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SUMMARY

N this paper*** the analysis of the
multivibrator is developed on the
basis of simple capacitor-resistor
‘time constants., An equation relat-
ing the natural frequency of the
multivibrator to the characteristics
of ‘the tubes and circuit components
is derived and discussed. The wave-
form of the synchronizing - voltage
is considered, as well as the con-
ditions that determine the phase in
which this voltage must be supplied
to each tube. Equations are given
which relate the variations permis-

. sible in the time constants of the
circuit to the order of division of the

stage. Three conditions which must
be satisfied in the design of a syn-
chronized multivibrator to allow for
the above variations are stated and
illustrated.” A method of designing
the multivibrator so as to fulfill these

requirements is developed, together’

with a practical method for adjust-
ing the amplitude of the synchroniz-

ing voltage to the calculated optimum .

value. The application of either posi-
tive or -negative pulses to only one
" tube and to both tubes is discussed.
Percentage variations in the frequency
of the synchronizing pulses-over which
a given order of division can be main-

* Radio Corporation of America, RCA Labora-
tories Division, New York City. 5
- 4 This paper covers the material included in a

_lecture delivered before the Radio Club of America on
November 9, 1944 in Havemeyer 'Hall, Columbia
Univerlslity. zl\)la}ge part oIf“ tlﬁe maﬁena}i wlejs pug)h;g“
originally in the January, February an arch,
issue of “ELECTRONICS”. The author and The
Radio Club of America appreciate the ready approval
granted by the Editors of “ELECTRONICS” for th
lecture and this reprint, .

-k List of symbols is at end of paper.

FIG. 1.0—This Abraham and Bloch multivibrator circuit conslists
of two resistance-capacitance coupled amplifier stages. ' The out-
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tained are presented. Equations and
curves are included which facilitate the
design of both synchronized and un-
synchronized multivibrators. -

General Multivibrator Considerafions

To familiarize the reader with the
author’s concept.of the operation of
the multivibrator, a preliminary ex-
planation is given. The multivibrator
circuit described by Abraham and
Bloch consists of two resistance-ca-
pacitance coupled amplifier stages
with the output of each stage con-
nected to the input of the othér. This
is illustrated in Fig. 1.0.

~If V,-is thought of as a switch
which closes a circuit and applies a
negative step of voltage to terminal 2,
it is a simple matter to write the equa-
tion that deseribes the voltage across
R;. When the switch closes, the
voltage across 13‘" will decréase in-
stantaneously from zero to the value
of the negative step and will there-
after increase exponentially toward
zero. Finally this voltage will become
less negative than that required to
prevent the flow. of current in V..

Due to the regenerative action of

‘the ‘circuit, an infinitesimal current

through V, will be rapidly amplified
and will result, according to the
above logic, in closing switch V,,
thereby applying a negative step of
voltage to terminal 8. When this

switch closes, it simultaneously opens.

switch V,, i.e., the plate current of V,
is stopped. Now the previous cycle of
operations is repeated with the func-
tions of the two sections of -the cir-

cuit interchanged. The sum of the

nonconducting times of V, and V.
is one period of the multivibrator
frequency. o .

It is apparent that the natural fre-
quency of the MV (multivibrator) is
determined by the characteristics of
the tubes, the values of the -circuit
time constants and the magnitude of
the change of voltage applied to these
time constant circuits when the tubes
change from the nonconducting to
the conducting state. -

The Unsynchronized Multivibrator

During one portion of the MV
cycle, section 1 generates a step func-
tion of voltage which is applied to
the time constant circuit of section 2.
The duration of this portion of the.
cycle depends only upon the mag-
nitude of the voltage step, the value
of the time constant C,.R. and the

. critical grid voltage of V.. In prac-

tice, the internal resistance of the
generator is not zero. Consequently,
the resistive component of the above
time constant is larger than R..

It should be noted that section 1
would continue to supply the step of
voltage indefinitely, but that this por-
tion of the cycle is terminated when
the grid voltage of V. reaches the
critical (cut-off) value — E,,.. For
the other portion of the cycle, section
2 becomes a generator of a voltage
step which is applied to V' ,

Thus, it is seen that both tubes are
in a static condition except for the
extremely -short ‘time during which
they are in the process of interchang-

put of each stage is connected to the input of the other stage. -
FIG. 1.1—(below at right)—Basic two-triode multivibrator circuit




FIG." IZ—qu.uvcleht discharge circuit of C,; in the multivibrator of Fig. 1.1.
at t = 0. Time is meusured from the instant V becomes conducting. FIG. 1.3 (above at right)—Simplification of Fig.

ing their conduction states. The pres-
ent paper assumes that the time in-
volved in these changeovers is negli-
gible in comparison with the MV

period. For this reason, static values

of plate resistance and amplification

factor are used in developing equa-

- tions for the period of the MYV.
Referring. to the MV circuit of
Fig 1.1 the equivalent discharge (de-
creasing potential difference across
the capacitor terminals) circuit of
Chn is as indicated in Fig. 1.2'. By the
use of Thevenin’s theorem, Fig. 1.2!
can be simplified to Fig. 1.3a. For the
solution of the transient voltage
across R, Fig. 1.3b is equivalent to
Fig. 1.3a. The difference between
these figures is that in Fig. 1.3b the
‘net active voltage has been indicated
as the only voltage in the circuit. This
net voltage is readily obtained from

"1Rpa of Fig. 1.2 is defined as the ratio of

plate voltage to plate current at zero grid-

voltage. A resistance somewhat smaller than
this would be more accurate as an average
value, due to the fact that for a portion of
the cycle the grid voltage is positive rather
than zero.

It will be noted that Es of Fig. 1.2 is as-
sumed to be Ewp at time equal to zero.. This
assumption can be validated by proper -selec-
tion of the resistance associated with Cm
during its charging time. This charge time
constant is considered later.

FIG. 1.4—Plot of Eq. (1.2).

Starting from the value —k,E,;, the
grid voltage of V, increases exponentially toward zero

of Thevenms Theorem

Fig. 1.3a by taking the difference be-

‘tween the voltage across the capaci-

tor and the voltage applied to the
circuit

It is apparent from Fig. 1.1 also
that the magnitude of the active volt-
age is equal to the drop across R,
since it is by this amount that the
charging voltage for C. has been re-
duced. The same current will flow in

"the circuit of Fig. 1.8b as i the cir-

cuit of Fig. 1.3a. The actual voltage

across the capacitor and the voltage

applied to the circuit are as indicated
in Fig. 1.33‘,.
From Fig. 1.3b

I Ry
Ba = "[E"”RW+RLJ ]e"p
[— Cu Rl] ‘(1'1)
= — Ik Ewexp[— a1 l] 1.2)
- 1 - 1 N
Where k, = R 1 ( ReRi )
1t el T Ra Ru+Ru)
(1.3
and &y = _.1._.. 1 4)
o Cu Ry N
! _ R Ria
and By = [R'dl + Ry + Rm]

Equation (1.2) is plotted in general

V, is conducting, and V, is. nonconducting.

—E.,; is equal to —0.1%.E,,.

FIG. 1.5—Plot of Eq. (1.5a).

vibrator can be designed to operate at a given natural frequency

Ey=Ey,
1.2 by the use

terms in Fig. 1.4. From this curve it
is noted that when V; first becomes
nonconducting (¢t = 0) its grid volt-
age is equal to —k.E.,. As time in-
ci‘eases, this grid voltage increases
exponentially toward zero. When E,,
reaches the cut-off value —FE.,, the
tube will become conducting. Suppose
Then
from Fig. 1.4 the tube will become
conductlng when a,t is equal to 2.3..
Eq. (1.2) can be written

Ea
—k Ew

=exp[ — al]. (1.2)

Substituting the specific values —Em
for E, and T, for ¢, (1.2) becomes

Bew _ -1 _ )
T Bm =T expl — a1 Th ] (1.5).
Ty = - log; [E'l—-] = log, [kz Heat] =
2. Mool i

2.30 Togio [k2 pea). (1.5a)

(A modification of this equation for
use with pentodes is given later in
this paper.) Usually p.. is # to 3 of
the rated amplification factor of the
tube and equals E,/E.. T, is di--
rectly proportional to C.R, and to:
the logarithm of X.p.... Therefore, a
2 to 1 change in the value of C.R.

By means of this curve, the multi-




Epp=480v;

3

50,000 chmsg Ry
tol meg.

