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Summary—This paper describes a type of resistance-capacitance-
tuned oscillator which operates with a single tube. A three- or more
mesh phase-shifting network is connected between the output and input
of an amplifier tube. When the gain of the amplifier is adjusted either
manually or by an automatic-volume-control circuit barely to maintain
oscillation, almost pure sine-wave output is obtained. Variations in
the basic circuit have been analyzed and design formulas are included
in this paper. Experimental work verified theoretical expectations. A
typical oscillator was found to have a distortion of 0.1 per cent at an
output voltage of 20 volts.

INTRODUCTION
r 'l YHERE are many uses for audio-frequency oscil-

lators in research laboratories and in industry

for the testing of communication and other types
of equipment. A variety of oscillators are in use, most
of which depend upon inductance-capacitance reso-
nant circuits for tuning and discrimination against har-
monics. Simple oscillators of the Hartley type are satis-
factory for medium and high audio frequencies because
the coils and condensers that are required are small
and may be easily constructed to have low losses. At
very low audio frequencies such circuits become im-
practicable because it is difficult to construct the re-
quired large inductances to reduce sufficiently the
losses. The difficulty of obtaining low-frequency oscil-
lations can be overcome by means of heterodyning two
high-frequency oscillators. Such beat-frequency oscil-
lators have been used extensively in the past and are
quite satisfactory for most applications. However,
they have some disadvantages; namely,

1. Frequency stability is poor, since a small change
in the frequency of one oscillator produces a large
percentage change in the heterodyne frequency.
This is especially true when the heterodyne fre-
quency is low.

2. In order to prevent synchronization at low fre-
quencies, the oscillators must be well shielded.
This adds extra weight and increases the cost of
construction. v

3. Calibration is not constant and must be checked
often.

Resistance-capacitance-tuned oscillators employing
negative and positive feedback circuits have been de-
veloped in recent years to overcome these fundamental
difficulties.!? In these circuits, negative feedback is
introduced in a two-stage resistance-capacitance-
coupled amplifier through a network equivalent to a
Wien bridge. This eliminates negative feedback at a
frequency determined by the resistance-capacitance
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components of the Wien bridge. Consequently, the
amplifier acts in a manner similar to a resonant cir-
cuit. If positive feedback is introduced in this ampli-
fier, oscillation will take place at the frequency deter-
mined by the constants of the Wien bridge. Such an
oscillator can be made to work at extremely low as well
as at high frequencies. It is in many respects equiva-
lent in performance to a good beat-frequency oscilla-
tor; and, in addition, it is simple, light, inexpensive,
and does not need a calibrating adjustment.

The resistance-capacitance-tuned oscillator seems to
have been described first by Scott! and later by Ter-
man, Buss, Cahill, and Hewlett2 The authors of the
present paper had the circuit of a single-tube resist-
ance-capacitance-coupled oscillator suggested to them
by J. R. Woodyard of Stanford University. This oscil-
lator circuit and variations developed by the authors
as described in this paper, accomplish the same things
as Scott’s and Terman’s, but in a different and simpler
manner. Its performance is about the same as that of
other resistance-capacitance-tuned oscillators, with
possibly a better frequency stability. Investigations
by the authors revealed the fact that this oscillator
circuit was not new but had been described by Nichols?
in 1921. Nichols also showed circuits in which the
frequency of oscillation was determined by an induc-
tance-resistance combination. While there are applica-
tions where inductance-resistance tuning may be su-
perior to the capacitance-resistance tuning, the present
authors feel that the general principles involved are so
similar in the two cases that a discussion of such cir-
cuits is omitted from this paper.

Basic Circuits

In order to produce self-sustaining oscillations in an
amplifier, two conditions must be satisfied. First, the
voltage introduced from the output of the amplifier
to its input must be in phase with the input voltage;
second, the over-all amplification of the network must

‘be equal to, or greater than, unity. That is, if

A =amplification parameter of the amplifier
B=fraction of the output voltage of the amplifier
introduced into the input of the amplifier
then,

A8 =1 ¢y
this being a vector relationship.
Thus, if
A=|4a]/0 ©
B=18l/¢

3 H. W. Nichols, United States Patent 1,442,781, January 16,
1923. (Filed July 7, 1921.)
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then
|4]l8l 21 ©)
6+ ¢=0. 4)
In other words, an oscillator must consist of an ampli-
fier capable of developing a voltage amplification 1/ | ﬁl
and a phase-shifting network which will satisfy (4).

