff over the linear portion
of the dynamic curve. Owing to the fact that the dynamic curve is
nonlinear at low voltage levels, a substantially linear response is obtained
only for relatively large values of applied veltage. The linearity may
be considerably improved by using a large lcad resistor in the diode
circuit or by the use of a high plate resistor and negative feedback in the
case of triodes or pentodes. Several circuits of such average-reading
voltmeters are given in Fig. 22-4.

Since the reading of these voltmeters is dependent upon the wave form
of the input voltage wave, then when the applied voltage is not a sine
wave or other symmetrical wave form, a reversal of the polarity of the
input wave will, except for the bridge circuit, change the reading of the
instrument. This effect is known as turnover.

Peak-reading voltmeters. The response of a peak-reading voltmeter is
proportional to the peak value of the applied voltage and is, therefore,
independent of the wave form when it is calibrated in peak volts. Peak-
reading voltmeters may be calibrated to read rms values for sinusoidal
voltages, which then correspond to 0.707 of the peak value. A number
of peak-reading voltmeters are possible. They include diode, grid-leak,
feed-back, and slide-back types.

The diode peak volimeter provides one of the most convenient and accu-
rate methods of measuring peak voltages, especially at radio frequencies,
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It consists of a conventional diode rectifier provided with a capacitor input
filter. The capacitance that shunts the load resistance is so chosen that
the time constant of the circuit is large compared with the period of the
applied voltage. A nonlinearity exists for low input voltages which
causes an error, but the indication is linear for voltages above about 10
volts. The circuits of two such voltmeters are shown in Fig. 22-5.

¢

Y|
7

o

(a) 6)
Positive peak, Negative peak

Fia. 22-5. Peak-reading voltmeters.

The shortcoming of these voltmeters is that the input impedance during
the conducting portion of the cycle is different from that during the non-
conducting portion of the cycle. This difference arises from the fact that
the diode consumes power during the conducting portion of the cycle.
This effect is precisely that discussed in Sec. 16-3, where it was shown that
the effective input resistance to the diode R. = R/2y and is approximately
R/2, where R is the load resistance. Ordinarily R is so large that voltage

. () (6)
Difference amplifier General Radio Co.

F1a. 22-6. Diode peak voltmeters with d-¢ amplifier.

fluctuations which might result from such a changing load impedance are
negligible.

When the rectified current through the load resistance is too small to
be measured conveniently by a d-¢c microammeter, the voltage developed
across the load resistance may be applied to the input of a d-¢ amplifier.
Several such circuits are illustrated in Fig. 22-6. In circuit a, a difference
amplifier with e: = 0 is used as the d-¢ amplifier. In circuit b, a single
tube balanced amplifier is used.

The grid-leak peak voltmeter consists of a grid-circuit rectifier employing
either a triode or a pentode. Rectification oceurs in the grid-cathode
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circuit in the same manner as in a diode, and grid current flows over the
positive half cycle of the applied voltage. The input impedance is sub-
stantially the same as that of the diode peak-reading voltmeter.

A negative feed-back peak voltmeter consists essentially of a self-biased
tube which operates from approximately cutoff over the linear portion of
the dynamic curve. To maintain the tube almost at cutoff for all except
the peak portions of the cycle, the bias resistor must be shunted by a
capacitor which is adequate for essentially class B operation. As a
result, the plate current flows only at the positive peaks of the applied
voltage. The indications on this type of voltmeter are dependent on the
wave form. Since the grid is not driven positive over any portion of the
cycle of the applied voltage, the input impedance of the voltmeter is high.

The circuit connections of such a voltmeter for use with either a 6J7 or
a 954 Acorn tube, depending upon the frequency range required, are
shown in Fig. 22-7. The 6J7 is
satisfactory for use to several meg-
acycles, but where the voltmeter
is intended for use across high-
impedance tuned circuits at fre-
quencies as high as 10 megacyecles,

o_m_i

i
L}

, and in cases where the input ca-
Fre. 22-7. A negative feed-back peak pacijcance must be kept small, the
voltmeter. 954 isused. Note that the tube is

connected as a triode, with the
suppressor connected to the cathode. This instrument may be used to
measure d-¢ voltages by omitting the blocking capacitor in the input,
although a separate calibration must be used.

The slide-back voltmeter consists essentially of a threshold indicator, this
threshold being indicated by a d-¢ volt-
meter when the d-¢ voltage is made equal
to the peak value of the applied potential.
The circuit of the instrument is illustrated
in Fig. 22-8. The triode or pentode is

7

le- (-]
o]
~

operated at a very low value of plate cur- N\
rent, and the bias is read on the d-c¢ volt- o/

meter. The voltage to be measured is then (
applied to the input terminals, and the —

grid bias is increased until the plate cur- F16- 22-8. A slide-back peak
rent is reduced to its initial value. The Yoltmeter.
peak of the applied voltage is then equal to the increase of grid bias, as
obtained from the d-¢ readings.

This type of voltmeter is true peak-reading, and owing to the method
of operation it is self-calibrating. It is completely independent of varia-
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tions in operating voltages and tube characteristics. Moreover, it has a
very high input impedance and operates over a very wide range of volt-
ages simply by changing the slide-back voltage. Because of the method
of operation, such voltmeters are restricted to steady sources of potential.
Logarithmic voltmeter. A voltmeter with & logarithmic scale is possible
by using a variable-mu tube in which the amplification factor is an expo-
nential function of the grid voltage. Thus for such a tube circuit

% = Aeor (22-1)

where g and A are constants and E, is the d-¢ bias on the tube.

e Amplrfier Rectifrer Frlter “—@

L Auvtomatic bias I

Fia. 22-9. Block diagram of a logarithmic voltmeter.

In this voltmeter, the output is maintained constant by rectifying
and filtering the output and using the resulting d-¢ voltage to bias the
amplifier tube. That is, with e; constant,

1
EC—K—ElOgee

But since
db = 20 logm? = K’ — 8.69 log. e
then
db = K’ — 8.69a(K — E,)
or

db = k + mE, (22-2)

where K, K’, k, and m are constants. A block diagram of this circuit
appears in Fig, 22-9,
In another type of instrument, illustrated in Fig. 22-10, use is made of

the fact that the average diode —|t
current varies logarithmically
with the input voltage to the =2
variable-mu pentode, over a large =/ E
range of input voltage. ————

D-c¢ voltmeters. Most of the

circuits considered as a-¢ volt-

meters will operate to give a -
meter deflection for an input d-c potential applied directly to the grid
of the tube. However, since rectification is not required for such an

Fie. 22-10. A logarithmic voltmeter.
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instrument, the tubes might be used for amplification and also to provide
a very high input impedance.

The circuit of Fig. 22-11 is one which possesses a very high input imped-
ance. The indicating instrument is a low-resistance milliammeter,
having a resistance R,. An analysis of the equivalent circuit shows that
the meter current is
I = uRE
"R+ (0 DRAECR + Ra) — 2R

(22-3)
where I is the d-c potential being measured. However, for a pentode

1
5> R> Rn p>1 Ry> —

and the current through the milli-
ammeter is given by

-k
= 2R,

I (22-4)

This shows that a linear relation
exists between the applied poten-
tial and the reading of the indicat-
ing instrument.

A voltmeter employing triodes, which utilizes a high-resistance volt-
meter as the indicating instrument, may be built using the simple differ-
ence amplifier. The circuit of such an instrument is given in Fig. 22-12.
As shown in Sec. 6-9, the potential difference across the high-resistance
indicating instrument is given by

AR, T

Fia. 22-11. A high-impedance d-c¢ volt-
meter.

vl

E=sr¥m°

(22-5)
22-2. Electronic Ammeters. The oscilloscope may be used to measure

currents, although an indirect

method must be adopted. In this

measurement, the current to be

measured is passed through a cal-

ibrated resistor, the resulting volt- ':

age across the resistor being given e

on the oscilloscope screen. The j %ﬁ’k

current may then be calculated ¥

from the known voltage and F¥G. 22-12. A d-¢ voltmeter employing

resistance. However, owing to rodes: _

the fact that the input impedance of the oscilloscope is only moderately

high, the oscilloscope is limited to the measurement of relatively high
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currents, of the order of that possible with good—quahty d-c instruments,
say 0.1 pamp.

Electrometer Tubes. 'The amplification properties of a vacuum tube
may be used to amplify extremely small currents, which are then indicated
on a sensitive galvanometer. In order to measure these small currents,
it is essential that the grid current of the tube be very small compared
with the currents to be measured. Normal tubes, if selected for quality,
and if operated at reduced electrode voltages, are satisfactory over
rather wide limits. QSpecial tubes with unusually small values of grid
current are available. These include, among others,

General Electric Co. FP-54 I, ~ 107! amp
Victoreen Inst. Co. VX-41 I, ~ 107'% amp
Raytheon Mfg. Co. CX-570A I, ~ 1074 amp

A circuit utilizing a General Electric FP-54 electrometer tube and
operating from a 12-volt storage battery is given in Fig. 22-13. Even
though the FP-54 tube is a low-grid-current type, great care must be

Jornrzertion
chamber

4 4.
F1a. 22-13. An electrometer circuit using an ¥FP-54 tube.

exercised in keeping leakage and surface currents to a minimum if high
sensitivity and dependable operation are desired. This is frequently
accomplished by incorporating the entire circuit in a suitable probe type
of construction, which is shielded electrostatically and which is kept
dry by the use of a drying agent. Also, the grid current is kept small by
driving the circuit at low potential from batteries, the circuit being kept
in continuous operation for long periods of time in order to reduce tube
drift. With the simple circuit shown, the indicating instrument being a
sensitive wall galvanometer, currents of the order of 10~'* amp may be
reliably measured.