FIG. 1.6—Measured average d-c plate resistance (R,) of type 6SN7-GT at zero bias as a
iunction of the plate load resistor. R, is practically independent of R; for values of
R, in the range »f 50,000 ohms to 1 megohm. R, = E,/I,

will produce a 2 to 1 change in 7. A
2 to 1 increase or decrease in Kuien

will add or subtract log, 2 = 0.693 to

the value of the logarithm term. The
percentage change that this repre-
sents depends upon the original value
of katteor. If Koppor = € = 2.718, the log
“term of Eq. (1.5a) becomes unity. If,in
“addition, 38 >> RuR.,/ (R, + Ruy),
the equation reduces to the fre-
.quently mentioned “order of magni-

tude” form, i.e., Ty = CuiRar + CrRas.

Figure 1.5 is a plot of Eq. (1.5a).

For a given k, and p.o, this curve

gives the value of o,T, at which the
tube will become conducting. Know-

ing a,T,, the value of a, required to.
keep .V, nonconducting for a time:

T, can be calculated.
- The portion T, of the MV period is
calculated by using Eq.(1.6).

Ty =L tog. b pea) (1.6)
a2

The period of the MV is then Tus
where Tyy =T, + T, 1.7
Note that as long as p., = E./E..
remains constant, the period of the
MYV is independent of the plate sup-
“ply voltage.

The quantity k is a funection of the
d-c plate resistance and associatec
load resistor of one tube and the re-

sistor in the grid circuit of the other
. Ru Ruy s
tube. If R >> y then k. is very

nearly equal to 1/[1 + (R»./R,,,)]

Since R, is a function of -the plate
current. through the tube, it will de-
pend upon the values of R, and E,,."

Measurements

The measured values given in Fig.
1.6 for type 6SN7-GT twin triode are
somewhat lower than those obtained

- from static characteristics given in

tube data books. While making these
plate resistance measurements, R,
was varied from 50,000 ohms to 1
megohm with essentially no change
in plate resistance. For lower values

‘of R, the plate resistance is less than

that given in Fig 1.6. The decrease

~in R, for R; equal to zero is as much

as 10 to 40 percent of the values on

- Fig. 1.6 the greater percentage de-

creases taking place at the higher
values of R,.

From the information on Fig. 1.6,
the value of k as a function of R, can

FIG. 1.8—Measured average values of the

‘ratio E,,/E,, required to provide various

values of plate current as a function of

plate voltage for the type 6SN7-GT tube.

.Note that £, is considerably less than the
rated dynamic mu which is 20

ly= 500 miicroamperes.
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FIG. 1.7—If the second bracket in the expression for k, is assumed

1.6, average values of

k, can be plotted as a function of R;,. This curve is for type
6SN7-GT in the E,, range of 150 to 250 volis

equal to 1; then, by reading from Fig.

FIG. 1.9 (at right)—For a given tube type, «.T, can be plotted as

Ty=timeé during which
V, is nonconducting

Tube=6SN7-GT

.a function of R,,. This type of curve simplifies multivibrator design
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FIG. 1.10—A melhod‘o! plotting the information necessary to
- compute the value of -k as a function of R, in cases where the
vaiue of the second bracket in the expression for k cannot be con-
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FIG. 1.11—Same as Fig. 1.8, but applic- -

able  to type 6SL7-GT tubes. The curve

designated 4, is useful in multivibrator
design

be obtained. Figure 1.7 is such a plot
for the type 6SN7-GT tube. Because
k vs. R, varies most rapidly for val-
~ues of R, less than. about 20,000
ohms, the natural frequency of the
MV will change more for a given per-
centage variation of R, in this range
than it will with higher values of R;.

Figure 1.9 is a plot of a,T", vs. R;,(or
@.T. vs. R.;) for type 6SN7-GT. This
eurve is for average values of K.pcn
for various tubes and E,, values in
the range of 150 to 250 volts.

The ratio E:/E.. for several values
of plate current is plotted against E,,
for the type 6SN7-GT tube in Fig.
1.8. Variations of this ratio for dif-
ferent tubes, particularly between
different brands, were as great as
20 percent for each current value
plotted on this figure. The average
for several brands of tubes is shown.
The cuyve for 0.05 microampere of
current has been designated ..

—1_
ka=11

Tube=6SL7-6T
Calculate k, after choos-

' » value. of p.. Also if Rs >>

1
Rb " 1+ (Ro2Ri2
+ + 1
RizJl Rai (sz+RL2)

Ty=Time during which
Vi is_nonconducting
Tube=6SL7-GT

ing a value for Ryj.

For a given tube and plate supply
voltage there is a corresponding
Ra + Riz

a given R, will provide a definite
value of k.. Therefore, when a tube
and plate load resistor are selected,
the value of k... is fixed. This is
sufficient information to solve for
«, T, by Eq. (1.5a) or Fig. 1.5.
Figures 1.10, 1.11 and 1.12 are
curves for the type 6SL7-GT tube,
similar to Figs. 1.7, 1.8 and 1 9 for
the type 6SN7-GT.
The only assumption that has been
- made in the development of Eqgs. (1.1)
throtgh (1.6) is that C, charges to
E\, during the time T, (the discharge
time of C.) and that C, charges to
E., during T, Figure 1.18 is the

FIG. 1.13—Equivalent charge circuit of
C,, in the multivibrator of Fig. 1.1. V, is
nonconducting, and V, is conducting

equivalent charge circuit for C., The
time constant of this circuit is

Cu (Rm + Ba + R,!) (1.8)
A steady-state analysis shows that

: Ry Ra Ty
if Cn (Ru + m) RF (1.9)

and if

sidered\equul to unity. )
6SL7-GT in the E,, range of 150 to 250 volts. FIG. 1.12 (above at
right)—Similar to Fig. 1.9, but applicablg to type 6SL7-GT tubes

Measured cvefaqe values for type

 Ca (RL,_+RR‘;RI;,’ )2 o (19)

then the voltage across the capacitors
will be equal to or greater than 0.993
E,, at the ends of the charging inter-
vals. If the 5 in (1.9) is decreased
to 2.5, the capacitor voltage will be
equal to or greater than 0.91FE,,.

As long as (1.9) is setisfied,

Eqgs. (1.1) through (1.6) are accurate

for frequencies at which the shunt
capacities of ‘the circuit can be
neglected. The upper frequency limit
is influenced by the same factors that
determine the high-frequency re-
sponse of an amplifier stage. (The
effects of shunt capacities are dis-
cussed later in this paper.)

Note ‘that in (1.9) R,  is
shunted by the relatively small R,.
A reasonable average value for R, in
(1.9) is 1500 ohms. Therefore R,
can be increased and C, decreased

to maintain the necessary product -

C.R, of Eq. (1.5a) and at the same
time satisfy (1.9). See Appendix I
for a discussion of the relative im-
portance of fully satisfying (1.9).
Example |

A symmetrical MV is to operate at
a natural frequency of 1000 cps®. The
tube is a type 6SN7-GT. E,, is 180
volts. Design ‘the MV:

Solution: ;

(a) Since the MV is symmetrical,
T, =T, = Tuv/2, i.e., each tube con-
tributes half the total period.

(b) Choose R;, = R, = 20,000
ohms.
2By a symmetrical MV is meant one mi

which all the components of one section are
identieal to the corresponding components of
the other section




(e¢) To satisfy (1.9)

. . Ty
Chimaz =
Rdl Rnl
5 [Rz.z + B F R qu]

2X103X5[20><103+15><103]
00465 uf

(d) From Fig. 1.9 read cxlT1 = a7,
= 2. 16 :

ol = i =216
Cn [Rdl _'_,__*____sz Rl-" :I
) _ Rw + Ris
(e) If C,, is chosen as 0.0005 uf,
Ru Ri1» T
Ba + Rw + Ri1a - 2.1(310u

T2X10°X 216 X 5 X 10

= 4.63 X 10° ohms.

‘(f) The value of R for R, =
20,000 ohms is read from Fig. 1.6 as
8.4%10° ohms. Therefore,

Ra = 463 X 10* — 6 X 103 = 457,000 ohms.

"~ Figure1.14 is a schematic diagram
of the MV. If it is desired to adjust
the frequency accurately to 1000 cps,
a 250,000 ohm resistor in series with
a 500,000 .ohm rheostat can be used
for R, and Rs. This will permit ad-
justing the MYV for symmetrical
wave shape and correct frequency
for different tubes. :

FIG. 1.14—Muliivibrator designed in Ex-
ample I

- A MV was built using resistors
- and capacitors having values within
1 percent of those shown on Fig.
1.14." The natural frequency of the
circuit for nine different tubes—
three each of two different standard
brands and one inferior brand—and
three values of plate supply voltage
is tabulated in Table I. The design,
which was, based upon 1000 cps at
E,, = 180 volts, is in error by a max-
Jimum of 5.8 percent for the first
seven tubes. The maximum error
between tubes (No. 1 and No. 6) is
6 percent. While the center fre-
quency obtained with ,tubes No. 8
and No. 9 differs appreciably from

theb average. of the first seven tubes,

the percentage change in frequency

with change in E,, is about the same

- for all tubes.

