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ABSTRACT :

This paper presenls several considerations which are usually overlooked by designers of
power oscillators. Effects of the shape of the path of operation upon the plate efficiency of
the oscillators are discussed and methods of improving the plate efficiency are mentioned.

1. INTRODUCTION

A power oscillator may be considered as a converter which converts
d.c. power into a.c. power. It is generally accepted as a correct statement
that the main difference between a power amplifier and a power oscillator
lies in the fact that the latter is a self-driven device, that is, the driving
power in the grid circuit is supplied not from the output of the preceding
stage but from the output of the oscillating circuit itself.  While there is
nothing wrong with this statement, it is sometimes unfortunate that it
leads one to think that this is the only main difference to be considered
in the design of the oscillator.  Designers of power oscillators, believing
that the driving power is the main consideration, proceed with the con-
ventional design of a power amplifier,’ calculate the power input and
output, the driving power required, and the plate efficiency, and finally
deduct the driving power from the power output and call this difference
the power output of the oscillator. To their surprise, the actual per-
formance of the oscillator so designed never could live up to the standard
as predicted on paper. ‘The predicted plate efficiency may be as high as
809z, for it is not at alt a ditficult task to design a class C power amplifier
with plate efficiency of 8594 and requiring a driving power which may
e

be only 2 or 3 percent of its oulput power. Actually, however, a1
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1. See for example. R. 1 Sarbachier. ~Graphical Determination of Power-amplifier Per-

formance®, Klectronics, December. 1942
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oscillator so designed may be found to have an etficiency as low as 609
or less. A design engineer is often perplexed at this relatively large
difference between actual perfornance and pre-determination on paper.
The purpose of this paper is to point out that, as far as efficiency and
general performance is concerned, the driving power consideration is the
least important and that there are at least three other reasons why the
performance of an oscillator is inherently less efficient than an amplifier.
These are:

(1) the cousideration of phase angle and its effect on the path of operation,
(2) harmonic content and its effect on the path of operation and
(3) the difficulty of making proper adjustments to realize a proper design
on paper. Proper design procedures, comparison of different kinds of
tuning indicators and various possible ways and means of improving the
plate efficiency will also be mentioned.

2. EFFECT OF PHASE ANGLE

The plate efficiency of the tube depends entirely on the location and
shape of the path of operation. Fig. 1 shows a few examples of the
shape of the paths of operation of a power

(o tube on the e,—e, (plate voltage-grid

voltage) plane. Fig. 1a shows the path
of operation of a tuned class C amplifier
with both grid and plate circuits tuned
to the same frequency. The phase angle
between ¢, and ¢, is. 180 degrees and
hence the path of operation is a straight
line. The origin of the coordinates corre-
sponds to the quiescent point of operation
determined by the plate supply voltage
(b L, and the grid bias E.. 'This ]‘)ul:h
may be superimposed upon the static
characteristics of the tube drawn in the

Q) é

same plane and the power output, input,
plate elficiency may all be caleulated by
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using  some suitable schedule of har-
monic  analysis®34 Using 1% point
analysis”, the d.c. component, the amp-
litude of the fundamental component and
the amplitude of the second harmonic of

the plate current are respectively given

by
Ua
[],o—ié(—g‘+Ig+b.;+l4+ls+4'1;)v (1)
1. . . . -
Tpim = 12~(L1 + 1936 + 1.753,, + 1414, + 35

+ 0.264), (2)
1. o .
Ip‘.'m='1'_2'(ll+ 1.70% + 1y — i — 1.73 i), (3)

where 7,1, etc. areinstantaneous currents
chosen at 15 degree intervals, 7, being
the current at the end point of the path
of operation. Fig. 2 shows the plate
current static characteristics and also two
possible paths of operation, one corre-
sponding to Fig. fa and another corre-
sponding to Fig. 1c.

Fig. 1c shows an elliptical path of
operation.  This is the case with a de-
tuned amplifier. Comparing this with
the straight line path as shown in Fig. 2,
it is obvious that the d.c. component

for the elliptical path is much larger for

2. 1. E. Mouromtse II and H. N. Kozanowski,
“Analysis of the Operation of Vacuum Tubes as Class
C Amplifiers”, I. R: E. Proc. 23 (1935), 752-778.

3. E. L. Chaffee, “ A Simplified Harmonic
Analysis”, Rev. Sci. Instr. 7 (1936), 38-42.

4. E. L. Chaffee. “The Operating Characteristics

of Power Tubes™ dpplied Physics, 9 (1938), no. 6 June.
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the same chosen end point. Hence, the plate efficiency is greatly reduced.
In an oscillator, paths of operation like the ones shown in Fig. ta and
Fig. 1c are very rare. Fig. 1f shows a typical path of operation for a well
designed Hartley oscillator and Fig. 1g shows a typical path for a Colpitts
oscillator. With very careful design and adjustment, path of operation
like those shown in Fig. i1b and Fig. 1d may be obtained. These are con-
sidered to be good approximations to the ideal straight line path.  From
the shape of the plate current characteristics and the schedule of harmonic
analysis, it is evident that among the several paths shown in Fig. 1, the
straight line path gives the highest plate efficiency.