Each one of the circuits shown in Fig. 1is composed
of a one-tube resistance-capacitance-coupled amplifier
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Fig. 1—Basic 3- and 4-mesh phase-shlft oscillator circuits.

and a phase-shifting network. It is well known that
such an amplifier produces a phase shift of 180 degrees
in the frequency range where all shunting capacitances
may be neglected. In order to satisfy (4), the phase-
shifting network that follows the amplifier tube must
produce another 180 degrees of phase shift. As will be
easily seen, all networks shown in Fig. 1 are capable of
producing this required phase shift.

The voltage amplification | 4| which the tube must
posess depends upon the type of phase-shifting net-
work used. For instance, in Fig. 1(a), there will be a
180-degree phase shift in the network when X =+/6R,
where X =1/2xnfC, and C and R are as shown in Fig.
1(a). This means that the required phase shift takes
place at a frequency at which only 1/29 of the output

February

voltage appears at the grid of the tube. If the tube
possesses an amplification equal to or greater than 29,
oscillation will start. The second and higher harmonics
of the fundamental occur at frequencies at which the
phase shift is not 180 degrees but is nearly zero. This
means that the harmonics of the fundamental occur
at frequencies at which the gain through the phase-
shifting network is high (approaches unity) and the
feedback becomes negative. The entire arrangement
thus becomes equivalent to a negative-feedback am-
plifier with a feedback ratio of unity. This prevents
excessive amplification of harmonics and tends to pro-
duce pure sine-wave output.

Fig. 1(b) shows another type of phase-shifting net-
work. In this case, the required phase shift occurs when
X =R/+/6 or when the shunting capacitances have a
reactance which is smaller than the resistances R. At
the second and higher harmonics, the capacitances
have even smaller reactances in comparison to R and
the amplification of harmonics is small in comparison
with the amplification of the fundamental.

In Fig. 1(c) an oscillator circuit is shown which is
similar in principle of operation to that of Fig. 1(a)
with the exception that a 4-mesh phase-shifting net-
work is used instead of a 3-mesh network. This change
merely requires a different amplification in the ampli-
fier to cause oscillation. Fig. 1(d) is similar to Fig. 1(b)
in the same way. In general, 3 or more meshes may be
used. Two meshes cannot provide enough phase shift
without requiring infinite amplification for oscillation.

THEORETICAL ANALYSIS OF A TypIcAL CIRCUIT

(a) Frequency of Oscillation and the Necessary Ampli-
fication

To illustrate how the frequency of oscillation and the
required amplification may be determined the circuits
of Fig. 2 are used. Fig. 2(a) shows an oscillator of the
type illustrated in Fig. 1(a). Fig. 2(b) shows an equiva-
lent circuit of Fig. 2(a), with the connection between
the output and the input omitted. R, and u are the
plate resistance of the tube and its amplification factor,
respectively. In order to find the frequency of oscilla-
tion it is necessary to compute the total amplification
of the circuit AB and find the frequency at which this
equals unity. Let the grid-to-ground voltage be equal
to e, and the output voltage at the end of the phase-
shifting network be equal to e. Then e/e=AQ, and
this ratio must equal unity to cause the amplifier to
oscillate.

The equivalent diagram may be simplified further
by the use of Thevenin’s theorem. The part of the cir-
cuit to the left of points x —x in Fig. 2(b) may be re-
placed by an equivalent voltage in series with the
impedance looking to the left of x —x with the source
of voltage eg short-circuited. This results in the equiva-
lent diagram shown in Fig. 2(c) which may be analyzed
in the conventional manner. Referring to Fig. 2(c) the
following set of equations may be written:
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110 — 2R — 33(2R — jX) = 0.