If the total vnange of MV period
as E,, is decreased (from 180 volts)
to ‘150 volts and increased to 210
volts is attributed to variation of
e (reference to Fig. 1.6 shows this
to be reasonable; since, for R, =
20,000 ohms, R, does not change suf-

~ ficiently to affect k), the result of

reading Figs. 1.7 and 1.8 and sub-
stituting into Eq. (1.52) of Appendix

Solution: .
0.004

(a) T, = 1/50 X 2/10 =.
sec. o

() T, = 1/50 x 8/10 = 0.016
sec.

(e) Let R: = R;, = 50,000 chms.
Then from the I, vs. E, family of
curves, R, = 25,000 ohms.
(d) If Ry >> R——R”f;; ,
/71 + (sz/Rm)] = 0.67.
(e) kspoon = 0.67 X 200/10 = 13.4.
(f) Reading from Fig. 1.5, for
Eoprosn = 18.4, o, T, = 2.60.
SinQe kll’wos = kz,U-coiy T = Ty =

hell k. =

Measured natural . frequency for various.

tubes and plate supply voltages uséd with
the multi-vibrator of Fig. 1.14.

I is (for a decrease of E,, from 180
volts to 150 volts)
a7y _
T, T T T 072 X 124 |log. (0.72 X 12.4)
- == 0.0295 = — 2,959,
The minus sign enters because the
change in p., is in a negative direc-
tion. (Although the variations in-
volved are too large to be considered
differential changes, the - accuracy
obtained from the equation is still
quite good.) Hence, the period at
E,, = 150 volts will be 97 percent of
that at 180 volts or the frequency
should be 1031 cps, an increase of
31 cps. A similar calculation shows
that at 210 volts the frequency
should be 980 cps. -

. Example ]

A MV is to have a natural fre-
quency of 50 cps. The tube is a type
6A6. E,;-is 200 volts. The value of
E., required for plate current cutoff
is —10 volts. Design the MV to sup-
ply a 20/80 output waveshape.

0.72(12.4 — 1L6)[ ;o ]

TABLE I 2.60. Then o, = 2.60/T; = 650. Sim-
‘ ilarly, «. = 162. _
“ Tube Brand | Natural Frequency For (g) Substituting in (1 9) to find
' Ew of maximum values of C,; and C,. gives
' 0.016 -1
| 180v. | 180v. | 210v.  Citmes = —5— X B T 5K
1 Standard 1 | 1022 998 985 . 0004 =0. 062 uf.,
2 & . 1061 1034 : 10}6 Cumaz = Chl-mz X 0 016 = m154 [Lf
3. -« . | 1070 | 1044 | 1020 If C.u = 0.002 pf,
4 | Standard 2 | 1041 | 1017 | 997 Ba = _ RuBu  _ 1
5 3 1064 1034 1020 Cual Rb 2+ Rm - 2 X 10—‘9 X 6.5 X 10’
, _ 25 X 50 X 108 _ v
6 “ | 1085 | 1058 | 1038 X 100 752,000 ohms
7 | Inferior 1085 | 1050 | 1031 and, choosing C,. = 0.008 uf, R is
- also equal to 752,000 ohms. .
8 1186 | 1151 | 1133 Figure 1.15 is a schematic diagram
9 « 1211 | 1180 | 1163 of the MV. In order that the wave
shape might be adjusted to 20/80, it -

would be well to use a.500,000-ohm -
rheostat and a 500,000-ohm resistor
in series as R, and Rg.

‘FIG. 1.15—Multivibrator designed in Ex-
ample II

Selecting components to an accu-
racy of 1 percent, this circuit was
built and the natural frequency re-
sulting with four different tubes of a
stafidard brand was 48.9, 50.1, 50.3
and 52 cps respectively. Figure 1.16
is a plot of natural frequency as a
“unction of E,, for two of these tubes.
All values for the other two tubes
fell between these curves. This fig-




FIG. 1.16—Plots of natural frequency vs.
E;, for two type 6AB tubes in the multi-
7 vibrator circuit of Fig. 1.15

ure shows that changes in E,, affect
the frequency in a similar manner as
changes in C,. Therefore, the effect
of a given change in E,, can be stated
in terms of an equivalent change in
C.. From Fig. 1.16, as E,, increases
from 180 to 360 volts—a 100 percent
increase—the natural frequency (No.
1.tube) decreases from 52.8 to 48.8
cps, an increase of 8.2 percent in the
period of the MV. .In this case; a
100 percent increase in E, is equiva-
lent, in its effect upon the natural
period, to-an 8.2 percent increase in
the cavacity of both Ci and Cj.. De-
creases of 10 percent in ¥,, from 200

volts and 400 volts are equivalent to -

decreases of 1.5 percent and 0.8 per-
‘cent in the values of both time con-
stants. In general, rate of change
of frequency vs E, decreases as
E,, increases.

~ With 50,000 ohm plate load resis-
tors, as shown in Fig. 1.15, the nat-
ural frequency decreased smoothly by
4.4 and 4.3 cps for tubes ‘No. 1 and
No. 2 respectively in the E,, range
from 180 to.400 volts. When these
50,000 ohm resistors were decreased
‘to 10,000 ohms &nd the condensers

increased in capacity to bring the fre-

quency back to approximately 50 cps,
the frequency varied 7.8 and 6.2 cps
for the same tubes in the same E,,
range. This confirms the - desir-
-ability of using values of R, that are
large in comparison with R, in order
to blot out the effect upon % of varia-
tions in R,. The resulting large
- value of k& is also desirable, as found
in Appendix I, because it helps to
minimize the effect upon 7., of varia-
tions in p., and in ‘k. To sum- up—
experiment shows that in a group
of four type 6A6 tubes the variations

of natural frequency from tube to

tube as well as those variations re-
sulting from changes in F,, with a
given tube, are approximately half
as great for R, = 50,000 ohms as

they are for B; = 10,000 ohms.

With some types of tubes, % varies
appreciably (from tube totube or
with changes in F,,) and in the oppo-
site direction from the changes in
weor As a result, the percentage
variations in the product ku., are
likely to-be less than those of either %
Or p-co
small in order to allow R, greater
control over k, the normal value of
the product kp., will be decreased
proportionately. In Appendix I it is
shown that the effect upon T.,. of a

given percentage change in ky,, in-

creases as ku,, decreases. Hence,
if small values of k are employed to
use changes in k to compensate
changes in %0, the compensating
effect must be rather pronounced if
a net improvement is to be obtained
over the minimizing action of the
larger k. Experiment indicates that,
for given circuit conditions, the de-
gree of compensation is subject’ to

considerable variation with replace--

ment of the tubes. Generally, the
larger values of R, (and, therefore,
of k) are preferable.

The Synchronizing Voltage

Equations relating the natural
period of a MV to the characteristics
of the tubes and associated circuit
parameters have been developed and
discussed. If the MV is to be uncon-
trolled, the information already pro-
vided is sufficient to complete the de-
sign. If the MV is to be synchronlzed
with a controlling frequency, addi-
tional design formulas are needed.
Before . considering the synchroniz-
ing problem, some attention will be
given to the wave form of the syn-
chronizing voltage and the point of
its application to the MV stage.

" Of the three common wave shapes,

the sine wave, the square wave and -

the impulse, the impulse is prefer-
able as the synchronizing voltage for
several reasons.

Considering first the case of the

sine wave, any variation from the
nominal values of the time constants
will result in a variation of the
phase of the output voltage from the
MYV. The reason for this is that the
sine wave requires a finite time to
change amplitude. Mathematically,

— AE exp [— ciza] i B sin wt = — E.,

2.1)
The MV will synchronize at a value

of time just greater than that which -

satisfies Eq. (2. 1) From this equa-

If, in these cases, R, is made

tion it is apparent that any variation
of AE, CR or E,, or a tube with a
slightly different value of E., will
cause a change in the time at which
the MV synchronizes.

For the case of rectangular-wave
synchronizing voltage of sufficient

"amplitude, phase variations cannot

occur in the output voltage. However,
due to the time duration of the
square wave, the percentage decrease
from the nominal value of CR that
can be tolerated without the MV di-
viding by a smaller number is less
than for an impulse synchronizing
voltage. The sine wave suffers from
this ‘disadvantage to a considerable
extent also.

With an ‘impulse synchronizing
voltage the MV is given only a mo-
mentary opportunity to trip. If it
does not trip on a given impulse, it
will wait for the next one. (If the
MYV ‘is not properly designed, it is
possible that its natural period will
lie between impulses.) Thus there is
no possibility of phase variations in
the output voltage.

Applying ‘the Synchronizing Voliage to
the MV

The synchronizing voltage can be
applied in the grid, plate or cathode
circuit of either tube or both tubes or
in any combination of these places.®
If both polarities of synchronizing
voltage are present at any of these
points, one polarity will be amplified
by the tube that is passing current
and will be coupled into the grid cir-
cuit of the other tube.