Theoretically, an oscillator can be designed and adjusted so that 1ts
phase angle between ¢, and e, 1s as close 1o 180 degrees as possible.  This,
however, is not easy to do, especially when the oscillator is heavily loaded
(which is always the case with a power oscillator). It can be shown® that
Llewellyn’s frequency stabilizing circuits® are also excellent circuits for
phase compensation, but Llewellyn’s design data are only good for
oscillators with no load. When the oscillator is loaded, the design
formulae should be modified® but in many cases exact compensation is
impossible. In other words, the phase angle cannot be made exactly
equal to 180 degrees and consequently the path of operation will have the
general form of one or more open loops instead of a straight line. This
amownts 1o saying that the efficiency of such an oscillator is comparable
10 that of a slightly detuned class C amplifier. It is no surprise, therefore,
that the efficiency is much lower thap a properly tuned amplifer.

&
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Fig. 2. Vig. 3.

Fig.3 shows some experimental results of the effect of loading
a Colpitts oscillator upon the phase angle and the plate efficiency. The

3. ‘AI"s;«'*l'.i_l‘rI);opurut,inn by same author.
0. Lleweliyn, ~Gonstant Frequency Oscillators™ L R. k. Proe. 19 1951). 2063-2050.
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plate load is held constant at 6000 ohms and the load is increased so as to
lower down the effective Q-factor of the oscillating circuit. Plotted
against Q are the relative phase shift 6 (departure from 180 degrees) and
the corresponding values of plate efficiency 7. It can be seen that a
sudden increase in the phase shift is always accompanied by a correspond-
ing sharp decrease in plate efficiency. One can conclude, thevefore, that
unless proper phase compensating circuits are employed, the phase angle
is in general not 180 degrees and therefore the efficiency would he low.
The simplest method of measuring this phase angle is from the path of
operation itself.” Tt is shown in another paper that if the net area of the
loops of the path is equal to zero, the phase angle is 180 degrees.  Toops
next to oune another have opposite signs when areas are measured. For
instance, Fig. 1d is a symunetrical figure of eight, the net area is zero and
the phase angle is correct. A cathode ray oscilloscope, when connected so
that it reads ¢, and e, is the best tuning indicator for an oscillator. A
d.c. milliammeter placed in the plate circuit of an amplifier serves as
an excellent tuning indicator, but this is not necessarily true in the case
of an oscillator. A “dip” indicates a minimum d.c. power input but it
does not give sufficient information regarding the output and the
efficiency of the oscillator. In other words, a “dip” of the d.c. milliam-
meter in the plate circuit of an oscillator does not necessarily indicate
proper or desirable adjustment. The cathode ray tube gives the
whole picture of the path of operation and is, therefore, a much better
indicator.

3. EFFECT OF HARMONICS

It is almost needless to point out that the output of an oscillator is
more likely to have more harmonic content than a tuned amplifier. This
is especially true in circuits where no by-pass capacitor is provided for the
harnonic currents such as a Hartley oscillator.  The result is ‘that the
path of operation is usually badly distorted. lven in a tuned-plate-tuned-
grid circuit where the grid voltage is usually free from harmonics, the
plate voltage has a considerable amount of harmonic content when the

7. See another paper by the author, “Measurement of Phase Angle between Fundamental
Components of Two Non-sinusoidal Waves.”
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oscillator is loaded. I.et us proceed to demonstrate the effect of such
harmonics upon the shape of path of operation. For the sake of simplicity,
let us assmne that the grid voltage is free from harmonics and that the
plate voltage has some considerable second harmonic content. We have
then,

eg=I, cos 0, (4

ep =, cos (0t + o))+ Fpe cos (2 :rlt‘+ Qa). (5)