Solving these simultaneously for 73, one finds that
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1:3=

R, Ry
A=294+23—+4 14
— 41R 4+ 3(2R — jX) — 43R =0 (5 + + (R) (14)
If R R,, (14) becomes
A =29, (15)
R2
(6)

R?® — 5RX* 4+ R.(3R* —

The voltage appearing across the output of the phase-
shifting network is e =43R. Hence,

1

E
X% 4+ j(X® — 6R*X — 4RR:X)

From (11) it is seen that the frequency of oscillation
depends upon the first power of R and C, and not the

Equation (7) gives the ratio of the voltage across the
output of the phase-shifting network to the voltage at
its input. In order to satisfy the conditions for oscilla-
tion outlined before, this ratio must be a real negative
number. Hence,

- Q- o

X 1/ 6+ 4 Ry (9)
R R
Or, since
1
X = )
2xfC
1
/= (10)

2 RC1/6+4R1
N R

Equation (10) determines the frequency at which oscil-
lation will take place in terms of the constants of the
phase-shifting network. If R>> R, then
1
f=m

24/6 TRC
which was the formula used in the qualitative discus-
sion. '

The gain necessary for oscillation may be determined
from (7). Since the imaginary part of this equation is
zero at the frequency of oscillation,

e 1
= - (12)

R )

But E=Ae,. In order to produce oscillations, ¢, must
equal e. Therefore,

(11)

1
= - (13)

LN

Combining (10) and (13),

QRO Uil
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square root as would be the case with an inductance-
capacitance resonant circuit. This is of particular in-
terest in variable-frequency oscillators where it is often
desirable to produce a 10:1 change in frequency in

T
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Fig. 2—Equivalent circuits for analysis of phase-shift oscillator.

one rotation of the tuning dial. Equation (15) states
that if R>> Ry, the gain required for oscillation is inde-
pendent of frequency. Because of this fact, the output
voltage from the oscillator remains constant regardless
of the frequency of oscillation.

(b) Frequency Stability

The frequency of oscillation is determined by the
constants of the phase-shifting network and the re-
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sistance R; (see Fig. 2). In fact, all of the circuit equa-
tions show that the frequency of oscillation varies
inversely with the product of R and C. Both of these
quantities may change with temperature so that fre-
quency stability depends upon the temperature coeffi-
cients of the resistors chosen for R and the condensers
chosen for C. In the case of variable condensers the
change of capacitance with temperature is low (about
15 parts per million per degree centigrade) so that its
effect is negligible. Fixed condensers if used may be
of recent types which have very nearly zero change of
capacitance with temperature. The resistors R should
also be chosen to have a low temperature coefficient of
resistance.

Variations in supply voltage produce an inevitable
change in the plate resistance of the tube which intro-
duces a change in the resistance R;. The resultant
change in the frequency of oscillation may be com-
puted as follows: Let df be a small change in frequency
f that takes place due to dRy, a small change in resist-
ance that is a result of a variation in the plate resist-
ance of the tube. Frequency stability may be defined
on a percentage basis:

change in frequency of oscillation

frequency of oscillation

change in resistance R,

= R

R:
or,
d dR
Y _ o, R (16)
f R:

where k; is a coefficient of stability. If 2, =0, a small
change in R; would produce no change in frequency.
As an example, the frequency stability of the simple
oscillator is computed below. Equation (10) states
that the frequency of oscillation of the circuit shown
in Fig. 2 is

1
/= — (10)
Ry
QWRC/‘/(S +4—
R
Differentiating (10) with respect to Ry,
d 1 -2
—L = X (17)
dR: 27RC R\32
R<6 +4 _>
R
or,
d R dR
a__ R R (18)
f 2Ri+ 3R R
By comparing (18) and (16),
Ry (19)
T 2R+ 3R

Referring to the notation shown in Fig. 2,
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R/R,

Ri=—» 2.
R1,+Rp

(20)

Expressing frequency stability in terms of R, and R,
by making this change in variables, (18) becomes

d R,? dR
_f=_. ! X—2 . (21)

R !
f |:2R1'+3R<1+?1):| (R/+R,]

¥4

A stability coefficient k, may be defined as before, so
that

d dR
Y _ by — (22)
f R,

R)?