22-3. Phasemeters. Lissajous Paiterns. A Lissajous pattern is the
figure created on an oscilloscope secreen when sine-wave voltages are
applied to both the horizontal and vertical deflecting plates. If the
frequencies of these two component voltages are the same but differ in
phase, the resulting pattern is a measure of the phase difference between
the two waves.
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To see that this is 50, suppose that the voltage across the horizontal
deflecting plates of the oscilloscope is denoted as
E. = Eysin (ot + 6))
and that across the vertical deflecting plates is given by
y = Es sin (ot + 6,)

Then

l% = sin wf cos 0, -+ cos wi sin 6, (22-6)
and

% = sin wf cos #2 + cos wt sin 8, (22-7)

Now eliminate the time factor wt. To do this, multiply the first equation
by cos 8,, and subtract the second, multiplied by cos 6;. This gives

E, E, . )
= €08 0 — %° cos 01 = cos wi(sin 8, cos f; — cos 0 sin f)
E, E,
Similarly, multiplying the first by sin 6, and the second by sin 6; and
subtracting, there results

E’—;Sinﬁz——ﬁ—;’l’

Z 7, sin 6, = sin wi(cos &, sin @, — sin 6, cos 6,)

Squaring and adding these equations gives

E:  E: 2E,E, o
_E% E% - —ETE,—Z COS(01 02) = 8In (01 02) (22 8)
This is the equation of an ellipse whose principal axes coincide with the
coordinate axes when 6; — 6; = 7/2. Hence, in most cases, the result
is an ellipse, the orientation of which depends upon the phase difference
between the two waves. The results have the form illustrated in Fig.
22-14.

_ S

46=0 0<40<F a0-F F<a0<r

NS =

a46=r 7r<A8<%’ AB=%—’ ‘%’1"<40<2ﬂ'

Fic. 22-14. Lissajous patterns showing the effect of the phase difference of two
sources.
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If the amplitudes of the voltage applied to the vertical and horizontal
deflecting plates are equal, then the pattern at the phases A9 = w/2 and
3w/2 will be circular. For the meas- Ey
urement of phase, it is customary to
set the two amplitudes equal to each Ll"jm-}“
other, although this is not necessary. 7

The experimental procedure neces- /
sary for measuring the phase differ-
ence between the two voltages is quite
direct and consists in measuring the Fic. 22-15. To measure the phase
two distances B, and E,, illustrated in  difference between two voltages by
Fig. 22-15. The distance E, is evi- means of the Lissajous pattern.
dently the value of E, when E, is zero. This requires that

Eo = Eg sin (01 — 02)

Likewise, the value of E,, is the maximum value of £, and from Eq. (22-7)
is given by
Em = Ez

Solving these expressions simultaneously yields

1B,

sin (6; — 8s) = 7

(22-9)

Electronic Phasemeter. The elements of a simple electronic phasemeter
are illustrated in Fig. 22-16. It will be observed that the circuit com-
prises in essence two diode peak-reading voltmeters which have been

AAAAAAAA
\AA4

h
AY |
P4 |
1N\
),

AAA

S Y

Fie. 22-16. An electronic phasemeter.

differentially connected. With no input signal, the voltages appearing
across the input of each diode-voltmeter circuit arise only from the
impressed reference voltage. When the cireuit is balanced, a zero reading
appears on the zero-center high-resistance voltmeter. This high-resist-
ance voltmeter might be a d-¢ vacuum-tube voltmeter with a zero-center
indicating instrument.

If now a voltage of preset amplitude is impressed across the input, the



484 ELECTRON-TUBE CIRCUITS [CraP. 22

potential at one anode decreases and becomes, say, ¢; — ¢,, while the
potential at the other anode increases and becomes e; + ¢s.  As a result,
the output potentials will no longer be the same, and a reading will appear
on the output voltmeter. The extent of the change will depend directly
upon the phase of the input voltage with respect to the reference potential,
being a maximum in one direction for zero phase difference, and being a
maximum in the other direction for 180 deg phase difference, there being
a calculable phase difference for every intermediate reading. The mathe-
matical analysis parallels that of the f-m discriminator and follows below.
Suppose that the voltages e; and e; are

e1 = E, sin wt (22-10)
and

es = E, cos (vt + ) = E, sin (wt +g -+ <p> (22-11)

The a-c potential that appears in the circuit diode 7'1 is
€a = €11 e

and that in the circuit of 7’2 is
e = €L — €

But e, may be written explicitly as

e, = E,8in of + E, cos (wt + ¢)

1 . 1 :
2E, cos §<so + g) sin [wt + §(¢ + %)]

e = —2E, sin %(ga + g) cos [wt + —;— (go + 7_2r>]

The corresponding d-¢ output potentials are then given by
1 T
2qE, cos 5 <go + Q)

.1
2q9E, sin 5 <¢ + g)

where 7 is the detector efficiency (see See. 16-3). The corresponding
indicating-voltmeter reading is then

1 T

S ‘2— (ga + §>

1
cos§<¢+g> -

The result has the form illustrated in Fig. 22-17.

which reduces to

€a

Similarly

E.

(22-12)
E,

E=E’a—E’b=2nE8[

] (22-13)
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A somewhat similar type of phasemeter is possible uSing triodes.! A
circuit is shown in Fig. 22-18. It is supposed that the two voltages e;
and e, are of equal frequency and

of constant amplitude. The equal 1.O:E/2 7%s
voltages appearing across the second- ’

aries of the input transformers are 05

connected in series opposition so that, ~ / ' e
when the input voltages are in phase, -m -wy  OP 0 I

the voltage across ab is zero. When
the input potentials are slightly out :
of phase, a small voltage appears -0k
across ab the magnitude of which is gy 99,17, The output of the
proportional to the phase angle. ¥or phasemeter of Fig. 22-16.

small angles this voltage may be

considered to be 90 deg out of phase with either input.

The phase-shifting network causes a voltage ¢’ which is 90 deg out of
phase with e, the voltage across ab, to appear across ¢d. This voltage is
applied across the grid resistor R and excites the grids of tubes T'1 and T2,
which are connected in push-pull. Owing to the initial 90-deg phase shift
and the added 90-deg shift, then for an a-c potential applied to the plates

E?‘Qﬁ}
§ a .

Fi1c. 22-18. A double-triode phasemeter.

-05F

the grid-voltage of one tube is in phase with its plate, whereas the grid
potential of the other is in phase opposition with the plate. Asa result,
one tube conducts, while the other is cut off, either because of a highly
negative grid or because of a negative plate. The conduction causes the
zero center instrument to. deflect according to which tube conduects.

The instrument must be zero-set initially with no signal on the grids,
whence the unidirectional pulses of plate current through the tubes divide
equally through the plate resistor, so that zero resultant voltage appears
across the d-c instrument. In this instrument, since ¢’ is proportional to
6 for small angles, the magnitude of the voltage across the d-c¢ instrument
is proportional to 6.

Should either e; or e: drop below or exceed normal rated voltage, the
difference voltage ab increases in length and rotates. This sinor may
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be resolved into two components, one of which is in phase with ¢, and
will be effective in producing the voltage across the indicating instru-
ment. The other component, which is 90 deg out of phase with e, will
not appreeiably effect the accuracy of the instrument.

22-4. Wattmeters. The circuit of an electronic wattmeter is given in
Fig. 22-19. In this circuit, the resistors R are equal and sufficiently small
so that the voltage drop across

1 frput — them does not appreciably re-

i K . duce the load voltage. The

3R e, 7 3 2 resistor R; is hig.h in order to

B i I—3 = f)revent appreciable power
2SR, 0s8.

., To examine the operation,

J Load = it is supposed that the first two

terms of the series expansion
adequately represent the dy-
namic characteristics of the tubes. Thus

'ipl = al(el + 62) + (12(61 -+ 62)2' (22—14)

Fic. 22-19. An electronic wattmeter.

and
ip? = al(el - 62) + (l2(61 — 62)2 (22-15)

The output meter reads the difference between 7,; and 7p,,. Hence

’L.o ~ 7,'1,1 - ipz = 2(1182 + 4a26162 (22-16)
But with
ke1 = kE,. cos wt
and (22-17)
€9 = Rz] = Rzlm COS (wt + 0)

and since the indicating instrument reads the average, then

1 T
Io T/O 10dt

T
- 2n Rl cos (wt + 6) dt +
T Jo

so that finally

I

T
%%EL"J—"JC/ cos wi cos (wt + 6) dt
0

Io = 2kasRyE 1, cos 6 (22-18)

If the load contains harmonics, it can be shown that the reading of the d-c
meter is proportional to the total load.

22-5. Frequency Meters. Lissajous Patterns. If the component volt-
ages that are applied to the horizontal and vertical deflecting plates of an
oscilloscope differ in frequency, as well as in phase, the pattern that results
is far more complicated than the simple ellipse that has already been con-
sidered. If the frequencies are in a constant ratio with each other, the
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resulting patterns permit a comparison of the ratio of these frequencies.
If one of these frequencies is known, the method permits a comparison of
the unknown frequency with the
given standard.

Suppose that a voltage E. = E
sin wyf is applied to the horizontal

A—

Signal on vertical
deflecting plates

|
. |
Voltage applied fo the vertical

? | Sigrnal orr borizontal
deflecting plates

deflecting plates

Voltage applied 7o #he
 forizontal deflecting plates

Fie. 22-20. Lissajous figure for 1:2 fre- Fia. 22-21. Lissajous pattern for 2:3
quency ratio. frequency ratio.

plates and a voltage E, = E sin (wsf + 6) is applied to the vertical
plates. If the frequencies are in the ratio ws/w: = 2, the form of the
resulting patterns is readily calculated. The construction is illustrated
in Fig. 22-20. In a similar way, if the frequencies are in the ratio 2:3,
the Lissajous pattern assumes the form shown in Fig. 22-21.

()

1:1 2:1 1:5 5:3
Frc. 22-22. A number of Lissajous patterns.

A feature that is common to all Lissajous figures is that the horizontal
line AA and the vertical line BB are tangent to the pattern at a number
of points, the number depending, respectively, on the frequency applied
to the vertical and to the horizontal deflecting plates. Thus the fre-
gquency ratio

wr _ no. of points at which the figure is tangent to the vertical line

w,  Do. of points at which the figure is tangent to a horizontal line

A pumber of Lissajous patterns are contained in Fig. 22-22.
Electronic Frequency Meters. The cireuit of such an electronic device
is given in Fig. 22-23. The input causes periodic switching from T1 to
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T2. When the current begins to flow in T'1, the potential across Ry

Inputa-c causes C; to charge through the par-
allel paths R; and one plate of the
rectifier 7’3. The average diode cur-
rent is indicated by the meter in
series with the diode cathode. The
diode current is proportional to the
frequency, over the range for which
C; and C, charge “fully” in less
than the time of one half cycle of
the impressed voltage. For the
circuit shown, the calibration of the
Fre. 22-23. An electronic frequency instrument is linear to approximately
meter. 7,000 eps.
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PROBLEMS
22-1. The plate current in a 6SK7 tube with E.. = 100, Ew = 250, is approx:
Iy = 18¢%202: ma

This tube is used in a Ballantine voltmeter circuit. An a-c¢ potential of 18 volts
peak is applied. What must be the shift in bias potential if the voltmeter is to
read correctly?