Let T = c0s Wt=¢y/lL, ‘
and ¥y =¢ép ©

Substituting (0) in (4) and (5), eliminating ¢, we have

y=a+br+tecrxV 1 —2>(4+ Bx), (7)
where

a=—FEpcosay, b=EKEycosa;, ¢=2Ejycosay

A=Epsina;, B=2Epsina,

The path of operation is given by equation (7). There are three points
at which y is single-valued. These are

x=*1,

— Ly s1n
r= — A{B = é‘ﬁsm_} .
This indicates that the path of operation has only two loops and x= — 4/B
is the cross point. When the circuit is tuned, the coefficients of the
various terms vary and the path changes from one form to another. An
examination of equation (7) shows that the last ter is responsible for the
existence of open loops while the general shape of the path follows that of
a parabola given by the first three terms. If the coefficient ¢ is zero, the
general shape will be that of a straight line.
It has been pointed out by Sarbacher® that if the path of operation

departs from a straight line and if it follows a curve concave upward, the

8. R.I. Sarbacher, “Power Tube Performance in Class C Amplifiers and Frequency Multi-
pliers as Influenced by Harmonic Voltage”, LR.E. Proc. 31 (1943), 607-625.
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plate efficiency will be higher than when the path is a straight line. This
means that the coefficient ¢ should be positive and that «, should be
either in the first or in the fourth quadrant.  The coefficient b 1s, of
course, negative. This requires that the amplitude of the second harmonic
voltage be opposite in sign to that of the fundamental during the power
stroke of the path of operation.  An examination of equations (2) and (3)

shows that to meet this requirement, / must be negative. T'his is

Pl
impossible, becanse an examinalion of the shape of the plate current
characteristics reveals that 7, 4- 1.75z, can never be greater than 7, +1.73z,
+12,. In other words, we are in no position lo expect that the harmonics
generated in the oscillator might improve the path of operation. It always
makes the path worse. This is illustrated in Fig. e which is some-
thing very common. If we put one or more harmonic terms in equation
(8), the effect will be to increase more number of loops and the general
shape of the path will not be any better. '

It can be concluded, thercfore, that the harmonic generation only
“steals” the d.c. input power and produces effect more harmful than
good, its sole contribution is to reduce the plate efficiency.

4. DIFFICULTY OF PROPER ADJUSTMENT

The adjustment of a Class C amplifier is as straight-forward as its
design. The design consists of the proper choice of two operating points,
the quiescent point and the end-point of the path of operation, the former
being determined by the plate supply voltage ££,, and the grid bias voltage
£, and the latter being determined by the load 22, and the a.c. driving voltage
E,. These four variables are independent of each other and therefore
adjustment is easily made. Once the corvect values of £, £, R, and £,
are used, the only adjustment is to tune the plate circuit to resonance for
a straight line path of operation. For an average power lriode, the grid

bias voltage to be used for optimum operation is approximately given by"

l"‘(x = — 175 E],],/.ll. (8)

All these adjustinents can he easily made independently.

9. R. I Sarhacher. Hyper-and ualtra-frequency Pngineeving, p. 505, 1943 Fdition.
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In a power oscillator, however, things are not so rosy. In the first
place, we canmol nse a battery bias E.. If so, oscillation can never be
started, since the tube is biased at 1.73 times the cutoff bias. One has to
use a grid leak resistor the d.c. voltage across which serves as grid bias.
The d.c. grid current depends on the shape of the path of operation which
in turn depends upon the bias voltage. By increasing the resistance of
the grid resistor, the bias voltage can be increased, but the relation is far
from being linear. After the resistance has been increased to a large
value, further increase usually results in little increase in bias voltage
because the average grid current decreases when the negative bias 1s
increased. 'The author’s experience has been that an attempt of realizing
the condition given in equation (8) by increasing the grid leak resistance
almost always results in intermittent oscillation before the desired point
is reached. This is especially true when the oscillator is heavily loaded.
A re-adjustment of the excitation ratio of the oscillator may satisfy equa-
tion (8), but this changes the whole design. In conclusion, to design a
good oscillator, one should not stick to the choice of proper operating
points for an amplifier. These may be good on paper, but may not be
feasible in laboratory.

It seems that for a given excitation ratio and load resistance, there is
an optimum value of grid leak resistance 10 be used. This has been
proved to be true both theoretically and experimentally. The results will
be presented in another paper now in preparation.

5. CONCLUSIONS

This paper has presented, in part, the following points :

(1) The efficiency of a power oscillator 1s inherently lower than that of
a power amplifier, not only because it i1s self-driven but chigfly because
the path of operation is not a straight line.

(2) The phase angle is usually not 180 degrees, this results in an open
loop for the path and bence reduces the efficiency.
(3) The harmonic content present is always rich, the effect is to distort

the path in such a way as to reduce the efficiency still further.
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(+) The grid bias is not an independent adjustment. Tt is  usually
difficult to choose the same operating point for the oscillator as that used
for an amplifier.

(5)  The best tuning indicator for an oscillator is a cathode ray oscillos-
cope on the screen of which the path of operation can be directly seeu.
(6)  With phase compensating circuits properly adjusted, the pertor-
mance of an oscillator inay approach that of anamplifier. Thisis true only
when the path is approximately a straight line.

(7) Any attempt in improving the shape of the path of operation to make
it. more like a straight line, or what is even better, to make it a curve
concave upward, would improve the efficiency.
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