R/
[21{{ + 3R<1 + E—)][Rl’ + R,]

4

For example, a typical design might lead one to the
following set of constants:

R/= 10,000 ohms
R,=1,000,000 ohms

Substituting these values in (23), one finds that
k2= —3.3X1075. Thus, a 10 per cent change in the plate
resistance of the amplifier tube would result in a fre-
quency change of 3.3X10™* per cent, or 0.003 cycle
per second. The frequency stability of such an oscilla-
tor is better at low than at high frequencies as can
easily be verified by comparing (23) and (10).
Experiments with an oscillator similar to the one
shown in Fig. 2 have demonstrated that 100 per cent
increase in the supply voltage will not produce a
noticeable change in the frequency as indicated by a
Lissajous figure on a cathode-ray oscilloscope.

R =1,000,000 ohms
f=1000 cycles per second

VARIABLE-FREQUENCY OSCILLATORS

The basic circuits shown in Fig. 1 are equally well
suited for constant or for variable-frequency oscilla-
tors. If one wishes to construct a single-frequency os-
cillator the resistances can be approximately equal and
the capacitances can also be approximately equal. The
frequency may then be adjusted by small variation of
one of the condensers or resistors in the phase-shifting
network. Actually, the frequency of oscillation may be
varied by a considerable amount in this manner.

If a variable-frequency oscillator is desired, the
resistors R or the condensers C in Fig. 1 may be ganged
together. In a laboratory oscillator it is often desirable
to calibrate the tuning dial from 1 to 10 and change the
frequency range by turning a decade switch. This can
best bes done by using variable condensers whose
capacitance can be changed by 10:1 and arranging a
switch which changes the resistances by decade steps.

The frequency of the oscillator circuits shown in
Fig. 1 can also be changed by large amounts without
ganging all the condensers or all the resistors. For in-
stance, in Fig. 1(a), the first two condensers C have
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a common point and, therefore, they may be replaced
by a standard 2-gang variable condenser with the
rotor insulated from ground. The third condenser C
may have a value which is an average of the maximum
and the minimum values of the ganged condenser. An
oscillator of this type is easier to construct than one in
which three condensers or resistors must be ganged.
But two things happen as a result of this procedure.
Obviously enough, for a certain change of capacitance
in the variable condenser the tuning range is smaller if
only two instead of three condensers are varied. The
gain required for oscillation also changes in a manner
depending upon how much the variable capacitances
deviate from the fixed one. These undesirable results
often are not too serious and it seems quite practical
to use oscillators of this type.

Fig. 3 presents the various kinds of phase-shifting
networks that seem to the authors to be most practi-
cable, together with the frequency of oscillation and the
necessary amplification. From this figure it will be seen
that if all condensers are ganged together, the neces-
sary gain is independent of frequency, whereas, if one
of the condensers is fixed, the necessary amplification
will change. This means that some sort of automatic
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Fig. 3—Design equations for phase-shift oscillators.

volume control must be provided to maintain a con-
stant amplitude and a low distortion.

For the sake of making the interpretation of some
of the results given in Fig. 3 easier, the variation of
frequency and the necessary amplification as a func-
tion of the tuning capacitances are shown graphically
in Figs. 4 and 5. It will be noted that if a large tuning
range for a certain capacitance variation is desired, a
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large change in amplification must be tolerated. On
the other hand, if a smaller change in frequency is ac-
ceptable the necessary amplification does not change
appreciably.
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Fig. 4—Frequency of oscillation and required amplification as a
function of capacitance ratio for a phase-shift oscillator em-
ploying a 3-mesh circuit.
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Fig. 5—Frequency of oscillation and required amplification as a
function of capacitance ratio for a phase-shift oscillator em-
ploying a 4-mesh circuit.