Figure 2.1 illustrates one method
of applying the synchronizing volt-
age to a MV. The synchronizing volt-
age is supplied, in proper phase, to
the grids of limiter tubes V, and V..
The relation between ¢, and ¢. is
determined by whether each tube of
the MV is to divide by an integer or
an integer plus a fraction. (This is
explained later in conjunction with
Fig. 2.2.) The time constants of
which C. and C, are parts should be
small as compared with the period of
the synchronizing wave. This will
result in pulses of synchronizing
voltage being applied to the MV.

In the circuit of Fig. 2.1 both posi-
tive and negative synchronizing
pulses are applied to the MV. Con-
sider the portion of the MV cycle

3 Wherever the synchronizing voltage is ap-
plied to the circuit, the effect of the imped-
ance of the synchronizing voltage generator
upon the operation of the MV should be
considered .



FIG. 2.1—Illustrating one method of applying synchronizing voltage to ‘a multivibrator

| FIG. 2.2—A phase difference between the synchronizing pulses applied to the two
tubes of a multivibrator adds a fraction to the order of division of each tube. The two
fractions are always complementary )

when V, is “on” and V, is “off”. V, is:

supplying positive and negative
pulses of E,/¢, to the grid of V.. At
the same time V, supplies both posi-
tive and negative pulses of E,/é. to
the grid of V. The negative
pulses of E,/¢., will be amplified
and inverted in V, and coupled into
the grid circuit of V.. Therefore, two
voltages are acting to synchronize
V.—the positive pulses of E,/¢, and
the amplified, inverted negative pulse
of E,/¢.. Under these conditions,
E./¢$, is’almost certain to take con-
trol of V.. Similarly, E./¢, will con-
trol V..

The Order of Division

Suppose one section of a MV is to
divide the synchronizing frequency
by a fraction, r, or an integral num-
ber plus-a fraction. Then the order
of division of the other section of

the: MV must include a fraction
(1 —7r). If both sections of the MV
are to be synchronized in such a case,

‘the synchronizing voltage must be

supplied to the two tubes in different
phases. The phase difference between
the two voltages must be ¢ where
¢ = 360r deg. 2.2)

This is illustrated in Fig. 2.2. At
time equal to zero a synchronizing
pulse causes V; to conduct. Therefore,
the grid voltage of V. decreases to
—Fk.E,. Due to the phase difference

‘between the two synchronizing volt-

ages, the first pulse occurs -at the
grid of V, at time equal r/f,. The ad-
ditional nonconducting time of V.
must be an integral number of peri-
ods of the synchronizing wave. On
Fig. 2.2 four periods are included.
The fifth pulse trips V..

The first pulse at the grid of V,

~occurs (1 — 7)/f, seconds after V,

becomes non-conducting.  As a re-
sult, the “off” time of V. includes, in
addition to an integral number, a
fraction (1 — 7) of the period of the
synchronizing voltage. Thus, the pe-
riod of the MV includes one period
of the synchronizing wave which is
contributed partly by V, and partly
by V..

If synchronizing voltage is sup-
plied to both tubes in the same phase,
7 is zero and each tube d1v1des by an
integer only. :

It should be noted that it is not
necessary to use push-pull synchro-
nization with every MV that is to di~
vide by an odd number. The only

~ cases for which two phases of syn-

chronizing voltage are required are
those for which r has a value other
than zero. Consider as an example a -
MYV that is to divide by seven. If a
50/50 output waveshape is needed,
then each tube must divide by 7/2 =
3.5. In this case r = 0.50, so push-
pull synchronization 4s- required.
However, if it were not necessary to
provide a 50/50 output waveshape,
then one. tube could divide by four

“and the other by three. Now » = 0.

and the synchronizing voltage must
be supplied to both tubes in the same
phase. Different orders of division
can be obtained in the two tubes
either by using a different value of
time constant with each tube or by
supplying a different amplitude of"
synchronizing voltage to each tube.

- Both of these methods are entirely ‘

feasible. How either can be done and
still maintain optimum synchroniz-

_ing conditions is considered later in

this paper.*

Suppose a MV is to divide by an
even number, say 6, and a 2 to 3 out-.
put waveshape is wanted. Then one
tube must divide by 2.4 and the other
by 3.6. Now r = 0.4 and the phase
difference between the two synchro-
nizing voltages must be 360 x 0.4 =
144 deg.

When the synchronizing voltage is

" supplied to the two tubes in the same

phase, it acts to make them both con-
ducting at the same time. Assume .
V. is conducting. When V, begins to
conduct, it must operate to stop the
plate current of V,. Therefore, V,
is acted upon by two independent
voltages of opposite polarity. For re-
liable synchronization, V, must eas-
ily overcome the action of the syn-

" If sinusoidal synchronizing voltage is used,
the statements in this and the sueceeding
paragraph are modiﬂed :
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chronizing voltage and stop the flow
of plate current through V.. This can
be insured .by using--a value of
- kEw >> E,, where E,, is the value
. of the synchronizing voltage as re-
ferred to the grid of V.. This condi-
‘tion is ordinarily satisfied without
giving it any special consideration,
particularly for values of N equal to
or greater than three. . ’

Correlation of Synchronizing Voltage
Amplitude with MV Natural Frequency
Three conditions must be. satis-
fied in the design of a synchronized
MYV, if the greatest possible varia-
tions in the amplitude of the syn-
chronizing signal and from the
"nominal values of the capacitor-re-
sistor time constants are to be al-
lowed for. This is desirable to sta-
bilize the order of division of the
circuit against changes of tempera-
ture and power supply voltage, re-
placement. of tubes, ete. If it is
assumed that once the amplitude of
the sychronizing voltage is ad-
* justed it remains constant, then the
nominal value of CR (the discharge
-time constant) and the amplitude

of the synchronizing voltage must -

be s0 selected that:
.. Condition 1 The desired percent
decrease of CR can be tolerated

without the MV dividing by a—

smaller number.
Condition 2 The synchronizing
pulse is of greater amplitude than

the change of grid voltage along

its pronential decay curve be-
. tween the '(N-1)th and the Nth
pulses®. - This is necessary to in-
5 Although ‘N is not limited to integral
values, the pulse preceding the one that

normaily trips the MV will be referred to
as the (N-1)th pulse. .

sure that the natural period of the
MV cannot lie between - these
pulses. . /
Condition 3 The desired percent
increase of CR can be tolerated
without the MV slipping synchro-
nism or dividing by a larger num-
ber. :
It can'be shown that if the MV
design satisfies Conditionis 1 and
8, then Condition 2 is automatically
satisfied. _ '
Condition 1 sets a maximu
value on the amplitude of the syn-
chronizing pulse and Conditions 2
and 8 limit its minimum amplitude.
If the maximum value permitted
by 1 is at least as large as the
larger of the two values required
by 2 and 38, all three  conditions
can be satisfied simultaneously. '
These conditions are illustrated
graphically in Figs. 2.3, 2.4 and 2.5.
A method of designing the MV that
satisfies all three conditions will be-
outlined later. It is shown in Elee-

that if the synchronizing voltage is an
impulse and if (1.9) are satisfied, then

1+5.'_ N
T—6 N-1 2-8)
) 1
5"="=2_NT1 (2.8a)
1. :
ba=3if6: =0 (2.8b)
b=l a0 (280
PtTN—-1 ™ :

Relations (2.8) a, b and c¢ are
plotted in Fig. 2.6. Note that when
listed according to decreasing range
of permissible variation, the order
is 3, 8424 3 As an egample, if a
symmetrical MV is to divide by 8
then N is 4. From (28c), by

~ proper design, it is possible to allow

for a 33% percent increase over
the nominal value of CnR. From
- (2.82), ==14.8 percent or a total
range of 28.6 percent could be per-
mitted, while by (2.8b) only 25 per-
"cent decrease could be tolerated in
the value of Cy,R,. Or, solving (2.8)

tronics Magazine for February 1944 - for 3, = 5 percent, the value of 3, is
r
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'26.7 percent and the range is 31.7
percent. See Appendix III for ex-
perimental verification of (2.8b)
and (2.8¢). ,

Note that for values of N less than
one, time (N.— 1)/f, occurred before
V. became non-conducting. There-
fore, (2.8) are-useful only for values of
N, greater than one. If N. =1, the
only limit on CuR, is its minimum
value.” " This minimum value is the
one for which the natural period of the
MYV is equal to the desired controlled
period. The product CuR: can be
made as large as desired, if the syn-

- chronizing pulse is of sufficient ampli-
tude. The maximum value of syn-

7 All “multivibrators dividing by one as
well as those dividing by two, in which
each tube divides by one, ‘fall in this
category. .