22-2. The voltage applied to the input of an average-reading vacuum-tube
voltmeter has the form shown in the figure.

8

a. What is the zero input reading of the d-¢ milliammeter?

b. Calculate the reading when the signal is applied.

¢. If the input voltage were sinusoidal with the same peak amplitude, what
would be the corresponding reading?

22-3. Show the connections for employing the multiplying circuit of Fig. 8-11
as an electronic wattmeter.



APPENDIX A
MILLMAN THEOREM

THE usual methods for the solution of the currents in or the potential
differences across the elements of a network involve a direct application
of Kirchhoff’s laws. This involves setting up the mesh currents and then
equating the sum of the potentials around any closed loop equal to zero.
The number of independent loops that must be chosen must equal the
number of unknown currents to be found. The resulting algebraic
equations are then solved, ordinarily by using determinants, for the
desired unknown quantities. If a large number of branches are involved,
the resultant solution may become quite laborious. A network theorem
suggested by Millman* will frequently materially reduce the amount of
work involved in effecting the solution.

Consider a general network of the form illustrated in Fig. A-1. The
impedances Zi, Zs, and Z3 terminate in the common junction 0. The

oz
i i R R
l:l 3 Zs

F1a. A-1. A general network for deriving the Millman theorem.

opposite ends of these impedances are numbered 1, 2, and 3. The point
0 is any other point in the network. It is not necessary to know the net-
work interconnections between the points 0, 1, 2, and 3. The network
theorem states that the potential difference Koy between points 0 and O/
is given by
EOIYI + E02Y2 + E03Y3

L e (A-1)
where Eo, (s = 1, 2, or 3) is the potential difference between point 0 and
the sth impedance and where ¥, = 1/Z, is the admittance corresponding
to the sth impedance. Note specifically that no requirements are
imposed on the character of the element connected between points 0 and

* Millman, J., Proc. IRE, 28, 413 (1940).
489
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s and between which there exists the potential difference Eq,. The proof
of the theorem follows.
The potential difference across impedance Z; is

EIO’ = K+ Eoo' = Eoof - Eol

The current through this impedance is, therefore,
110’ = —ZT = (Eoo' - E01)Y1

Similarly, the currents in the other two branches are given by
E20'

120’ = 72 = (Eoof - E02) Y2
and
_ By _
Iy = = = (Bay — Ee)) Vs
3

But from Kirchhoff’s point law, the sum of the three currents I o, 12,
I;y, meeting at the point 0/, must be zero. Then

(Eoo' - Eol)Yl + (Eoo' - Eoz)Y2 + (Eoo' - Eos) Y3 =0
from which Eq. (A-1) is readily obtained.
This result is not restricted to three impedances, as shown in Fig. A-1,

but may be extended to any number n terminating in the common junc-
tion 0. The generalized result is

), Fut. | (A-2)

where the summation 2 denotes the summation of the n terms.

g=1



PLATE MILLIAMPERES

PLATE CHARACTERISTICS
OF RECEIVING-TYPE TUBES

APPENDIX B

AVERAGE PLATE CHARACTERISTIC

800 T T T T —
TYPE 5U4-G
Ef =5.0 VOLTS A.C.
/1
600
7
Z
7
400 7
s
7
S 1”7
N
<< 7
ot
200, o“(’/
/%
[
20 a0 60 80 100 120
PLATE VOLTS D.C. 92¢- 6109
Fia. B-1. 5U4-G diode.
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megohm approx, g». = 9,000 umhos. Interelectrode capacitances: Cy = 11 puf, Cy = 5 uuf, C; = 015 ppuf.
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494 ELECTRON-TUBE CIRCUITS [App. B
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PLATE VOLTAGE IN VOLTS
F1a. B-5. 605 triode.
Class A amplifier: E, = 250 volts, E. = —8volts, I, = 8ma, u = 20, r, = 10,000 ohms, g., = 2,000 umhos.

Interelectrode capacitances: C1 = 3 puf, Cr = 11 puf, C5 = 2.0 uuf.
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TRIODE CONNECT I ON
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PLATE
Fia. B-6. 6F6 tr
Class A amplifier: L, = 250 volts, E, =
2,600 umhos.

300 400 500 600 7C0

VOLTAGE IN VOLTS
iode (screen connected to plate).
—20 volts, I, = 31 ma, u = 6.8, r, = 2,600 ohms, g. =
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PENTODE CONNECTION
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PLATE VOLTAGE IN VOLTS
Fre. B-7. 6F6 pentode.
Class A amplifier: E, = 250 volts, E.; = 250 volts, E, = —16.5 volts, J, = 34 ma, r, = 80,000 ohms approx,

gm = 2,500 umhos.

Interelectrode capacitances: €y = 6.5 wuf, C» = 13 puf, C5 = 0.2 puf.

[q raay

SOILSIMALDVUVHD ALVTId



498 ELECTRON-TUBE CIRCUITS [Arp. B
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D-C PLATE VOLTAGE IN VOLTS
Fic. B-8. 6H6 diode.
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PLATE CURRENT IN MILLIAMPERES

AN

0 100 200 300 400 500

PLATE VOLTAGE IN VOLTS

TFig. B-9. 6J5 triode.
Class A amplifier: B, = 250 volts, E, = —8 volts, I, = 9ma, p = 20,7, = 7,700 ohms, ¢,, = 2,600 pmhos.
Interelectrode capacitances: Cy = 3.4 puf, Oz = 3.6 uuf, C'5 = 3.4 puf.
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PLATE OR SCREEN {lc,) CURRENT [N MILLJAMPERES
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PLATE VOLTAGE IN VOLTS

Fre. B-10. 6L6 beam tube.
Class A amplifier: E, = 350 velts, E,» = 250 volts, K, =
I.» = 2.5 ma, r, = 33,000 ohrus approx, g. = 5,200 umhos.

Interclectrode capacitances: C'y

= 10 ppuf, Cy = 12 puf, Cy

—18 volts, I, = 54 ma,

= 0.4 puf.
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PLATE VOLTAGE IN VOLTS
F1e. B-11. 6SF5 triode.
Class A amplifier: E, = 250 volts, B, = —2 volts, I, = 0.9 ma, 4 = 100, r, = 66,000 ohms, gn =
1,500 umhos. Interelectrode capacitances: C; = 4.0 puf, Co = 3.6 uuf, C5 = 2.4 upuf.
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PLATE CURRENT ¢Ib) OR SCREEN CURRENT {lc,) IN MILLIAMPERES

AVERAGE PLATE CHARACTERISTICS

" PENTODE CONNECTION
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PLATE VOLTAGE IN.VOLTS
F1c. B-12. 68J7 pentode.
Class A amplifier: E, = 250, E,, = 100 volts, E. = —3 volts, I, = 3 ma, [.» = 0.8
ma, r, = 1.0 megohm approx; g. = 1,650 umhos.
Interelectrode capacitances: Cy = 6.0 puf, C2 = 7.0 uuf, C; = .005 uuf.
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PLATE VOLTAGE IN VOLTS
Fre. B-13. 6SK7 variable-mu pentode.
Class A amplifier: E, = 250 volts, E.,; = 100 volts, B, = —3 volts, I, = 9.2 ma, I, = 2.6 ma, r, = 0.8

megohm approx, g. = 2,000 umhos. Interelectrode capacitances: €1 = 6.0 puf, C2 = 7.0 puf, C5 = .003 puf.
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PLATE CURRENT IN MILLIAMPERES

EACH UNIT

100 200 300
PLATE VOLTAGE IN VOLTS
Fra. B-14. 6SN7-GT dual-triode.

400 ' 500

Class A amplifier: E, = 250 volts, E, = —8 volts, I, = 9 ma, g = 20, 7, = 7,700 ohms, g» = 2,600
wmhos. Interelectrode capacitances: Unit 1: ¢, = 3.2 uuf, C; = 3.4 upf, €3 = 4 puf.

Cz=

2.6 puf, Cs = 4 puf.

Unit 2: C; = 3.8 uaf,

70S
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EACH UNIT

PLATE CURRENT IN MILLIAMPERES

50 100

150 . 200

250 300

PLATE VOLTAGE IN VOLTS

Fic. B-15.

6SL7-GT dual triode.

350

400 450 500

Class A amplifier: B, = 250 volts, E. = —2volts, I, = 2.3ma, u = 70,7, = 44,000 ohms, g, = 1,600 umhos.

Interelectrode capacitances: Unit 1: €y = 3.0 uuf, C: = 3.8 uuf, C3 = 2.8 uuf.

Cy = 3.2 puf, C; = 2.8 upf.

Unit 2: C; = 3.4 uuf,
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PLATE VOLTAGE IN VOLTS
F1c. B-16. 6V6 beam tube.
Class A amplifier: Ey = 250 volts, E.. = 250 volts, E. = —12.5 volts, I, = 45 ma, I.; = 4.5 ma, r, = 52,000

ohms approx, gm = 4,100 umhos.

Interelectrode capacitances: C'; = 10upf, Co = 11 puf, C; = 0.3 puf.
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Arp. B]

PLATE CHARACTERISTICS
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D-C PLATE VOLTAGE IN VOLTS
Fic. B-17. 6X5 triode.



