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Summary—The general characteristics of the ideal output tube for broadcast
receivers -are discussed briefly with respect o specific electrical and acoustical re-
quirements.

Considerations of praciical power-tube design indicate that the tube most nearly
approaching the ideal characteristics i8 one having an accelerating grid (screen) and
a control grid which does not require power. The limitations of conventional output
tetrodes and pentodes with respect to the ideal are treated and are tllusirated by means
of oscillograms and models showing field-potential distributions. It follows that homo-
geneous potential fields and directed electron beams having high electron density can
be utilized lo minimize these limitations. These design features indicate the feasibil-
ity of a tube suitable for operation as a class A amplifier hdving substaniially second-
harmonic distortion only and capable of high power output, high effictency, and high
power sensitivily.

The theoretically proper geometric structure for beam power tubes is developed.
The theory is substaniiated by performance data obtained from actual tubes.

I. INTRODUCTION

EVELOPMENTS in the art of transmitting and reproducing
sound by electrical means point toward systems of higher fidel-
ity capable of reproducing faithfully the tremendous range of
volume of the symphony orchestra without altering the infinite variety
in combinations of tones and overtones. In the achievement of this
ideal, radio tubes have an important part. A brief résumé of audio-
frequency power-amplifier requirements will help in formulating the
specifications of an ideal power tube for loud-speaker operation.

I1. FuNnpDAMENTAL REQUIREMENTS FOR HigH-FIDELITY
Sounp RepropucTION

The audio-frequency amplifier in the receiving unit must cover a
frequency range of more than eight octaves for true reproduction of
musie. To accomplish this, it is necessary that the amplifier tubes them-
selves do not generate tones of substantial magnitude within the de-
sired range.

* Decimal classification: R330. Original manuscript received by the Insti-
tute, September 8, 1937. Presented before New York meeting, April 1, 1936.
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138 Schade: Beam Power Tubes

The science of music teaches us that pure octaves, i.e., tones of
second-, fourth-, and eighth-harmonic order, are always harmonious,
and, therefore, are least objectionable when introduced by harmonic
distortion in amplifiers,

The third harmonic is the octave of the pure musical “fifth.” It is
harmonious to single tones but causes dissonance as a harmonic of some
of the component tones in musical chords of relative purity. Small
magnitudes of third harmonic generated in the amplifier can be toler-
ated but should not exceed a few per cent of the fundamental tones.
The fifth harmonic is the pure “second” to the double octave of the
fundamental tone. Harmony conditions are somewhat similar to those
of the third harmonic. The larger pitch difference, however, reduces
masking effects! produced by the fundamental tones so that the permis-
sible maximum value is considerably smaller than for the third har-
monie. Higher-order harmonics of odd number, seventh, ninth, ete.,
are disharmonious and thus increasingly objectionable. High-order
harmonics in general are so much different in pitch from the funda-
mental tone that magnitudes much smaller than one per cent may be
noticed as a disagreeable sharpness of tone or a hissing sound. They are
generated especially in amplifiers having dynamic characteristics with
sudden changes of curvature.

In the preamplifier stages it is not difficult to limit harmonic dis-
tortion to satisfactory values if the required output power or voltage
is substantially less than the obtainable maximum value. The output
stage, however, must not only be operated efficiently but must also
supply maximum power output at low distortion.

The peak output power required for reproduction is at least 10 to 25
times the average power output and still larger for amplifiers with
volume expansion. Thus, an average volume level of one watt of elec-
trical power demands the undistorted reproduction of peaks as high
as 20 to 30 watts. If this power is to be obtained at reasonable cost, the
output tube must have not only a high plate efficiency, but also a good
“circuit” efficiency.

The plate load of the power stage is not a pure resistance. The mo-
tional impedance of commercial dynamic cone loud-speakers for re-
ceiving sets varies considerably with frequency due to the low coeffi-
cient of electromechanical coupling. Due to the loose coupling, the
mechanical circuit reflects its reactance and resistance efficiently only
at the resonant frequency as illustrated in Fig. 1, which shows the
electrical characteristics of a typical speaker. The increase of the nor-
mal? resistance to 96.7 ohms indicates an efficiency of close to 90 per

! Harvey Fletcher, “Speech and Hearing,” D. Van Nostrand Co., (1929).
2 See 1933 Report of the Standards Committee of the I.R.E., page 36.
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cent at the resonant frequency, while only about five per cent of the
input power is transferred to the secondary system at other frequencies.

The reactance of the moving coil is responsible for the normal
impedance rise at high frequencies. This impedance rise is quite easily
corrected over the entire high-frequency range by the much-used series-
resistance-capacitance shunt on the reflected load. This compensation
is absolutely necessary to provide good quality and to avoid high
transient voltages when the output tubes have high internal imped-
ance (7,), but it may be omitted with low-impedance tubes.
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Fig. 1—Electrical characteristics of a dynamic loud-speaker.