'FIG. 2.6—For a constant synchronizing frequency. these curves
give the maximum allowable percentage- variations from the
nominal value of C:R as a function of the order of division of the
MV section. For a constant value of CiR, the curves give the
maximum allowable percentage = variations from the nominal

- synchronizing - frequency. Constant amplitude, impulse wave-
form synchronizing voltage is assumed. The 8; curve assumes
8; = 0. The 84 curve assumes 6; = 0. The 9, = , curve allows

for equal values of 3, and J; ’

chronizing voltage required for V. can-

not exceed k:Ey;. Therefore, if E. =
k.E., any variations can be toler-

ated in the value of C..R, as long’
as it does not decrease below- the

above-mentioned minimum value.

Designing a Synchronized Mulﬁﬁibrc*or

The problem now becomes that
of designing the MV so that the
maximum percentage variations of
CwR. (and C,.R.) can be tolerated.
First, 3, and 3, should be determined
for the given order of division of
each tube. These values are cal-
culated by means of (2.8) or rea
from Fig. 2.6. . :

The characteristics of the‘ tube -

and the size of the plate load re-
sistor fix a maximum allowable
value of N./f,C..R.. This maximum
value is that for which the natural -
period is equal to the controlled
period and is given by Eq. (1.5a),
: "oy Ty = log. (Kastea) (1.58)
If N./f,CwR, is written for «.T; Eq.
(1.5a) becomes
Toug, = 1ok (k). (29)
Eg. (2.9) is plotted in Fig. 2.7. The

FIG. 2.9—Multivibrator - designed in Ex-
ample III. No specific synchronizing cir-

cuit is shown. In general. plate circuit
synchronizing is desirable

‘value of N,/f,CwR, as read from this

figure must be multiplied by (1 —
3a). This is necessary to prevent
the natural perind from becoming
shorter than the controlled period-
for 3, percent decrease of CuR..
"1t is well known that when a MV
is to be synchronized, its natural
period should be longer than its
controlled period.® If such is the
case, some variation is allowable in
the values of the circuit components
and the characteristics of the tubes
for which the natural period of the
MV will not bécome shorter than-

8 It is possible to employ a natural period
which is shorter than the desired controlled
period. In this case a synchronizing volt-
age of suitable polarity (mnegative as re-
ferred to the grid of the tube to be
synchronized) and of sufficient time dura-
tion, must be supplied to the circuit to
prevent the MV from tripping at the time
determined by its natural frequency. This
imtathod of synchronizing is illustrated
ater. :

50 : 50
3Q W/ 74
15 15
8
“ ‘O -i I/ |0 R~ I/
e L3l = 7
[ F3j< ,
|
| X
5
4 /( //
V4 y4
/ ' /
2l / Ny / N,
/ CriRy . / F0nR (1+5i1)
15 - : 1.5 I L
0 06 12. 18 24 30 36 0 06 12 18 24 30 36
" FIG. 2.7 and 2.8—Plots of Eq. (2.9) and (2.10), useful in MV desicn :
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the .controlled period. :
~ the value of N,/f,C..R, as obtained

so far should be decreased by some

arbitrary amount. Twenty percent
is usually sufficient, if components
of commercial tolerance and non-
selected tubes are to be used. Thus
- a maximum has been established

for N./f.CiR, equal to 0.8(1 — 8,)

~ times the value read from Fig. 2.7.
_ For this value of N,/f,CyR, calcu-
- late Nl/f.;CuRf(l + 8ll)o
be the same as the value of (N, —
1)/f.C.uR.(1 — 3,), since values of
3, and 3, given by (2.8) through
(2.8c) make these quantities identi-
cal. To satisfy (2.7), log.[Kaon/
(1 + A,)] must lie between (N, —
1)/f.CuRi(1 — 34) and N./f.CuR:
(1 + 3:). Since the last two quan-
tities are equal, set log, [k.pe./ (1 +
A)] equal to them also Then
kwm : .
T+ A,) f.Cqu(l Tom (210
The right-hand side of this equa-
tion is known. Refer to Fig. 2.8
and read the value of Kopoo/(1 +
A,).. From this the values of A4,
and E,1 = A,E.. can be obiained.
Any other magnitude of E,; will
increase the permissible range of
either 3, or 3;; at the expense of the
other. It should be noted that any
_ value of N,/f,CuR, less than that
obtained above can be used. The
natural period will increase; and
A, and therefore E,,, will increase
as N,/f.CiR, is decreased. - No
change will take place in the permis-

log.

" Therefore, *

This will -

the percentage variations in the am-

plitude of E, that will maintain the

correct order of division always de-
creases.

The MV as designed so far satis-
fies Conditions 1 and 3. It is de-

sirable to show in the general case,

if possible, that values of N,/f,C.R,
which satisfy these condltlons also
always satlsfy Condition 2. This

proof is given in Appendix IV. -

Use of the curves of Fig. 2.6, 2.7,
and 2.8 is best illustrated by means
of examples.

Example 11 ‘
A Syr'nmetrical MV is to divide

6000 cps by 14. The tube is a type

6SN7-GT. E., is 180 v. Design the
MV to permit the maximum al-
lowable variations equally plus and
minus from the nominal values of
the time eonstants. What is the
magnitude of these permissible va-
riations? What value of E, should
be used?.

Solution: .

a) Each tube must divide by 7,
because the MV is symmetrical.
From Fig. 2.6 the maximum value
of 3,.. that can be provided for is
7.7 percent.

b) Choose R;, = RL, = 20 000
ohms. Then from Fig. 1.7, k, = k.
= 0.72. Reading from Fig. 1.8,
Moor = fheoa = 12.4. For kg[,l.m']_ = 9,
Fig. 2.7 gives N,/f,.C..R, = 2.2. o

¢) To provide & longer' natural

sible range of 3., or 3. However, than controlled period and allow S,
Time in Units of /fg N,
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FIG. 2.10—Plot of the- exponenhal grid voltage plus synchronizing pulses for
* Vi in the multivibrator designed in Example III. Since the MV is symmetncul -
this plot is the same for V,

plot of

percent decrease in C,.R, without

- the natural period becoming shorter
‘than the controlled period, multiply

2.2 by 0.8(1 —

N,/f.C.R

1.62.. - )
d) By Eq. 210, log,[9/(1 +
A,)] =1.62/(1 + 0.077) = 151
Readmg Fig. 2.8,

8a). This gives
1 =2.2x0.8(1—0.077) =

9/(1 + A, = 453
A, = 0.99
E, = AEcol =099 x 180/pteor =
14.4 volts.

~ Regardless of where the synchro-

nizing voltage is injected into the
circuit, its effective value as re-.
ferred to the grid of V. must be
14.4 peak volts.

e) Before selecting values for
C.. and R,, (1.9) should be checked
for the maximum value of Ch.

1
C'um—sx(R N R Ba
" Ra-{-Ra)
1
5xsx1mxzox1m+15x1m ,
="0.0108 uf.

If C,.1 is chosen as 0.001 uf,
= N,/1.62f,Cy, = 7/1.62 X 6 X
10a X 0.001 x 10 = 720,000 ohms.
This R, is the total effective resist-
ance in the discharge circuit of C,,.
Therefore :
Rx = Rdx + RLszz/(Rm + R»z) -
Ra + 4.35 X 10° ohms.
Solving for R., gives 716,000 ohms.
f) Since the MV is to be sym-

metrical, Ci = 0.001 if, R =

716,000 ohms and E,, = 14.4 volts.
Fig, 2.9 is a schematic diagram
of the multlvxbrator
Figure 2.10 is a plot of the ex

‘ponential grid voltage plus syn-

chronizing voltage for V, of this
example. Since the MV is sym-
metrical, the plots for V. and V
are identical. The solid curve is a
—k.Ey  exp(— —n/f,CuRy)
and n takes on values from 0 to 7.
Synchronizing pulses shown as
light, solid lines are associated with
this curve. The Tth pulse synchro-
nizes the MV. A plot of —Fk.E,
exp[—n/f,CuR.(1 — 34)]1, which -
represents the case .of 3, percent

_decrease of C,R, is shown as the

curve made up of short dash lines.

. .The dashed extension$ of the solid

synchronizing pulses indicate the
heights reached by the pulses when
they are added to the dashed curve.
Note that any further decrease of
CuR, would permit the 6th pulse to-
trip the circuit. There is no possi-

~ bility of the natural period occur-



ring between the 6th and Tth syn-

chronizing pulses, because the 6th
pulse V\is of greater amplitude than
the increase of E,; between the

6th and 7th pulses. Therefore, with -

a 3, percent decrease of C,.R,, the

Tth pulse is still the one that syn--

chronizes the MV.