APPENDIX C

CHARACTERISTICS OF TRANSMITTING TUBES
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Fic. C-2. 851 triode.
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APPENDIX D

TABLE OF BESSEL FUNCTIONS OF THE FIRST KIND
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Gls

0O =3 o LD D

_
-

12

Jul) | Ja@ | JeB) | Ja@ | JaB) | Jal®) | Ju(D) | Ja(®) | Ja(®) | Ja(10) | Jx(11) | Jn(12) | Ju(13) | Ja(14) | Ju(15) | Ja(16) | Ju(17) | Ja(18) | Ju(19)
40.7652|--0.2230| —0.2601| —0.3971) 0. 1776|-+0. 1506] 40 .3001 |+-0. 1717 —0.0903 ~0.2459|—0. 1712]+0.0477|+0.2069|+0. 1711 ~0 .0142|—~0 . 1749|~0..1699| 0 .0134|-0. 1466
40,4400/ 4-0.5767|-+0.3391| —0.0660| —0.3276|—0. 2767 —0.0047(4-0.2346| 0. 2453|+-0.0435| —0. 1768| —0.2234| —0.0703|+0. 133¢|+-0.2051|+-0.0904| —0.0977| ~0. 1880} ~-0. 1057
10.1149]+-0.3528|-0. 4861|--0. 3641 +0.0466(—0. 2420] —0.3014| 0. 1230/ +0. 1448| +-0. 2546|-+0. 1390 —0.0849] —0.2177| —0. 1520| +0.0416|4-0. 1862|+-0. 1584| —~0.0075| ~0. 1578
40.0025|+-0.1289|+0.3091{+0. 4302] -+0. 3648| +0. 1148 ~0. 1676(—0.2011|~-0. 1809| +-0.0584{+0.2273|+0.1951/+0.0033{ —0..1768] —0..1940| —0.0439|+-0..1349| +0.1863|+-0.0725
40.0002|4-0.0340| 1-0. 1320]+0. 2811 |-+0..3912|-+0.3576{--0. 1578| —0. 1054| —0. 2655)—0. 2106| —0. 0150} +0. 1825|+0. 2193{+0.0762| —0. 1192 —0. 2026/ —0. 1107 +-0.0696| +-0. 1806

40.0070|--0.0430|-+0.1321|+0 . 2611 |-+0.3621|+0.3479] 0. 1858| —0. 0550 —0. 2341|—0. 2383 —0.0735| +0.1316/4-0. 2204| 0. 1305/ —0.0575| —0. 1870| —0.1554|+-0.0036
10,0012{4-0.0114{-0.0491|+0. 1311|+0. 2458|-+0.3392)-+ 0. 3376] 0. 2043 —0.0145| ~0.2016{—~0.2437| ~0 . 1180{-0 0812/ +-0 2061} +-0.1667|4-0.0007| 0. 1560| ~0.1788
0.0002]+-0.0025+0.0152|--0.0534| +0. 1296|-+0. 2336|+-0.3206| +0. 3275{-+0. 2167| +-0.0184| ~0. 1703 ~0.2406| ~0.1508/+0.0345| +0. 1825|+0. 1875/ +-0.0514) 0. 1165
+0.0005|+0.0040]+0..0184|+0.0565(-+0.1280{ 4-0.2235/+0.3051|+0.3179{+0.2250|-+0.0451 —0. 1410| 0. 2320/ —0.1740| ~0.0070|--0. 1537| +-0..1959(+-0.0029
40.0004!4-0.0055{+-0.0212{+0.0589] 0. 1263|+0.2149|+0. 2919 -+0.3089|-+0. 2304|-+0.0670| —0. 1143| —0. 2200 —0.. 1895 —0.0429}+-0.1228|-1-0.1947
+0.0002|+-0.0015|+0.0070]+-0.0235(+0.0608|-+0. 1247|-+0. 2075 0. 2804|+0. 3005 +0. 2338 -+0. 0850, —0.0001| —0 . 2062| —0. 1991 —0.0732|-1-0.0916
40.0004]+0.0020]+0 008340 0256/+-0.0622{-+0..1231|-+0.2010|--0.2704|-+0.2027|-0.2357(-+0.0099| —0. 0682 —0. 1914/ —0.2041| ~0.0984
40.0005]+-0.0027|+-0.0096|--0. 0274} 0. 0634|+0. 1216|--0. 1053 -+0. 2615|+0. 2855 +0. 2367 +0. 1124 —0.0486| —0.1762{ ~0. 2055
+0.0001/+0.0008|+0.0033|--0.0108|--0. 0290|+-0.0643(-+0. 1201{+0. 1901 (-+0. 2536{+0. 2787 +-0. 2368| +-0. 1228} ~0.0309) ~0. 1612
+0.0002|+0.0010|-+0.0039{+0.0120|+-0.0304|--0.0650{+-0. 1188|+0. 1855|--0. 2464{-1-0.2724|+0. 2364 +0.1316{—0.0151
+0.0003|+0.0013{4-0.0045(+-0.0130| +0.0316|+-0.0656 +-0. 1174|-+0. 1813}--0. 2399 0. 2666|--0. 2356 +0.1389
-+0.0004|-+0. 0016{+-0.0051 -+0. 0140| +-0.0327|-+0.0661{--0. 1162] +0. 1775|--0. 2340{+-0.2611{+-0. 2345
40.0001{+0.0005|+-0.0019{+0.0057|+-0.0149|-+0.0337{+-0.0665)+0. 1150 -+0.1739}-+-0 . 2286|4-0. 2559
0.0002{+0.0006-0.0021|--0. 0063 +0.0158|+0.0346|+-0.0669| +0. 1138/-+0. 1706)-+-0. 2235
--0.0002{+0.0008|+-0.0025{+0.0068/+-0. 0166|+-0. 0354/ +0.0671|+0. 1127(+0. 1676
+0.0003--0.0009| +-0.0028| +-0.0074|-+0.0173{+0.0362] +-0.0673(+0. 1116
40.0003]4-0.0010{-+0.0030]+-0.0079)+0.0180|-+0.0369|+0.0674
[ | 40.0002{-0.0004/+-0.0012|+0.0034|-+0.0084|+-0.0187|+-0.0375
| | 40.0001{4-0.0004{-+0.0013{+0.0036/-+-0.0089] 00193
\. 1 +0.0005/+0.0015|+-0.0039] +0.0094

J !

Jx(20)

+0.1670
+0.0668
—0.1603
—0.0989
+0.1307
+0.1512
—0.0550
—0.1842
—0.0739
+0.1251
40.1865
+0.0614
—0.1190
—0.2041
—0.1464
—0.0008
+0.1452
-+0.2331
~+0.2511
-0.2189
+0.1647
+0.1106
+0.0676
+0.0381
+0.0199




INDEX

A

A supply, 64
Abnormal glow discharge, 28
Ammeters, electronic, 480
electrometer tubes, 481
Amplification, voltage (see Amplifier,
voltage-gain)
Amplification factor, measurement of, 45
numerical values for several tubes,
4924,
tetrode, 23
triode, 17
Amplifier, audio-frequency, anode-fol-
lower, 108f.
comparison with cathode follower,
111
gain, 109
input admittance, 110
output impedance, 109
broad-band, anode-follower (see Ampli-
fier, anode-follower)
cathode-follower (see Amplifier, cath-
ode-follower)
compensated, high-frequency, 955.
low-frequency, 1014.
direct-coupled (see Amplifier, direct-
coupled)
cascode, 314
cathode-coupled, 113f.
cathode-follower, 102f.
comparison with anode follower, 111
double, 120
gain, 104
input admittance, 107
output impedance, 107
class A; beam power tubes in, 176
cascade, 68f.
voltage gain of, 70
definition of, 53
degenerative (see Feedback)
distortion in, 169
dynamic characteristic of, 42

513

Amplifier, class A, equivalent eircuit for,

437
(See also Equivalent cireuit, linear
class A)
grid-bias voltage in, 39
(See also Self-bias in amplifiers)
grid signal voltage in, 39
inductance-capacitance coupled (see
Inductance-capacitance ecoupled
amplifier)
input admittance of, 60f.
inverse-feedback (see Feedback)
ioad line for, 41
load resistance for maximum power
output from, 168
maximum power output from, 168,
173
output transformer in, 170
parallel operation in, 178
pentode in, 176
phase relations in, 42
plate dissipation, 174
plate efficiency of, 174
power output from, 168
push-pull (see Push-pull amplifier)
quiescent operating point for, 41
radio-frequency (see Tuned ampli-
fiers)
resistance-capacitance coupled (see
Resistance-capacitance coupled
amplifier)
self-biag in (see Self-bias in ampli-
fiers)
single-stage, 39f.
tetrode in, 214
transformer-coupled (see Trans-
former-coupled amplifiers)
tuned (see Tuned amplifiers)
voltage gain of (see Amplifier, volt-
age-gain)
class AB, definition, 53
push-pull (see Push-pull amplifier)
class B, definition, 53
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Amplifier, class B, push-pull (see Push-
pull amplifier)
tuned (see Tuned amplifiers, class
B power)
class C, definition, 53
tuned (see Tuned amplifiers, class

C power)

compensated (see Amplifier, broad-
band)

computing (see Electronic computer
circuits)

degeneration in (see Feedback)
difference (see Amplifier, cathode-
coupled; Amplifier, direct-coupled)
direct-coupled, 111f.
battery-coupled, 111
cathode-coupled, 113f.
resistance-coupled, 112
series balanced, 121
double-tuned (see Tuned amplifiers)
driver stage for (see Push-pull ampli-
fier)
dynamic characteristic of, construc-
tion from static, 42
equations of, 48
push-pull (see Push-pull amplifier,
class A, composite dynamic char-
acteristic of)
in feed-back oscillator, 258
feedback in (see Feedback)
frequency characteristics of, 74
frequency classification, 54
frequency distortion (see Frequency
distortion)
frequency response of (see Frequency
distortion)
extension of (see Amplifier, broad-
band)
gain (see Amplifier, voltage-gain)
graphical analysis of output, 41
grid-base voltage of, 40
(See also Self-bias)
grid signal voltage in, 40
grounded-grid, 122
harmonic distortion in (see Nonlinear
distortion)
interelectrode capacitances in, 58
intermediate-frequency (see Tuned am-
plifiers, class A)
internal impedance of, effect of feed-
back on, 86f.

Amplifier, inverse-feedback (see Feed-

back)
inverted, 122
limiters (see Limiter, ampiitude)
linear, class B (see Tuned amplifiers,
class B power)

conditions for, 43, 216

load line for, 41

maximal flatness in (see Tuned ampli-
fiers, class A, double-tuned)

modulated (see Modulator, amplitude,
amplifier as)

for modulated wave (see Tuned ampli-
fier, class B power)

narrow-band (see Tuned amplifiers)

oscillations in, 89

output impedance, anode follower, 109

cathode follower, 107
effect of feedback on, 88

output transformer in, 170

output wave form, 42

parallel or shunt-feed, 76

path of operation in, 41, 217, 223

phase characteristic of, 74

phase-inverter, 187

phase relations in, 42

plate-circuit efficiency (see Plate-cir-
cuit efficiency)

plate-current components, 42, 49

plate dissipation (see Plate dissipation)

plate-modulated (see Modulator, am-
plitude, amplifier as)

power, 167f.