TypicaL DESIGNS

Fig. 6 shows a schematic diagram of a variable-
frequency oscillator built by the authors intended for
use in a communications laboratory. It consists of a
pentode amplifier using an 1851 tube so that sufficient
gain was developed without an excessively large cou-
pling resistance R,’. The phase-shifting network of the
type shown in Fig. 1(a) was chosen because this par-
ticular circuit requires smaller R or C than other pos-
sible circuits for a given frequency. Physical limita-
tions prevented the use of a variable capacitance much
larger than 800 micromicrofarads. In order to produce
a frequency of 30 cycles per second one finds that
R=1/+/6(27X30X800X10712) =2.7X 10° ohms. This
value of R is almost too high to be inserted in the grid
circuit of a tube, and for this reason, circuits of the
type shown in Fig. 1(a) are preferable.
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As will be seen in Fig. 6, only the first two condensers
in the phase-shifting network are variable. This, of
course, decreases the tuning range that can be ob-
tained from a single rotation of the condenser dial. As
a matter of fact, circuit constants in Fig. 6 were so
proportioned that only a 3.3:1 change in frequency
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Fig. 6—Circuit of a phase-shift oscillator with automatic
volume control.

resulted from a 10:1 change in capacitance. This ne-
cessitated two calibrations of the tuning dial, one from
1 to 3.33, and the other from 3.33 to 10. The double
calibration of the dial is not necessarily a disadvan-
tage for it effectively doubles the length of the tuning
scale for a given frequency band and permits a more
accurate calibration. The value of the constant C; was
so chosen that a minimum variation in amplification
took place over the tuning range. The amplification
of the tube was controlled by means of a delayed auto-
matic volume control which limited the strength of
oscillation to 20 volts root-mean-square.

The disadvantages of this simple circuit are as fol-
lows: On the highest frequency range the resistance R
has a value which is nearly the same as the resistance
R,’. This means that the frequency calibration of the
tuning dial is different on the highest range from
those ranges where Ry’ is negligible in comparison with
R. The fact that R shunts R,’ also means that a higher
amplification must be developed by the tube which
tends to introduce distortion on other ranges where the
necessary gain is not affected by the presence of R.
Also, frequency stability is not so good as it might be.
This is obvious from (23).

These disadvantages may be largely eliminated by
adding another tube to the circuit, as shown in Fig. 7.
The first tube, a 6AB7-1853 supplies the gain necessary
for oscillation. The next tube, a 6AG7, acts as an im-
pedance transformer. The voltage developed between
the cathode and ground is almost equal to the grid-to-
ground voltage and is of the same phase. As far as
frequency of oscillation and the necessary gain is con-
cerned, this tube may be entirely neglected. But the
impedance looking back from the phase-shifting net-

work is [Ri(1/gm)]/ [Re+ (1/gm) ] where g, is the trans-
conductance of the tube, and R; is the cathode-to-
ground resistance. Since g for 6AG?7 is approximately
5000 micromhos, this impedance is about 200 ohms,
whereas, in the circuit shown in Fig. 6, the resistance
seen by the phase-shifting network was about 15,000
ohms. Therefore, by using the impedance transformer
of this type, the effect of the tubes on the performance of
the circuit becomes negligible.

If a balanced output from such an oscillator is de-
sired, a resistance equal to R; may be introduced into
the plate circuit of the 6AG7. Thus, the tube serves not
only to separate the frequency-determining network
from the tube which supplies the amplification but also
acts as a phase inverter to provide a balanced output
voltage which may be utilized to drive a push-pull
output stage directly. An oscillator of this type built
in the laboratory was found to be capable of delivering
15 volts root-mean-square from each side to ground
with 0.5 per cent second-harmonic and 0.08 per cent
third-harmonic distortion. A delayed automatic vol-
ume control of the type shown in Fig. 6 was also used
in the oscillator shown in Fig. 7. The output voltage
remained constant within +5 per cent over the fre-

Hi-
|000\

§ ohm pysh-pull

output

-’

150,000
ohm

+350 volts

i

W
¥ I 1

T %ig{}%

I0meg.> | md S 5;25

Y

.5meg
1,500 meg
ohm Imeg
Ilmfd 50,000
= = ohm  sovelts

Fig. 7—Circuit of a phase-shift oscillator with automatic volume
control and impedance-transformer tube.

quency range of the oscillator (50 to 40,000 cycles per
second).