The long dash curve is a plot of
—k.Ew exp [—n/f.CuR:(1 + 3.) 1.
This curve represents the condition
for 3., pergent increase of Cu.R..
The heavy, solid pulse representing
the same synchronizing voltage as
before added to this curve, is still
sufficient to trip the MV atn = 7.
However, any further increase of
C.R; would cause the circuit to di-

-vide by 8 instead of 7.

The value N,/f.Cu,R, = 1.62 as
obtained in the design, was used in
plotting Fig. 2.10. As has been ex-

plained, this represents the maxi--

~ mum value of this factor that
should be used. Figure 2.11 is a
plot of this example for N./f,.CiwR,
= 0.81, i.e., ong-half the value used
on Fig. 2.10. Note that while the
synchronizing voltage had to be in-

creased from 14.4 volts to 46.8 volts,

its permissible variation in volts
has rémained approximately the
same. Therefore, the percentage
tolerance permissible in the magni-
tude of the synchronizing voltage
has been decredsed considerably.
The larger magnitude of E, is of
value in certain cases of noise in
the synchronizing circuit.

Example IV

A type 6NT7 tube is to be used in
an MV to divide 800 cps by 8. A
40/60 plate voltage waveshape is
desired. It is expected that the
greatest changes in the time con-
stants will be in an increasing
direction. Provision should be
made to allow for a 15 percent

increase in each time constant, if .
~ this will still permit a reasénable

margin for decrease. E,, is 200 v,
Eco:l = “; = 10 V, Rl,; =Ru =
60,000 ohms, R,, = R,, = 28,000
ohms (from the I, vs. E, curves).

- What percentage decrease in the
time constants can be allowed?
Give some information. on the
method of synchronizing this MV.

‘Solution:
(a) To provide a 40/60 output
voltage waveshape, V; must divide

Time in Units of Vg
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FIG. 2.11—Identical to Fig. 2.10, except for the smaller value of N;/l.C;;R;
and the larqer required synchronizing' voltage

by 8 X 4/10 = 3.2 and V, must
divide by 4.8.

‘(b) Reference to -Fig. 2.6 indi-
cates that 26 percent is the maxi-

mum increase in the value of the

time constant that can be tolerated -

in the section of the MV that di-
vides by 4.8. Because the percent-
age variation permissible in the
time constant increases as the or-
der of division decreases, and be-
cause the other section of the MV
divides by only 3.2, it is possible
to provide for 15 percent increase
as well as gome decrease from the.
nominal value of each time con-
stant.. Substituting 8, = 0.15 in
(2.8) and solving for the value of
3; that results in an equality gives

84 = 20.7 percent for N, = 3.2

and 8;,, = 8.75 percent for N, = 4.8.

) k = kz =1/(1 + R./R,) =
0.68.

S (d) Peor = fheoz = 200/10 = 20.

(e) From Fig. 2.7 for kepen =
13.6, N,/f.C.R, = 2.61.

() (N/fCuR:)[0.8(1 —38n)] =
2.61 x 0.8 X 0.79 = 1.65.

(2) (No/f.CraRy) [0.8(1 — 30)] =
2.61 x 0.8 X 0.91 = 1.90. -

(h) Use Fig. 2.8 to solve for A,
and A. from which the values of
synchronizing voltage required for
V, and V. can be found. For N,/
f.CuR:i(1 4+ 3,) = 1.65/1.15 = 1.44,
Fig. 2.8 gives kopea/(1 + A,) =
4.22. Therefore, A, = 2.22 and E,,
= AE.. = 22.2 volts. Similarly
A, = 1.61 and E,; = 16.1 volts.

(i) Solve (1.9) to find the maxi-
mum values of Cy, and Cs.. '

" Ra —Rl_

Chrmmns = [ ] [1/ (Bis + Rﬁﬂ—l-Rg.a)]
- = 148/300 X 5] 11/(60 X _lg’ + 0,51‘

= 0.052 uf.

It is apparent that Chum.. = (8.2/
4.8) Crimax. Hence Cremez = 00347
pf.

(i) Choose C;;, = 0.01 p.f Then
since N./f.CnR, = 1.65, R, = N/
1.65f,C,. = 8.2/1.65 X 300 X 0.01
X 10" = 647,000 ohms.

Ry Ris _
Ru t Ro = 647. X 10

19 X 10' = 628,000 ohms,
Similarly if C,, is selected as 0.01
uf, then R,, = 823,000 ohms.
. Figure 2.12 is a schematic dia-
gram of the MV. Because the order
of division of each tube includes a
fraction of a period of the syn-
chronizing frequency, it is neces-
sary to supply the synchronizing
pulses to V, and V, in different
phases. By Eq. (2.2) this phase

difference must be 360 x 0.2 = 72
"deg (or 360 X 0.8 = 288 deg which
is the same result). -

FIG. 2.12—Multivibratar ‘degigned in Ex-
 ample IV
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FIG. 2. 13—-Plot of the exponential grid voltage plus synchronizing puises for

V. of the MV designed in Example IV. Note that the first pulse occurs 0.2 T,

second after V; becomes nonconducting. This condition is obtamed by properly
phasing these pulses with respect to those supplied to Vi

Figures 2.13 and 2.14 are plots of
the grid voltages of the two tubes
of this MV similar to Fig. 2.10 for
the symmetrical MV of Example
1.

-~ Adjusting the Amplitude of the
Synchronizing Voltage

When the design of the MV is
completed, the problem becomes that
of supplying the calculated opti-
mum value of synchronizing voltage
to the circuit. For the reason that
with most synchronizing methods
some synchronizing voltage finds its
way .into both the grid and plate
circuits of the tube, it is not easy to
supply, by direct measurement, the
required value of voltage as re-

ferred to the grid circuit. A sim- -

ple and straightforward method of
adjusting the synchronizing voltage
to its optimum value, and a method
which automatically takes into ac-
count any discrepancy between the
value of p.. for the tube actually in

the circuit and the average p., as -

‘used in the caleulations is as fol-
lows:

By means of a bridge select C,
and R, Make a coarse adjustment
of the amplitude of the synchroniz-
ing voltage such that each section

of the MV is dividing by-the proper

number, Then, if synchronizing
voltage is suppliea to each tube in-
dependently, shunt C;, with a capac-

ity 34Cn. Adjust the amplitude of.

14

i the<sync'hroni2ing ‘voltage to -the

minimum value for which the MV

‘continues to operate properly. Then

remove 3,,Cx.. Repeat the above pro-
cedure for C, using a shunting
capacity 3,Che.

‘In cases where the synchronizing

voltage is supplied to both tubes in

common, either one or both of the
condensers can be paralleled with
the capacity 3.C, and the synchro-
nizing voltage adjusted to the mini-

- mum value required to maintain

the proper order of division. In
such a case, the same amplitude of
synchronizing voltage is provided
for both tubes. Therefore, the value
used will usually be optimum for
only one of the tubes. Independent
adjustment of the synchromzmg
voltage supplied to each tube be-
comes more desirable Wlth 1ncreas-
ing value of N.

Since the exact value of CyR, has
been shown to be unimportant as
long as it is larger than a certain
minimum, C, and R. can be se-
lected as the nearest standard sizes.
In rounding off condenser and re-
sistor values, it, is preferable to
choose the standard value on the
high side of the calculated one. The
only modification that this round-
ing off process necessitates in the
MYV design is in the amplitude of
the synchronizing voltage. The new
magnitude of E,, could be easily cal-
culated, but this is not necessary if
the synchronizing pulse amplitude
is adjusted according to the pro-
cedure outlined. Whatever value of
C. is used, it should be shunted

‘'with a capacity 3;Ci while the syn-

chronizing' voltage is being ad-
justed.

"Further, if the amplitude of the
synchronizing voltage can be ad-
justed independently to each tube,
then it is not necessary to select
equal or exact values for Ci and Ci,
or Bs and R.. All that needs to be
known is 3, percent of CnR;, and.’

_ this is always 3, percent of C,.

~ Time in Unit of /f; N,
0 0 0.8 - 18 28 . 38 .48 5.8
=Eco2 ,
20 ==
E,
C-40 7&//‘ -
. 7 XV
~ v 7N - ..
"',5 -60 “Edp for 82 % dlecrease of #ime constant
. Eg2 for nominal #ime cfnsfanf
-80 f
For69% increase af; time constant
-100 | '
: Ny /4, C\oR, = /90 N -
) | b= 15% : :
. =120 Sdz = 875%
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FIG. 2. 14—Snnllclr to Fig. 2.13, but applymg to the grid voltage oi V.