(See also Push-pull amplifier; Tuned
amplifier, class B power; Tuned
amplifier, class C power)

power supply in, common, 64

push-pull (see Push-pull amplifier)

quiescent operating point for, 41

radio frequency (Tuned amplifiers)

regenerative (see Feedback)

resistance-capacitance coupled (see Re-
sistance-Capacitance coupled am-
plifier)

resistance coupled (see Amplifier, di-

" rect-coupled).

shunt feed in, 170

stagger-tuned (see Tuned amplifiers;
class A, stagger-tuned)

transformer-coupled (see Transformer-
coupled amplifiers)
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Amplifier, tuned (see Tuned amplifiers)
video (see Amplifier, broad-band)
voltage-gain, db gain, 56

effect of feedback on, 83

inductance-coupled, 76

interelectrode capacitances, effect of,
59

multistage amplifier, 70

resistance-capacitance coupling, 71

resistance coupling, 113

resistance load, 56

transformer coupling, 76

tuned, double-tuned, 200
single-tuned, direct coupling, 194

transformer coupling, 197

Amplitude distortion (see Nonlinear dis-

tortion)

Amplitude modulation (see Modulation,

amplitude)

Angstrom unit, 5

Anode fall, 28

Anode follower (see Amplifier, anode-fol-

lower)

Are, anode fall, 28
eathode fall, 27
cathode spot, 27
externally heated, 30
high-pressure, 31
initiation, grid control (see Thyratrons)

ignitor rod (see Ignitron rectifier)
mercury pool (see Mercury-arc recti-
fier)

Arc back in mercury rectifiers, 36

Argon, in high-pressure diodes, 31
in phototubes, 7
in thyratrons, 33

Automatic amplitude control, oscillators

with, 258
Automatic volume control, 355

B

B supply, 64
Backfire, 36
Balanced modulators (see Modulator,
amplitude, balanced)
Band width, tuned amplifiers, 194, 195,
197
reduction in cascade stages, 205, 206
untuned amplifiers, 74, 95
Barkhausen criterion for oscillators, 247
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Beam power tubes, 25
Beam resistance of tube, 133
Beat-frequency oscillator, 357
Beating (see Converter)
Bel, 55
Bessel functions, 367, 511
Bias, grid, 53
impedance, effect of, in amplifiers, 85
Bias control of thyratrons, 286
Bias phase control of thyratrons, 287
Bleeder resistance, 303
Blocking, oscillator (see Oscillators, relax-
ation, blocking)
in oscillators, 250

. Blocking capacitor, 69

Bombardment by positive ions, 7, 28
Breakdown, gas tubes, 27
mercury-arc tubes, 28
Breakdown potential, 27
Bridge measurements of triode coeffi~
cients, 45
Bridge rectifier, 279
By-pass capacitor, 64

C

C supply, 64
Capacitance, interelectrode, numerical
values for several tubes, 492f.
pentodes, 63
tetrodes, 62
triodes, 58
Capacitor filters (see Filter, rectifier,
capacitor)
Carrier suppression, 325
Carrier wave, disappearance of, in fre-
quency modulation, 369
suppression of, 325
Cathode, directly heated, 4
indirectly heated, 4
inward-radiating, 4
mercury as, 28
oxide-coated, disintegration, 31
emission, 3
work function, 3
photoelectrie, 4
power for heating, 64
thermionic (see Thermionic cathodes;
Thermionic emission)
thoriated-tungsten, 3
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Cathode, tungsten, 3
Cathode efficiency, 3
Cathode fall, arc, 28
glow discharge, 28
Cathode follower (see Amplifier, cathode-
follower)
Cathode modulation (see Modulation,
cathode)
Cathode-ray tube, electrostatic deflection
in, 442
magnetic deflection in, 460
sweep circuits for (see Sweep generators,
for cathode-ray tubes)
tracing speed of beam in, 442
Characteristic tube curves, FG-27 (thyra-
tron), 33
FG-33 (thyratron), 33
FG 98 (shield-grid thyratron), 34
PJ 22 (vacuum photocell), 5
PJ 23 (gas photocell), 6
RCA OA4G (cold-cathode triode), 30
2A3 (power triode), 492
504 (double diode), 491
6AC7 (television pentode), 493
6AGT (power pentode), 494
6C5 (voltage triode), 495
6F6 (power tube), 496, 497
6H6 (duo diode), 498
6J5 (voltage triode), 499
" 6L6 (beam power tetrode), 500
6SF5 (voltage triode), 501
6SJ7 (voltage pentode), 502
6SK7 (voltage supercontrol pentode),
503
6SL7 (voltage duo-triode), 505
6SN7 (voltage duo-triode), 504
6V6 (beam power tetrode), 506
6X5 (duo-diode), 507
800 (transmitting triode), 508
851 (transmitting triode), 509
866 (mercury diode), 36
884, 885 (thyratron), 33
889A (transmitting triode), 19, 20
Child’s law, 11
(See also Space-charge limited cur-
rent)
Choke input filters (see Filter, rectifier)
Clamping circuit, continuously acting,
133
switched, double-sided, 139
single-sided, 139

ELECTRON-TUBE CIRCUITS

Class A amplifiers (see Amplifier, class A)
Class B, C, amplifiers (see Push-pull
amplifier; Tuned amplifiers, class
B power; Tuned amplifiers, class C
power)
Class C modulated amplifier (see Modu-
lator, amplitude, amplifier as)
Clipping, circuit (see Limiter)
side-band, in modulators, 323
Cloud, electron (see Space charge)
Coefficient, coupling, 201
Coil, Q of, 194
Cold-cathode triodes, 30
Collisions, in arc tubes, 28
ionizing, 7
by positive ions, 7
Colpitts oscillator, 253
Compensated amplifiers (see Amplifiers,
broad-band)
Composite characteristics, push-pull, dy-
namic, 184
static, 181
Computer circuits (see Elcctronic com-
puter eircuits)
Condensed mercury temperature and
vapor pressure, 30
Conductance, mutual, 17
Conduction, gaseous, 27f.
(See also Are)
Constant-current characteristic, 20, 225
Constants, multielectrode tube, 23
triodes, 18
Controlled
281
filter for, 304
ignitron, 288
thyratrons, average current, 283
bias control, 286
bias phase control, 287
on-off control, 287
phase-shift control, 285
circuits, 286
circle diagram of, 286
voltage across tube, 284
Conversion, theory, general, 259
transconductance, 358
square-law, 358
Converter, pentagrid, 360
Counter circuits (see Trigger circuits)
Coupling, amplifier, impedance, 75
resistance, 68

rectifiers, applications of,
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Coupling, amplifier, resistance-capaci-
tance, 112
transformer, 76
coefficient, critical, 201
transitional, 203
networks, design of, 214
Critical grid control curves, 33
Critical inductance, filters, 302
Crystal oscillators (see Oscillators, crystal)
Current density, 11
Current feedback (see Feedback, current)
Current-source equivalent circuit, 47
Current-voltage locus, push-pull ampli-
fier, 181
resistance load, 41
Cutin, capacitor input filter, 297
inductance filter, 294
thyratron, 281
Cutout, capacitor input filters, 297
controlled rectifiers, 282
inductance filter, 294
L-section filters, 302
Cylinders, space charge limited current
(see Space-charge limited current)

D

D-¢  amplifier direct~-
coupled)

D-c restorer, 134
(See also Clamping circuit)

Decibel gain, 55

Decoupling filters in amplifiers, 65

Deflection in cathode-ray tubes (see
Sweep generators)

Degenerative feedback (see Feedback,
negative)

Deionization, 36

Delay, ave systems, 356

generation of time, 4247,
linear delay multivibrator, 425
linear-sweep delay, 432
Miller integrating methods, 427
phantastron, 431
sanatron, 430
(See also Gate circuits)
Delay distortion, 54
Demodulation, 343f.
definition of, 343

(See also Detection)

(see Amplifier,
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Demodulator, definition of, 343
(See also Demodulation; Detection;
Detector; Modulation)
Detection, for amplitude-modulated
waves, 343f.
conversion, 357
definition of, 343
diode (see Detection, linear)
for frequency-modulated waves, 387
linear, 345
a-¢ to d-c¢ impedance in, 353
distortion in, 351
effect of load on, 353
input impedance of, 350
rectification characteristic, 353
single-side-band, 357
square-law, 343
distortion in, 344
with triode, 343
suppressed-carrier, 357
Detector, diode, 345
first (see Converter)
linear, 345
square-law, 343
(See also Demodulation; Detection)
Deviation, frequency, in frequency modu-
lation, 366
Deviation ratio in frequency modulation,
366
Difference amplifier, 113ff, 146
cascode type, 121, 147
cathode-coupled, 113, 146
Differentiation, circuits, 128
amplifiers, 161
Diode, characteristics, operating, 12, 35
clipper, 123f.
cylindrical, 12
detector, 345
diseriminator, 387
high-pressure gas, 31
high-vacuum, as clamper, 133f.
hot-cathode gas, 30
phasemeter, 483
plane parallel, 9
ratings, 12
as rectifiers (see Rectifiers)
square-law modulation with, 323
static characteristics, 11
voltmeter, 476
Discharge, electrical, in gases (see Elec-
trical discharge in gases)
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Discriminator for frequency modulation,
, 387
Disintegration of cathodes, 31
Disintegration voltage, 31
Dissipation (see Plate dissipation)
Distortion, amplitude (see Nonlinear
distortion)
in class A amplifiers, 54, 169
causes of, 54
permissible maximum, 171
for push-pull operation, 185
delay, 54
feed-back effect on, 84
frequency (see Frequency distortion)
harmonic (see Nonlinear distortion)
in linear detectors, 354
in modulation, 337
nonlinear (see Nonlinear distortion)
phase, 54
in square-law detection, 345
Distributed capacitance, 79
Doubler, frequency, 243
voltage, 280
Driver stage (see Push-pull amplifier,
driver stages for)
Dushman’s equation, 2
Dynamic characteristics, class A, 48
construction of, 43
general power series representation, 48
nonlinear distortion, 48, 54
parabolic, 48
push-pull, 184
rectifier, 272
resistance load, 43
Dymnatron, 262
oscillator (see Oscillators, negative-
resistance)