CONCLUSIONS
Two things can be said for the oscillators described

in this paper. If one desires a constant audio-frequency
oscillator, it is probably impossible to devise any



cheaper or simpler circuits than those shown in Fig. 1.
If one desires a high-quality, variable-frequency oscil-
lator, it will be found that an oscillator similar to the
one shown in Fig. 7 is as good as any available on the

market or described in the literature. In certain appli-

cations it may actually prove to be superior, especially

in cases where frequency stability (with reference to
supply-voltage fluctuation) is an important factor.

Fluctuations Induced in Vacuum-Tube
Grids at High Frequencies’

DWIGHT O. NORTHY, MEMBER, I.R.E., AND W. ROBERT FERRIS{, MEMBER, LR.E.

Summary—A theoretical formula for the noise induced in the input
circuit of vacuum-tube amplifiers by fluctuations in the electron stream
is compared with measured values. The results are found to be in sub-
stantial agreement.

stream will induce alternating currents in near-by

conductors. Therefore, it is to be expected that,
in addition to the other well-known fluctuation phe-
nomena found in vacuum tubes at moderately low fre-
quencies,' the random variations in space current will
induce current fluctuations in the control-grid circuit,
giving rise to grid-voltage fluctuations proportional to
the total input impedance (tube and circuit) and, for
small transit angles, to the frequency. Indeed, Ballan-
tine? predicted such an effect in 1928, and it was ob-
served by R.C.A. Communications engineers at River-
head in the course of a study of the sources of noise in
receiving circuits operating in the neighborhood of 10
to 20 megacycles.

Nyquist’s® well-known formula for the mean-square
short-circuit current fluctuations in a passive network
exhibiting a shunt conductance g (any susceptance
whatever) at the frequency in question is

42 = 4kTgAf
in which T is the absolute temperature of the network;
k, Boltzmann'’s constant; and Af, the band width. The
results of a theoretical investigation of induced grid-

current fluctuations 4, by one of us (D.0.N.) may be
expressed in similar form, thus

]:[T IS generally appreciated that a varying electron

20
e (1 - ir-) ARTig,Af = 1.43(4kTig,Af)

in which T is the cathode temperature and g, is that
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portion of the tube input conductance traceable to
electronic loading alone*® (as distinguished from leak-
age, dielectric losses, and particularly, feedback
effects). The formula refers specifically only to tubes
of conventional proportions, operating at frequencies
such that transit angles are not greater than a radian
or two, and exhibiting at low frequencies the space-
charge-reduced, cathode-current shot effect discussed
elsewhere.!

For comparison with thermal agitation in passive
networks at room temperature T, the formula may be
written

702_ = B(4kTog Af)
where

T
g=14—-:

To

With T=~300 degrees Kelvin and 7% ~1000 degrees
Kelvin, a temperature representative of sleeve-type

cathodes,
B =~ 4.8.

We have attempted experimental checks of this
figure with tubes equivalent to standard tube types
6AB7, 6SK7, 6]5, and 6ACS5. Measurements at 30 and
at 100 megacycles showed values of 8 ranging from
3.5 to 6.5 and averaging about 5. Attempts to improve
experimental accuracy by more careful determination
of average cathode temperatures were not very signifi-
cant. The indicated proportionality of 8 to T} was
confirmed in the range, 900 to 1200 degrees Kelvin.

An important part of the experimental procedure
was the use of a bridge-balance scheme devised by one
of us (W.R.F.) to eliminate feedback. This scheme
made it possible to obtain a true measure of g, with
specially constructed tubes having regular production
parts but provided with an additional pair of leads, to
cathode and anode, respectively. Lead lengths and in-
terelectrode capacitances in many tubes are such that
failure to neutralize feedback results in an order-of-
magnitude error in the experimental determination of .
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