Loud-Speaker Damping

The internal impedance of the power tube shunts the plate load.
If the plate load (R,) is high compared to the tube impedance, the
Q ratio of a parallel-tuned plate load is decreased by the tube shunt
which acts to prevent a large resonance rise. The mechanical resonance
of the dynamic speaker appears over a short frequency range in the
primary substantially as a high-impedance parallel-tuned circuit (com-
pare Fig. 1). This circuit is damped by low-impedance tubes but af-
fected little by high-impedance tubes. But even if the reflected elec-
trical circuit resonance is almost completely damped by low tube im-
pedance, the sound output still rises above normal due to the high
energy transfer into the mechanically resonant secondary circuit.

If a resonant-voltage rise of 5 on the voice coil is assumed and the
equivalent increase in efficiency is considered as from 5 to 81 per cent,
a calculation yields the following results: High-impedance sources as
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represented by pentodes in class A service with r,=10R, permit a
16.4-decibel sound-output rise at resonance; triodes with r,=%R,, a
7.8-decibel rise. For r, =0, the rise is still 5.1 decibels.

Electrical damping cannot completely eliminate resonance “boom”
and prevent overload of the speaker at resonance. This must be done
by power-absorbing circuits or in the loud-speaker design.

III. GENERAL PrOBLEM OF PowEeR-TUBE DEsioN

* The design of a desirable tube begins with the formulation of ideal-
type characteristics. An analysis of the electrical characteristics of an
idealized tube follows in order that the most suitable design principle
may be selected on the basis of both tube development and practical
operation. The theoretical investigation of the electrical principles in-
volved points out the direction of research, and assists in formulating
the specific design problem.

According to the preceding discussion, the general specifications for
an ideal power tube are as follows:

A. General Specifications for an Ideal Power Tube

1. Low distortion mostly of second-harmonic order. A small per-
centage of third harmonic can be tolerated. Higher-order harmonics
must be negligible.

2. Good power sensilivity to permit low-level operation of the pre-
amplifier stage.

3. High power output obtainable with self-bias and supply circuits
having the voltage regulation of conventional broadcast receivers.
Exceptionally large power output with good quality for limited high-
frequency response with supply circuits of moderately good regulation.

4. Mazimum efficiency in both tube and associated circuits with
respect to power dissipation as well as cost.

5. Effective damping of resonant loads.

B. Analysis of Tube Types and Design Possibilities on the Basis of
the Required Electrical Characteristics

1. Triodes

(a) The Required Characteristic for Negative-Control-Grid Opera-
tion

The distortion from present class A output triodes is low and con-
tains only small magnitudes of higher-order harmonics. The 2A3 is a
large power triode for receivers. It is a filament type, having a large
effective cathode area which does not require as much heater power
as a unipotential cathode of equivalent area. However, it is not feasible
at present to construct at reasonable cost a triode having much higher
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power sensitivity, higher efficiency, and larger power output than the
2A3 for a 300- or 400-volt plate supply. The necessary large cathode
area would be quite expensive and would present difficult construc-
tional and operating problems due to grid emission. The relatively
low efficiency of low-u class A triodes is a serious objection from the
standpoint of tube dissipation, and cost of power supply for increased
output power.

A plate efficiency approaching 50 per cent without grid current in
class A service is not impossible even for existing triodes, but the
power output for medium voltages is very small with respect to the
size of the tube. The hypothetical triode must have & sharp cutoff, sub-
stantially constant u at all plate voltages, and high transconductance,

% Rp-p

Fig. 2—Plate family of hypothetical triode.
Conditions for push-pull operation

Eq= —37.5 volts fixed Power output =35 watts (two tubes)
"Ey =400 volts fixed Efficiency =~ 51.2 per cent
Ito="71 milliamperes R;_p = plate-to-plate load

I, =85 milliamperes

i.e., a very steep rise of current versus applied potential, as shown in
Fig. 2. This plate characteristic is ideal on a theoretical basis. The
characteristic family is constructed by parallel displacement of the
zero-bias characteristic. This constant p (it is shown to be 10) is ap-
proached in an actual tube by using a fine-mesh control grid at rela-
tively large distances from cathode and plate. The effective grid po-
tential at Ey=+50 volts and E, =0 volts is thus approximately five
volts, which must be sufficient to cause an electron current of 200
milliamperes. We know that this is possible only by the use of a very
large cathode area even for considerably lower u values. Furthermore,
this large cathode should radiate little heat to the grid in order to
avoid grid emission.

A cathode of large area may be produced with an auxiliary positive
grid. The “virtual eathode” of the space-charge-grid tube seems a good
solution. The virtual cathode, however, must have an electron reserve
capable of supplying the peak current demanded from it. The space-
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charge-grid tube thus requires a larger cathode current and conse-
quently a larger B power supply in eomparison with other tubes to be
discussed and, therefore, does not meet the requirements for circuit
efficiency.

(b) Triodes with Positive-Grid Operation

The control grid itself may be permitted to.swing positive, in order
to accelerate the electrons and obtain a steep current rise at low plate
voltages. This method has certain disadvantages. The grid current in
conventional triodes is of substantial magnitude and considerably de-
creases the expected plate-current rise, especially at low plate voltages.