E

Eceles-Jordan trigger circuit (see Trigger
circuits, Eccles-Jordan)
Efficiency, cathode, 3
plate-circuit (see Plate-circuit effi-
ciency)
rectification, 274
tuned circuit transfer, 216
Electric arc (see Arc)
Electrical discharge in gases, 27f.
arc (see Arc)
breakdown, 27

ELECTRON-TUBE CIRCUITS

Electrical discharge in gases, glow (see
Glow discharge)
Electrometer (see Ammeters, electronie)
tubes for, 481
Electron, secondary (see Secondary emis-
sion)
Electron-coupled oscillator (see Oscilla-
tors, electron-coupled)
Electron-current density, drift, 11
Electron emission, bombardment, 7
photoelectric (see Photoelectric emis-
sion)
secondary (see Secondary emission)
thermionic (see Thermionic emission)
Electron tubes (see Diode; Pentode;
Tetrode; Thyratrons; Triode)
classification of, 9ff.
Electronic computer circuits, 146,
adding, 148
difference, 146
difference of squares, 153
differentiating, 129, 161
dividing, 154
integrating, 129, 158
multiplying, 152
square root, 154.
squaring, 150
Electronic instruments, ammeter (see
Ammeters, electronic)
frequency (see Frequency meter)
phase (see Phasemeter)
power (see Wattmeter)
voltmeter (see Vacuum-tube voltmeter)
Electrostatic deflection in cathode-ray
tubes (see Cathode-ray tube)
Emission, electron (see Electron emission)
Equivalent eircuit, linear class A, 43f.
analytical derivation of, 43
applicability, 44
current source, 47
interelectrode capacitance, effect of,
58
pentode, 63
push-pull; 180
tetrode, 62
voltage source, 43
Excitation voltage, In amplifiers, a~c d-¢
components, 40
multistage, 70
push-pull, 178
thyratrons, 282
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F

Feedback, in amplifiers, 81f.
effect of, on distortion, 84
on output impedance, 88
gain, 83
negative, 81
positive, 81
circuits, 85f., 155
compound, 87
current, 85
and stability in amplifiers, 89
criterion for oscillation, 90
(See also Oscillators, feed-back)
voltage, 86
Feed-back factor, 82
Feed-back oscillators
feed-back)
Feed-back ratio, complex, 246
Field emission, 7
Filament (see Thermionic cathodes)
Filament voltage, 64
Filter, capacitor input, 296
cutin in, 297
cutout in, 297
effect on inverse peak voltage, 300
peak tube current with, 297
ripple, 300
choke input, 293
cutout in, 294
ripple, 295
controlled rectifier, 304
decoupling, in amplifiers, 65
L-section, 300
bleeder resistance, 303
critical inductance, 302
cutout, 302
ripple, 301
swinging choke, 303
multiple L-section, 304
pi-section, 305
Flash-back voltage, 36
Focusing electrodes in beam tubes, 26
Forward voltage rating, rectifiers, 36
Fourier series, amplifier output, push-
pull, 179
single tube, 49
rectifier output,
wave, 293
half-wave, 293

(see Oscillators,

single-phase, full-
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Frequencies, half-power, 72, 74, 195
mid-frequency range, 71
side band, in amplitude-modulated
wave, 322
in frequency-modulated wave, 366
video, 95
Frequency, angular, instantaneous, 364
carrier, 321
division, blocking oscillator, 412
multivibrator, 409
scaling circuits, 420
mid-band, 71
modulation (see Modulation,
quency)
threshold, 5
Frequency characteristic, 74, 80
with inverse feedback, 81

Frequency conversion, 358

Frequency converter tubes, 360

Frequency distortion, description, 54

inductance-capacitance coupled ampli-
fier, 76

resistance-capacitance coupled, 74

transformer-coupled, 80

tuned power, 213f.

tuned voltage, 192f.

video, 98

Frequency doubler, 243

Frequency measurement, with oscillo-
scope, 486

frequency meter (see Frequency meter,
electronic)

Frequency meter, electronic, 487
Frequency-modulated oscillator (see Os-
cillators, frequency-modulated)
Frequency modulation (see Modulation,

frequency)

Frequency modulation detection (see
Detection, for frequency-modulated
waves)

Frequency modulation receivers
Receiver, frequency modulation)

Frequency response, 74

extension of, in amplifiers, 95f.

Frequency stability of osecillators (see
Oscillators, stabilization)

Frequency translation (see Detection;
Modulation)

Full-wave rectification (see Rectifiers)

fre-

(see
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G

Gain, voltage (see Amplifier, voltage-
gain)
Gain-band width product, 206
Gas amplification, mechanism, 7
phototube, 6
Gas diodes, 30
Gas phototubes, 6
Gaseous conduction (see Electrical dis-
charge in gases)
Gate circuits, a-c coupled, 414
cathode-coupled, 416
d-¢ coupled, 415
pentode, 418 .
(See also Delay, generation of time)
Glow discharge, 27
Glow tubes, diodes, 29
triodes, 30
Graphical determination of Fourier com-
ponents, 49
Grid, control, definition of, 14
cold-cathode triode, 30
grid control curves, 16
in high-vacuum tubes, control of cur-
rent, 14
heating of, 15, 218
nonuniform, 25
screen, 18
suppressor, 24
in thyratron, 32
Grid-bias modulation (see Modulation,
grid-bias)
Grid-bias voltage, 64
self-bias, 64
Grid control curves, thyratron, 33
Grid current, causes, of, 15, 218
class B amplifier, 218
class C amplifier, 226
electrometer, effects in, 480
oscillators, 249
thyratrons, 34
Grid driving power, class C amplifiers,
230
Grid glow tube, 30
Grid leak and capacitor bias voltage, 249
build up of, 249
effect on oscillator stability of, 250
Grid-plate transconductance, 17
Grid voltage, bias, 64
(See also Self-bias)

ELECTRON-TUBE CIRCUITS

Grid voltage, cutoff, 53, 216
Grounded-grid amplifier (see Amplifier,
grounded-grid)

H

Harmonic distortion (see Nonlinear dis-
tortion)
Harmonic generation, in linear detector,
355
in modulation, 327
multivibrator, 395
in square-law detection, 345
Harmonics (see Fourier series; Nonlinear
distortion)
Hartley oscillator (see Oscillators, feed-
back)
Heat-shielded cathodes, 4
Heptode, 25
Hexode, 25
High field emission, 7
High-level modulation (see Modulation,
high-level)
High-pressure arcs, 31

I

Ignitor rod, 34
Ignitron rectifier, 35
Image force, 2
Impedance matching, 168
by transformer, 170
Impedance-stabilized oscillator (see Os-
cillators, stabilization of, impedance)
Inductance, for filters, 293
critical in L-section filters, 302
leakage, 79
primary of transformer, 77
swinging choke, 303
Inductance-capacitance coupled ampli-
fier, 75
Input admittance, pentode, 63
tetrode, 62
triodes, 60
Input capacitance of amplifiers, 70
effect on operation, 73
Input resistance of triodes, 61
negative, conditions for, 61
Input volts (see Excitation voltage)
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Instantaneous amplitude, 320
Instantaneous angular frequency, 320,
364
Instantaneous phase, 320, 364
Insulation stress in transformers, 274,
277, 280
Integrating amplifier, 158, 427
Integrating circuits, 128
Interelectrode capacitance, 58ff.
in the cathode follower, 103
effect of, on input admittance, 60
equivalent circuit including, 59
numerical values for several tubes,
492f.
pentode, 63
reduction of, by screen grid, 21
tetrode, 62
Intermediate frequency, 358
Inverse feedback (see Feedback, in
amplifiers, negative)
Inverse peak voltage rating, bridge cir-
cuit, 280
single-phase, full-wave circuit, 277
single-phase, half-wave circuit, 274
with capacitor input filter, 300
voltage doubler, 280
Inverted amplifier, 122
Inward radiating cathodes, 4
Jonization, description, 7
by electron bombardment, 7
in gas phototubes, 6
photoelectric, 7
in plasmas, 28
by positive ions, 7, 28
Ionization time, 36
Tons, 7
function in gaseous conduction, 27
in glow discharge cathode fall space, 28
in plasma, 28

K
Kinetic cnergy, electrons and electron

velocity, 11
Konal metal, 3

L

I-section filter, 300
Langmuir-Child’s law, 11
(See also Space-charge limited cur-
rent)
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Leakage reactance (see Reactance, trans-
former, leakage)
Limiter, amplitude, 123f.
diode, 123
in frequency modulation receivers, 286
grid, 126
plate, 127
Line-controlled pulse generator (see Pulse
generation, line-controlled)
Linear amplifier, class A, 48
class B, 216
Linear delay circuits (see Delay, gener-
ation of time)
Linear detector (see Detector, linear)
Lissajous pattern, for measurement of
frequency, 486
for measurement of phase, 482
Load line, nonlinear in push-pull ampli-
fier, 185
pentode amplifier circuit, 176
rectifier, single-phase, half-wave, 272
triode amplifier circuit, 41
Load resistance, choice in pentodes, 176
class A amplifier, 41
maximum power output, 168, 173
matching, 170
push-pull amplifier, 181
Local oscillators (see Converter; Mixer)
Low-level modulation (see Modulation,
low-level)

M

Magnetic deflection in cathode-ray tubes,
460
Master oscillator (see Oscillators, master)
Maximal flatness, 98
Maximum power output, class A ampli-
fier, 168, 172
push-pull connection, 186
from linear modulator, 330
undistorted, 172
Mercury, vapor pressure of, 30
Mercury-are rectifier, arc back, 36
arc drop, 27
cathode disintegration, 31
evaporation of mercury, 30
flash-back voltage, as function of tem-
perature, 36
ratings of, average current, 35
forward voltage, 35
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Mercury-arc rectifier, ratings of, inverse
voltage, 35
surge current, 36
vapor pressure in, 30
(See also Rectifiers; Thyratrons;
Controlled rectifiers)
Metals, image force, 2
secondary emission, 6
thermionic emission, 2
work funection, 3
Miller integrating circuit, 427
Millman network theorem, 489
Misch metal, 29
Mixer, 357
Mixing (see Conversion)
Modulated wave, components of, ampli-
tude-modulated, 322
frequency-modulated, 366
envelope of, 323
Modulation, amplitude, 320f.
definition of, 320
expression for, 320
frequency spectrum for, 322
linear, 327
modulation characteristic for, 327
side bands in, 322
sinor representation of, 322
square-law, 323
angular, 364
instantaneous frequency, 364
carrier suppression of, 325
cathode, 337
defined, 320
frequency, 363f.
characteristics of, 364
comparison with phase modulation,
372
definition of, 363
deviation ratio for, 366
expression for, 366
frequency deviation in, 366
narrow band, 381
spectrum of, 366
wide band, 373
frequency translation by, 320
grid-bias, 332
advantages of, 336
high-level, 327
index, 821
low-level, 325

ELECTRON-TUBE CIRCUITS

Modulation, percentage, 321
phase, 371f.

comparison with frequency modula-
tion, 372

definition of, 371

expression for, 372

plate, 327

advantages of, 332

process of, 320

side bands in, 322

single side band, 357

sinor representation of, 322

square-law, 323

suppressor grid, 337

transformer for, 331

types of, 321

van der Bijl, 323
Modulation characteristics, 328
Modulation faetor, 321
Modulation frequency, 321
Modulator, amplitude, 3204

amplifier as, 327

balanced, 325

van der Bijl, 323

frequency, 363f.