- The experimental adjustment of
the synchronizing voltage could be
made by decreasing R, to the value
R.(1 — 3.) instead of increasing
Cu to Cu(1l + 3.). However, with
some synchronizing methods the ef-
fective amplitude of the synchroniz-
ing voltage is a function of Ra.
Then too, since 3, percent of R,
is not equal to 3. percent of Ra,
this methnd is not as convenient as
paralleling C,. However, for prac-
tical purposes R., can, in some cases,
be considered equal to R, To de-
crease Ra by 3a percent, parallel it
with a resistance of Ru(1l — 3a)/
5» ohms. Increase the amplitude of
the synchronizing voltage to the
value at which any further increase
causes the MV to become unstable
or 10 divide by a smaller number.
‘Then remove the shunt resistor.

If a common amplitude of syn-
chronizing voltage is to be supplied

to-the two tubes of an unsymmetri- -

cal MV, it is possible to make this
one value optimum for both tubes.
Remember first that, other things
remaining the same for both sec-
tions, ithe amplitude of synchroniz-
ing voltage required increases with
decreasing N. Consequently, the
section of the MV which divides
by the smaller number will require

" the greater amplitude of synchro- -

nizing voltage. Hence, the section

of the MV having the smaller value

of ‘N should be designed first to ob-
tain the magnitude of E, required
for it.  Using this value of E,,
*work backward to obtain the value

of N/f.C.R which: will make this.
same E, optimum for the other sec--

Fig. 3.1—The MV can be synchronized
by a negative pulse in the grid circuit
: .of the tubes -

tion. For exampie, if Kipteor = Kaphoor
and if A, = A, which will be true if
the same type of tube is used in
each section,” it is merely neces-
sary to eqﬁat’é{N,/f.C,.zR,(l + 3¢)
to Nl/flchl 1(1 -+ Su). This is
apparent from Eq. (2.10).

Note that in every case the fac-

tors (1 — 8,) and (1 + 3;) operate -

on the product f.C,R. Therefore, if
C.R remains constant, the MV will

_ divide by the same number over a

synchronizing frequency range of
minus '3, percent and plus 3; per-

.cent. In some cases, when adjusting

the amplitude of the synchronizing
voltage to. its optimum value, it is
convenient to change. the synchro-

nizing frequency to f.(1 — 3,) or

f.(1 + 3) rather than to alter the
time constant of the circuit. Then,
depending upon whether f,(1 — 3,)
or f,(1.+ 3,) is used, the amplitude

of the synehronizing voltage is set

to the maximum or minimum value
for which the desired order of divi-

sion is obtained. If this method of -
adjusting the amplitude of the syn-
chronizing voltage is accepted, it

must be assumed that, in the cir-

cuit 'used and in the frequency

range involved, the amplitude of

the synchronizing pulse is not a’

function of its frequency. It is im-
portant to remember in connection
with discussions of the maximum
allowable variations of C.R or f,,
that the synchronizing voltage is
assumed to be a constant amplitude
impulse. ,

Once the design of an MV has
been completed for given values
of N, f, and C,\R, the same order of
division will be maintained for dif-

ferént .synchronizing frequencies

10 \s=uming. feco1= feo2.

o Time in Units of % - N N
0 _ +
] le [ :
I %
“Ecor = &+
_ CIIat N
3 R\‘/Vm‘ura/ period
J‘\‘\ of the MV
’ mv trips when )
/ 5\ . pulse ends
j The amp/ff'ua'e of the -\he synchrorizing pulse:

~kapp

negative pulse rmust
be af least as large
as the change in Ear
during ols. This
Insures that the MV
canrot trip of its
owr? accord in the
duration of the
synchronizing pulse

prevents the MV from
fripping during this
time. The notural period
must be within this
range so that the MV
will trip at the end of
the pulse’

provided f,C,R is a constant. The
optimum amplitude of E, remains

~constant for a given order of divi-

sion as long as fi€5%R is unchanged.

Negative Synchronizing Pulses
When synchronizing pulses of

* negative polarity are used, the nat-
" ural frequency of the MV must be

greater than the frequency at which
it is to be controlled. As indicated
in Fig. 8.1, the synchronizing
pulse then prevents the tube from
conducting at the time determined
by the natural period of the circuit.
The MV is not permitted to trip
until the end of the synchronizing
pulse.®

It can be seen from Fig. 3.1 that
the percent variations permissible
in -the time constant are propor-
tional to the duration (o T.) of the
synchronizing -pulse. For the case
illustrated, the natural period oc-
curs at the center of the synchro-
nizing pulse. Therefore, equal posi-
tive and negative variations from
the nominal CxR,, product are per-
missible. The magnitude of these
allowable variations, expressed as a
fraction of the original C.R,, is

o T./2 @ ’
MT.—oT,/2 2Ni—o

This result corfesponds with Eq.
(2.8a) for ¢ = 1.

Synchronizing Only One Tube

If the synchronizing voltage is
applied to only one tube of the MV,
say V,, then the value of N, i§ a
function of V,, Ci:R. and E.. The
reason for this is that since’no
synchronizing voltage is applied to
V., the time T. depends éntirely
upon the values of the components

‘in that section of the circuit. There- -

fore, T, is subject to variation with
changes in temperature and humid-
ity as well as with replacement of
V.. If the period of the MV is to
be maintained constant under these

" conditions, the portion T, of the

MV period must increase or de-
crease by whatever amounts T, de-
creases or increases.

The net result of synchronizing only -
one tube is that the magnitudes of the
variations that can be tolerated in the

‘individual time constant circuits are

approximately one-half those allowable
if both tubes are synchronized.

12 This is in direct contrast to the case
of positive synchronizing pulses where the
natural frequency must. be .less than the
controlled frequency and the MV trips on
the front edge of the synchronizing pulse.




‘Effect of Shunt Capacitances

Shunt capacitances were not-con-
sidered in the development of the
design equations of this analysis;
since, in the light of experimental

~ evidence, it was decided they would

add unnecessary complication. For

_example, using 2500 ohm plate load
resistors with type 6SN7-GT tubes,
multivibrators were designed for
frequencies as high as 100 ke. In
most cases, experiment checked
these designs within ==5 percent.
The frequency of a symmetrical
MV .operating at 100 ke using a
type 6SN7-GT tube with R, = 2500
ohms, R, = 80,000 ohms, C, = 50
puf and E,,. = 200 volts, decreased
- 4.5 ke when 10 puf capacitors were
-connected - from each grid to
ground. Connectmg 10 ppf from
each plate. to ground decreased the

frequen_cy only 2.5 ke; 100 upf ca-

pacitors similarly connected de-
* creased the frequency 10 ke, i.e.,
the natural frequency of the MV
became 90 ke. When 100 puf ca-
pacitors were connected from each
grid to ground the frequency. in-
creased to 107 ke. By increasing
the value of C, to 200 uuf and de-
creasing R, to 20,000 ohms, the
natural frequency of the MV was
made to decrease when the addi-
tional 100 uuf capacitors were con-
nected from the grids to ground.
The natural frequency of the MV
changed 15 ke as E., (obtained
from a regulated power supply)
was varied from 150 volts to 300
volts.  Frequency increased as E,,

was decreased. This is to be ex--

pected, since ., decreases as E,,
decreases. (See Fig. 1.8.) The per-
centage variation of frequency is

greater in this case than it would :
lower frequencies where

be at
“higher values of R, and therefore
of k could be used.

Comparison of Characteristics of
Triode and Pentode Tubes in MV
Circuits

1. The a-c plate resistance of the
average pentode is many times that
of the average triode..

. 2. The d-c plate resistance, R, =

. E,/I,, is of the same order for both

. triodes and pentodes. )

"~ 3. For a given value of grid bias,
the d-c plate resistance of triodes
decreases as the plate voltage is
increased.

16 _— -

‘where E,, = Screen grid voltage

4. For given values of control
grid bias and screen grid voltage,
the d-c plate resistance of pentodes
increases almost linearly with plate
voltage, except for plate voltages
near zero. Therefore, I, versus E,,
and I, versus R, approximate hor-
izontal lines. ,

5. In the case of triodes, the d-c
plate current is a function of the
plate load resistor. The factor %
increases slowly with R,.

6. Because the d-c plate current
of ‘a pentode is practically inde-
pendent of the plate load resistor,
the factor & increases directly with
R,. Therefore, the MV can be de-
signed to provide a logarithmic
variation of period with linear
variation of R,. ,

The equations -developed for
triode tubes in multiviorators hold
equally well for pentodes, if the
proper interpretation = is placed
upon the quantities involved. For
pentode tubes, Eq. (1.5a) becomes

a Ty = loge (k- M) (I”—RE) (1518)

(Assumed
constant). :

1
H | [ L ( FaFa )
Ra sz + R :
Heol = Eul/Eul .
I, = d-c plate current through Va.

When mterpretmg Eq. (1.51a),
one should remember that I, is a
function of E,,..