Fig. 3—Transfer characteristic Fig. 4—Resultant plate family of a.
of a positive-operated-grid positive-operated-grid output
output tube with conduc- tube with conductively coupled
tively coupled driver. driver.

This action causes increased distortion. A second complication arises
from the fact that there are now two positive electrodes in the tube
so that secondary electrons from one electrode may not fall back to
the plate but instead may travel to the other positive electrode.
Secondary emisston occurs whenever electrons hit an obstacle which,
aside from transit-time effects, must be at positive potential. The
liberation of normal® secondaries begins substantially at a positive
voltage of about ten volts and thus causes a break in the grid-current
curve. The performance of present-day class B triodes shows fairly
good success in smoothing out the grid-current “kinks” in their reac-
tion on the plate current, by bettering the ratio of plate current to
grid current through the use of specially designed high-impedance
triodes. These high-impedance tubes have a plate family very similar
to pentodes and thus give a performance similar to a pentode. Unlike
the pentode, they require driving power and, therefore, demand care-

3 H. Barkhausen, “Electronenroehren,” vol. 1.
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fully designed,low-impedance preamplifiers. Because only drivers with
zero internal resistance and ideal coupling devices eliminate grid-cir-
cuit distortion, the “kinks” and consequent higher-order harmonics
cannot be completely suppressed in practical systems. That this is the
case is shown by the transfer characteristic of Fig. 3. The plate load
has little effect on the break in the characteristic.

In push-pull operation, tubes with positive grids operate with con-
siderable plate efficiency. They may be designed to require no biasing
voltage. The distortion of high-impedance triodes operating with posi-
tive grid voltages is naturally higher than that of pentodes operated
without control-grid current, because distortion is increased in all

Fig. 5—Plate family of a typical Fig. 6—Transfer characteristic
power pentode. of a typical power pentode.

practical cases by harmonics including those of high orders arising from
the irregularities of the grid-current characteristic.

In class A operation, single high-impedance tubes operated with
positive control-grid voltages and conductively coupled driver stages
present no advantage in output performance over conventional pen-
todes. The resultant plate family is very similar to that of a pentode
and consequently the plate-circuit performance with regard to distor-
tion, efficiency, and load variation is also similar (Figs. 4 and 5). The
transfer characteristic of pentodes operated without grid current is in-
herently a smooth curve (Fig. 6).

2. Pentodes

(a) Characteristics of Conventional Pentodes

Power output and efficiency of commercial pentodes are:consider-
ably higher than those of conventional triodes operated without grid
power. The screen-grid potential remains fixed and highly positive
at all plate-voltage values. This feature eliminates the necessity of a
large cathode area for obtaining a steep plate-current rise with low
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plate potentials. Overbiased pentodes in push-pull operate with an over-
all efficiency which compares favorably with that of good class B
triodes, and in addition have the considerable advantage of operating
without grid current. This guarantees negligible high-order harmonics
and a simple preamplifier design.

It can be shown that overbiased operation of push-pull pentodes is,
in fact, necessary in order lo obtain distortion values of less than three
per cent consisting mainly of third-harmonic distortion and having
less than one per cent of fifth harmonic. The attainment of a high plate
efficiency of 70 per cent and a total B supply power efficiency of ap-
proximately 60 per cent are accompanied by considerable increases in
the current demand for an applied signal. In order to maintain correct
operating conditions for all signal levels, it is necessary to provide a
well-regulated bias and B voltage supply. A study of modern receivers
shows, however, that the power stage is generally designed to have at
most a two-to-one increase in plate current due to a signal and is oper-
ated with self-bias or semi-self-bias. In many instances better perform-
ance with respect to distortion and efficiency is sacrificed to obtain
partial class A performance and with it supply circuits not requiring
good regulation.

It has been indicated that the desirable power tube could not be
built economically as a triode, because three-electrode tubes with posi-
tive signal grids were ruled out for distortion reasons. It will also be
shown later that the operation of triodes having high power sensitivity
places severe requirements on the circuit. Because of these limitations
the solution will be sought in a four- or five-electrode tube having a
separate positive accelerating grid.

(b) Characteristics of a Desirable Power Pentode or Tetrode

The first requirement in our specifications for an ideal power tube
is low distortion of substantially second-harmonic order. The practical
solution is a square-law curvature of the transfer characteristic and
a plate family which is substantially linear over the entire useful
plate-current—plate-voltage characteristic,

The second requirement is good power sensitivity. This demands fine-
mesh grids, and an efficient cathode with close control-grid spacing to
obtain high tranconductance,

The third and fourth requirements are high power output and effi-
ctency. These require the extension of the straight section of the plate
family down to very low plate-voltage values and a low percentage of
sereen-grid current at all plate voltages in the useful range.

The fifth requirement is low plate impedance. Thisisin conflict with
the second, third, and fourth requirements. The screen-current rise