Armstrong method, 381

phasitron, 384

reactance tube, 373

phase, 371
single side band, 357
suppressed carrier, 326, 357
(See also Modulation)
Multielectrode tubes, 18fF.

(See also Beam power tubes; Pen-
tode; Tetrode; Thyratrons, shield-
grid)

Multiple L-section filters, 304
Multiplication in high-vacuum tubes, 152
frequency, 243
voltage, 280
Multiplier, circuits for frequency, 243
voltage, 280
Multistage amplifiers, 68f., 204
Multivibrators (see Oscillators, relaxa-
tion)
one-shot (see Gate circuits)
Mutual characteristics, 17
Mutual conductance, 17
measurement of, 46
numerical values of several tubes,
492f.
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N

Negative feedback (see Feedback, in
amplifiers, negative)
Negative input resistance of amplifiers,
61, 262
Negative plate resistance in tetrodes, 22,
263
Negative-resistance oscillator (see Oscilla-
tors, negative-resistance)
Negative-transconductance oscillator (see
Oscillators, transitron)
Network theorem, Millman, 489
Neutralization, electron space charge, 29
in amplifiers, 239
Nonlinear circuit element as modulator,
343
ag rectifier, 271f.
Nonlinear distortion, description, 48f.,
54
distortion factor, 50
effect of feedback on, 84
five-point schedule, 50
general dynamic curve, 48
grid current, cause of, 126
parabolic dynamic curve, 50
push-pull amplifiers, 185
Nonlinearity and oscillator stability, 246
Normal current density, 28
Normal glow discharge, 28

0

On-off control of thyratrons, 287
Operating point, 41
Oscillation, in amplifiers, 82
Barkhausen criterion for, 246
Nyquist criterion for, 90
Oscillators, 244f. ‘
amplitude stability of, 258
automatic amplitude control of, 258,
261
basic circuits, 253
class A, 258
classification of, 244
Colpitts, 253
crystal-controlled, 256
circuits for, 257, 269
equivalent circuit of, 257
stability of, 258
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Oscillators, dynatron, 262
electron-coupled, 254
feed-back, 244f.
self-excitation in, 244
Franklin, 267
frequency-modulated, 373f.
frequency stability of, 254
grid bias in, 249
Hartley, 253
intermittent operation of, 250
local (see Converter, Mixer)
master, 254
multivibrator, 396
negative-resistance, 262
negative-transconductance, 263
nonlinearity and stabilization, 247
phase-shift, 262
power, 251
relaxation, 395,
blocking, 404
synchronization of, 411
gas diode, 443
gas triode, 444
multivibrator, 296
biased plate coupled, 400
cathode-coupled, 402
pentodes in, 403
period of, 399
plate-coupled, 396
pentode, van der Pol, 406
synchronization of, sine wave, 409
pulse, 408
resistance-capacitance tuned, 259
resistance-stabilized, 255
self-starting of, 248
square-wave, 396
stabilization of, amplitude, 254
impedance, 255
resistance, 255
transitron, 264
tuned-grid, 253
tuned-grid-tuned-plate, 253
tuned-plate, 250
frequency of oscillation in, 252
self-excitation in, 251
sinor diagram for, 252
Wien bridge, 261
Oscilloscope as frequency meter, 486
as phase meter, 481
as voltmeter, 473
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Output impedance, 88
anode follower, 109
cathode follower, 107
effect of feedback on, 89
Output voltage of amplifier (see Ampli-
fier, voltage-gain)
Oxide-coated cathodes, 4
disintegration, 31
work function, 3

P

Parallel feed amplifiers, 170
Paraphase amplifiers, 187
Peak inverse voltage rating (see Inverse
peak voltage rating)
Peaking circuits, 128ff
Pentode, 24f.
in class A amplifier, 176
in class B a-f amplifier, 184
distortion in, 25
equivalent circuit for, 63
input admittance of, 63
interelectrode capacitances in, 63
load resistance for, 177
modulation with, 337
plate characteristies of, 24
power, 176
remote cutoff, 25
in tuned amplifier, 192
voltage gain with, 63
Phase characteristic, 74
Phase distortion, 54
Phase inverter, 187
Phase modulation (see Modulation,
phase)
Phase relations, amplifier, 42, 74
thyratron, 285
Phase-shift characteristics of tuned am-
plifier, 196
Phase-shift control, ignitron, 288
Phase-shift distortion (see Phase distor-
tion)
Phasemeter, electronic, 483
Photocells (see Phototubes)
Photoelectric emission, 4ff.
gas amplification, 6
Phototubes, vacuum, 5
gas-filled, 6
volt-ampere curve, 5
Pi-section filters, 305
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Piezoelectric crystals in oscillators, 256
Plasma, description of, 28
Plate characteristics, 492f.
(See also Characteristic tube curves)
Plate-circuit efficiency, amplifier, class A,
174
class B, tuned, 221
untuned
class C, tuned, 229
Plate current, average value of, 226
total differential of, 17
Plate dissipation, 174
in class C amplifier, 229
during modulation, 331, 335
permissible, 222
in tuned class B amplifier, 221
late efficiency, amplifier, class A, 174
series-fed, 175
shunt-fed, 176
tuned class B, 221
tuned class C, and operating angle,
233
Plate modulation (see Modulation, plate)
Plate resistance, diode, 273
measurement of, 46
negative, in tetrodes, 22, 263
numerical values of several tubes, 492ff.
push-pull amplifiers, 186
tetrode, 23
triodes, 17, 47
variable nature of, 18
Plate-plate resistance, 186
Polar diagram of feed-back amplifier, 89
Positive feedback, 81
Positive ion bombardment, 7, 28
Positive ion current, 7, 27
Positive ions (see ITons)
Potential, breakdown (sparking), 28
Potential distribution, 10, 27
glow discharge, 27
parallel-plane diode, space-charge flow,
10
in plasma, 27
Power, rectifier, output, 273
input, 274
maximum (see
output)
Power amplifiers (see Amplifier, power)
Power oscillator (see Oscillators, power)
Power sensitivity, 55
Power series, 48

Maximum power
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Power supply, voltage-regulated, 306,
glow-tube, 306
series vacuum-tube, 308
electronically regulated, 309
output resistance, 312
stabilization ratio, 311
PPI presentation, 470
Predistorter in frequeney modulation, 383
Preemphasis of high frequencies, 377
Pressure, mercury, as function of tem-
perature, 30
Pulse generation, 434f.
by differentiation (see Peaking circuits)
with gas tubes, 435
line-controlled, 436
Push-pull amplifier, class A, 178f.
cireuit, 178
composite dynamic characteristic of,
184
composite static-characteristic
curves, 181
distortion in, 185
equivalent circuit, 180
harmonics in, 185
plate-plate resistance, 180
power output, 185
class B, 186
driver stages for, 187
single-tube paraphase, 187
two-tube paraphase, 117, 187

Q

Q point, 41
Quadrupler, voltage, 281
Quiescent point, 41

R

Radio communication, amplitude modu-
lation, 320
frequency modulation, 386
modulation essential for, 320
single side band, 357
Radio frequency amplifiers (see Tuned
amplifiers)
Reactance, primary, effect on amplifier
operation, 77
transformer, leakage, effect on ampli-
fier operation, 79
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Reactance tube, 373
Receiver, automatic volume control in,
355
band width in
for amplitude-modulated waves, 212
for frequency-modulated waves, 386
frequency modulation, 386
discriminator, 387
limiter, 386
selectivity of, 192, 206
single side band, 357
superheterodyne, 362
tracking of, 359
volume control in, 355
Recombination, ions, 28
Rectification, definition of, 271
Rectification characteristics, 353
Rectifier filters (see Filter, rectifier)
Rectifier meter, 280
Rectifiers, circuits, bridge, 279
full-wave single-phase, 276
gas tubes, 277
half-wave, single-phase, 271
voltage-doubling, 280
voltage-quadrupling, 281
controlled types (see Controlled recti-
fiers)
Rectigon tube, 31
Reflected resistance, 170
Regeneration, in amplifiers (see Feed-
back, positive)
Regulation, voltage (see Power supply)
Regulators, electronic (see Power supply,
electronically regulated)
glow-tube, 306
Relaxation oscillator (see Oscillators, re-
laxation)
Remote-cutoff tubes, 25
Resistance, bleeder, 303
grid, for high-vacuum tubes, 39
input, of tubes, 61
load (see Load resistance)
negative (see Dynatron)
plate (see Plate resistance)
multielectrode tubes, 21
numerical values for several tubes,
492ff.
triode, 18
plate-plate (see Push-pull amplifier;
Plate-plate resistance)
reflected, 170
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Resistance-capacitance coupled amplifier,
68fF.
applicability of, 68
feedback in, 88
frequency characteristic, 74
gain of, high-frequency, 73
low-frequency, 71
mid-frequency, 71
half-power frequency, 72,173
extending (see Amplifier,
band, compensated)
universal amplification curve, 74
Resistance-capacitance tuned oscillator
(see Oscillators, resistance-capaci-
tance tuned)
Resistance-coupled amplifiers, 112
(See also Amplifier, direct-coupled, re-
sistance-coupled)
Resistance-stabilized oscillator (see Os-
cillators, stabilization of, resistance)
Resonance, parallel, 194
transformer-coupled circuit, 196
universal resonance curve, 196
Ripple factor, capacitor filter, 300
definition, 275
with electronic regulators, 315
full-wave circuit, 277
half-wave ecircuit, gas tube, 279
vacuum tube, 276
inductance filter, full-wave, 295
half-wave, 294
L-section filter, 301
multiple L-section filter, 305
pi-section filter, 305

broad-

8

Saturation, in phototubes, 4
in screen-grid tubes, 21
space charge limited current, 11
temperature limited current, 2
tungsten filament, 3