Conclusions

The most important concluswnS'

may be summarized as follows:

1. The percentage variation in
the natural period of an MV
through which a given order of
division can be maintained is not a
function of the tube type or of the
ratio of the controlled period to the
natural period; rather, it depends
only upon the order of division.

2. The required amplitude of
synchronizing pulse increases rap-
idly with decreasing ratio of con-
trolled to natural period. }

3. The number of volts variation
in the amplitude of the synchro-
nizing pulse for which the order
of division remains constant varies
slowly with the ratio of the con-
trolled to the natural period. Con-
sequently, the allowable percentage

‘variation in the amplitude of the

synchronizing pulse decreases rap-

koEyy.

idly with decreasing ratio of con-
t+olled to natural period.

4. If only one .tube of an MV is
synchronized, the percentage varia-
tion that can be tolerated in the
time- constant circuits is approxi-
mately half that permissible if bothv
tubes are synchronized.

5. The preceding conclusions are
based upon the use of a positive -
impulse of synchronizing voltage.

“Use of rectangular synchronizing

pulses of finite duration is equiv-

o a]ént, in its effect upon the varia-

tions that can, be tolerated in the
time constant circuits and in the
amplitude of the synchronizing
pulse, to an increaseé in the order
of division.
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Appendix 1

A MV with a natural frequency
of 50 cps was built using a 6SN7-
GT tube. Type 884 tubes were used
in blocking oscillator circuits to -
supply short pulses of negative
polarity in series with the plate load
resistor of each MV tube. The single
polarity ‘pulses prevented interlock-
ing of the synchronizing voltage
controls. The 884’s were driven by
pulses obtained after limiting the
sinusoidal tone supplied by a vari-
able frequency oscillator. Provision
was made to provide a zero or 180
deg. phase relation between the
trains of pulses supplied to the
MV tubes, V, and V,, by the 884
tubes. Thus, the order of division
of V, and V, could be integral, or it
could include the fraction 0.5. See -
Eq. (2.2). The amplitude of the
synchronizing pulses was variable
from zero to greater than k.E,, or
If a-c ripple or feedback
voltages are superimposed upon E..,
the values of §,; and 3,, will be re-
duced.” This is especially true in



cases where Suqh voltages are not
synchronous with the MV fre-
quency. Hence, the plate
supply voltage was obtained from a
well regulated and filtered pack.
The amplitude and duration of the
synchronizing pulses supplied to
-the MV was, for practical purposes,
mdependent of frequency in the
range employed.

Values of 8§; and 3, calculated by
Eqgs. (2.8b) and (2.8¢) are tabu-
lated against measured values. in
Table II. To check 3, the synchron-
izing voltage was adjusted to the
- maximum value for which V, con-

tinued to divide by N,. Then f, was"
increased to the maximum value-

for which the selected order of divi-
sion (N,) was maintained. -

" The synchronizing pulses sup-
plied to V, were adjusted such that
N:.equaled N,—1 for the small values
of N, .and N,—2 for the larger
values of N,. The maximum allow-
able variation in f, for a MV is de-
termined by the section with the
greater order of division. Thus,
the adjustment of E., did not have

to be made with the same care as

that of E... Further, a better check
on the theory was obtained, because
only one section of the MV limited
the value of 3 being measured. To

TABLE II

fa=1/ (Ni=D) | sa= /W,
¥, || Caleu- |Measured|| Caleu- [Measured

lated lated |
1.5 2.00 | 211 | o667| o0.630
2.0 1.00 | 0.935 || 0.500 | 0.487
2.5/ 0.667 | 0.660 || 0.400 | 0.392
3.0 |/ 0.500 | 0.487 || 0.333 | 0.325
3.5/ 0.400 | 0.397 || 0.286 | 0.280
40/ 0.333| 0.331| 0.250 | 0.238.
5.0 0.250 | 0.243 || 0.200 | o0.198
6.0 1 0.200 | 0.19 || 0.167 | 0.162
7.0 || 0.167 | 0.166 || 0.143 | 0.140
8.0|/0.143| 0.140 || 0.125| 0.125
9.0 0.125 | 0.122 | 0.111| 0.108
10.0 || 0.111 |"0.110 || 0.100 | 0.099
12.0 || 0.091 | 0.092 || 0.083 | 0.084
14.0 || 0.077 | 0.074 || 0.071 | 0.070
16.0 || 0.067 | 0.065 || 0.063 | 0.060
20.0 || 0.053 | 0.050 || 0.050 | ~0.049

Measured vs. caleulated values of 54 and
The natural frequency of the sym-

da1.

- metrical multivibractor was 50 c¢ps and f,

covered the range of 200 to 3000 cps.

measure J,, the synchronizing
pulse was adjusted to the minimum
amplitude for which V, divided by
N, and f, was then decreased to
the minimum ‘frequency for which
the order of division remained at
N..

It is apparent that having meas-
ured either 3, or 3, all the in-

_formation needed to calculate the

other is at hand. For example, in
checking either 3, or 3, two fre-
quencies, f.... and f..,, are obtained.
Then ‘831 - (fma.z - fmtn) /fmaa and 6#1
= (fmax — Fmin) /fmin. However, each
value in Table II was calculated
from an individual measurement, as
previously outlined.
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_The numerals 1 or 2 appended to a
-subscript indicate the section of the

circuit 'in which the component or

voltage is located, See Fig. 1.0,

A= Eo/ E -;.
= Plate to grid coupling capacitor.
E., = Plate supply voltage.
E.. = Grid supply voltage.
E.. = Magnitude of d-c grid voltage required
for plate current cutoff.

‘E, = Péak amplitude of the synchronizing

voltage. Except where it is speci-
fically stated to the contrary, E, is
considered positive.

f Frequency -of the
voltage.

1 1 Ra . .
k= 1 + Ru R + Rﬁu.{_R}L;m.
. 1 "Ra .
R
ve[ Rv—] b=

synchronizing

Symbols Used In This Paper .

MV = Multvnbrator

N = Order of division of one syrwhromzed
ieahon of multmb_ra'oor " See Flg

"Ny = Ty/T. = Order of division of V; and
its associated components.
r = Fractional part of N.
= Fractional pact of Ni.

R Rig ~
Ri=1|R —_——
! [ ﬂ+Ru+Ru

Ry Rii
B, = [R" TRt Ru]
R: = d-c plate resistance of the tube.
R, = Grid resistor.
‘R, = Grid-cathode resistance of the tube.
R:. = Plate resistor. -~
t = time.
= Non-conducting time of V.
Tz Non-conducting time of Va.
Tur=T+ T2 =
brator.

10064 =

Period of the multivi-

T, = Period of the synchronizing voltage,
1
Ry Ri2 )
Ry + Ris;
1

RaRa \
Ca (Ra + Ry + Ru)

Percent -decrease from nominal

value of the product f, Ca Ry

1008; = Percent increase from nominal
- value of the product f. Cu Ry

weo = Es/Eco. Usually 4 to  of the rated
amplification factor of the tube.

¢ = (Width of rectangular synchromzing’
" pulse)/Ts. :

Many of the equations are written
only for section 1 of the MV, .The -
corresponding equation for section
2 can be obtained in every case by

a = -

Cu (Ral + o=

ay =

replacing the sub-numeral -1 with

2 and the sub-numeral 2 with 1.
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RCA Laboratories at Princeton, N. J., are far
more than one of the most modern and best-
equipped laboratories ever built. It is a commu-
nity of scientists, research men and technicians
—each a top man in his field —each working with
the other— conti'ibuting wherever and whenever
his specialized khow]edge will ‘help.

It is a “university of ideas™ where visions
are graduated as practical realities . . . where
human wants are fulfilled through the creation
of new products and processes, new services
and markets. }

It is a birthplace of scientific, industrial and
social progress for the entire nation.

It is the reason why anything bearing the letters

- “RCA”—from a radio tube to your television re-

ceivers of tomorrow—is one of the finest instru-
ments of its kind that science has yet achieved.

For just as the RCA electron tube, television
receiver, radio, or the Victrola, is stamped by
the RCA trade mark, so does the product itself
bear a stamp of experience and research that
gives RCA pre-eminence in the field of radio

“and electronics.

Radio. Corporation of America, RCA Build-
ing, Radio City, New York 20. Listen to The
RCA Show, Sundays, 4:30 P.M., Eastern Time,
over the NBC Network.

PIONEERING

Scientists and research men who
work in RCA Laboratories made
many vital contributions in help-
ing to win the war through appli-
cation of radio, electronic, radar
and television techniques. Their
skills now are devoted to peace-
time applications of these sciences.

At RCA Laboratories the elec-
tron microscope, radar, all-elec-
tronic television (featuring the pro-
jection system for the home) and
many other new instruments of
radio, including hundreds of new
electron tubes, were developed to
improve and to extend the serv-
ices of radio around the world.