Saw-tooth generators (see Sweep gener-

ators)

Scaler circuits, with trigger circuits, 422
ring counter circuits, 423

Schedule method in Fourier analysis, 49

Screen grid in tubes, 18

Screen-grid tubes (see Tetrode)

Screen supply voltage, 65

ELECTRON-TUBE CIRCUITS

Second harmonie, in rectifiers (see Ripple
factor)
in tubes (see Nonlinear distortion)
Secondary emission, 6
by ion bombardment, 6
suppression, in beam tubes, 27
in pentodes, 24
in tetrodes, 22
Self-bias in amplifiers, 64
feedback through, 64
in push-pull amplifiers, 179
Semigraphical analysis, class B and class
C amplifiers, 223
Series, Fourier (see Fourier series)
power (see Power series)
Taylor (see Taylor series)
Shield-grid thyratrons, 34
Shunt-feed amplifiers, 76
Shunt peaking in amplifiers (see Ampli-
fier, broad-band, compensated)
Side bands, amplitude modulation, 322
separation of, from carrier, 357
frequency modulation, 366
Side frequencies, detection of (see Detec-
tion)
for frequency modulation, 366
receivers for (see Receiver)
separation of carrier from, 325
Signal voltage (see Excitation voltage)
Sources of electrons, 1
(See also Electron emission)
Space charge, cloud, 9
in glow discharge, 28
limitation of current by (see Space-
charge limited current)
in plasma, 28
positive ions neutralize, 29
Space-charge flow (see Space-charge
limited current)
Space-charge limited current, factors in-
fluencing, 11
parallel planes, current between, 9ff.
three-halves-power dependence, 11
Sparking potential, 27
Square-law modulation (see Modulation,
square-law)
Stability of oscillators, amplitude, 254
frequency, 379
reactance-tube, 379
Stabilization of amplifiers by feedback, 88
Stage, driver, 187
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Stagger-tuned amplifier (see Tuned am-
plifiers, stagger-tuned)
Starter probe, 34
Static characteristics (see Plate char-
acteristics)
Supercontrol tubes, 25
Superheterodyne (see Receiver, super-
heterodyne)
Suppression of carrier wave, 325
Suppressor grid modulation, 337
Surge current rating, 12
Sweep generators, for cathode-ray tubes,
capacitive, 443
characteristics of, 442
electrostatic deflection, 442f.
free-running, synchronization of,
445
thyratrons in, 444
vacuum tubes in, 446
linearizing methods, auxiliary time
constant, 450
constant-current generator, 448
feedback, 451
high-voltage charging, 448
inverse curvature, 450
push-pull, 452f.
(Se¢ also Push-pull amplifier,
driver stages for)
triggered, 447
circular, 468
electromagnetic deflection, 460f.
characteristics of, 460
effects of distributed capacitance in,
465
linearizing methods, exponential,
460
feedback, 466
oscillatory, 461
trapezoidal, 462
rotating radial (PPI), 470
Swinging chokes for filters, 303
Synchronization of blocking oscillators,
411
multivibrators, 408

T

Tank circuits for tuned power amplifier,
214

Taylor series, for triode, 151
(See also Power series)

Temperature, anodes in diodes, 36, 174
arc cathodes, 31
glass envelope of tubes, 13
mercury pressure, 30
rating of diodes, 12, 35
thermionic cathodes, 3

Temperature limited current, 11
Tetrode, 18

(See also Beam power tubes)
coeflicients of, 23
disadvantages of, 24
equivalent circuit for, 62
gas (see Thyratrons, shield-grid)
input admittance, 62
interelectrode capacitances in, 62
modulation with, 337
mutual conductance of, 23
negative resistance in, 22
plate characteristic of, 22
screen-grid, 22
secondary emission, 22
Thermionic cathodes, carbonization, 3
directly heated, 4
efficiency, 3
heat-shielded, 4
indirectly heated, 4
oxide-coated, 3
(See also Oxide-coated cathodes)
temperature of, 3
thoriated-tungsten, 3
Thermionic emission, 2ff.
constants of (4, by, Ew), 2
Dushman equation of, 2
efficiency of, 3
power for heating cathodes, 64
saturation, 2
work function, 3
(See also Work function)
Third harmonic (see Nonlinear distor-
tion)
Thoriated-tungsten cathodes, 3
Three-halves-power law (see Space-charge
limited current)
Threshold frequency, 5
Threshold wave length, 5
Thyratrons, 32f.
argon-filled, 33
cathode for, 4
(See also Oxide~-coated cathodes)
cathode-ray oscilloscope sweep cireuit,
use in, 444
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Thyratrons, control of average current,
282
critical grid control curves, 32
cutin, 281
deionization time, 36
filters for use with, 304
grid glow tube, 30
ignitron controlled by, 289
ionization time of, 36
mercury vapor pressure in, 30
positive control tubes, 33
pulse generators, use in, 435
line-controlled, 438
shield-grid, 34
tube drop, 282
Time, deionization, 36
Time delay, generation of (see Delay,
generation of time)
in amplifiers, 54
Transconductance, grid-plate (see Mutual
conductance)
Transfer characteristic (see Mutual char-
acteristics)
Transformer, interstage, 76
capacitances in, 77
output, push-pull, 180
r-f air core, 192
Transformer-coupled amplifiers, 76f.
gain, high-frequency, 79
low-frequency, 78
mid-~frequency, 77
impedance matching, 170
push-pull amplifier, 178
tuned, in amplifiers (see Tuned ampli-
fiers, class A, single-tuned, trans-
former coupled)
Transformer insulation stress, full-wave
rectifier, 277
half-wave rectifier, 274
Transformers as impedance matching de-
vices, 170
Translation, frequency, by modulation
(see Modulation, frequency trans-
lation by)
Transmission line, pulse generators, 436
Transmitters, amplitude-modulated, 340
frequency-modulated, 373, 381
using phase-shift modulators, 381
using reactance-tube modulators,
373
stabilization of, 379

ELECTRON-TUBE CIRCUITS

Trapezium distortion in cathode-ray
tubes, 453
Trigger circuits, 419f.
Eccles-Jordan, 419
pentode, 422
scale-of-two, 420
pentodes in, 421
Triode, gas (see Thyratrons)
vacuum, 14j.
amplification factor
cation factor)
characteristic curves (see Character-
istic tube curves)
coeflicients of, 18
grid current in, 15
(See also Grid current)
grid heating in, 231
input admittance of, 60
interelectrode capacitances in, 58
mutual characteristics, 16
mutual conductance (see Mutual
conductance)
plate characteristics, 16
plate resistance of, 17
space charge in, 15
square-law detection with, 343
square-law modulation with, 323
Taylor series for, 17
Tube constants, multielectrode tubes, 23
relation among, 24
triodes, 18
Tube drop, in arcs, 28
in glow tubes, 28
Tubes (see Characteristic tube curves)
Tuned amplifiers, class A, 192ff.
coupling in, 192
distortion in, 192
double-tuned, 1994,
band width, 204
cascade, 205
band-width reduction, 206
gain, 200
gain—band-width produect, 206
maximal flatness in, 201
transitional coupling in, 203
single-tuned, 192f.
cascade, 204
band-width reduction factor,
205
direct-coupled, 193
band width, 195

(see Amplifi-
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Tuned amplifiers, class A, single-tuned,
direct-coupled, gain, 194
gain-band-width product, 206

transformer-coupled, 196
band width, 198
gain, 197
optimum coupling in, 197
stagger-tuned, 207f.
comparison with double-tuned,
208
class B power, 216f.
analysis tabulation for, 229
analytical treatment of, 219
applications of, 213
optimum conditions in, 222
phase relations in, 218
semigraphical analysis for, 229
class C power, 223f.
analysis tabulation for, 229
approximate analytical solution, 234
cathode-modulated, 337
conditions in, for high efficiency, 233
design considerations for, 231
grid-bias modulated, 332
grid current in, 226
grid driving power in, 230
plate current in, 226
plate dissipation in, 230
plate efficiency of, 229
plate modulation of, 327
Q of load for, 213
semigraphical analysis for, 223
neutralization, grid, 239
plate, 239

Tuned cireuits, class B and class C ampli-

fiers, 213
half-power frequencies in, 196
in oscillators, 248
single-tuned, direct-coupled, 193
single-tuned, transformer-coupled, 196
double-tuned, 199

Tuned-grid oscillator (see Oscillators,
tuned-grid)

Tuned-grid—tuned-plate oscillator (see
Oscillators, tuned-grid—tuned plate)

Tuned-plate oscillator (see Oscillators,
tuned-plate)

Tuned power amplifier (see Tuned ampli-
fiers, class B power; Tuned amplifier,
class C power)

Tungar tubes, 31
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Tungsten, filaments, 3
work function, 3

U
Universal resonance curve, 196
v

Vacuum-tube voltmeter, 4737,
average, 476
d-c, 479
logarithmie, 479
peak, diode, 476
grid leak, 477
negative feedback, 478
slide back, 478
rms, 474
Van der Bijl modulation, 323
Variable-mu tube, 25
Video amplifier (see Amplifier, broad-
band, compensated)
Volt-ampere characteristics (see Char-
acteristic tube curves)
Voltage, disintegration, 31
Voltage comparator, 430, 434
Voltage-doubling rectifier, 280
Voltage gain, cascade amplifier, 70
decibels of, 56
with feedback, 83
(See also Amplifier, voltage-gain)
Voltage-quadrupling rectifier, 281
Voltage-regulated power supplies (see
Power supply, voltage-regulated)
Voltage-source equivalent eircuit, 43
Voltmeter, vacuum-tube (see Vacuum-
tube voltmeter)

W

Wattmeter, electronic, 488
Wave length, threshold, 5
Wide-band amplifiers (see Amplifier,
broad-band; Tuned amplifiers)
Work function, 2
definition, 2
Dushman equation involving, 2
oxide-coated cathodes, 3
photoelectrie emission, 5
table of values, 3
thoriated tungsten, 8
tungsten, 3








