Cathode-Follower

Excellent square-wave response from 10 to 40,000 cycles is obtained from eight double

triodes directly driving loudspeaker voice coils. Direct-coupled stage has power gain of
37 db. Up to 20 tubes can be used for auditoriums

By E. W. FLETCHER

Cruft Laboratory
Harvard University
Cambridge,

ANY AUDIO EXPERIMENTERS,
M including the authors, have
felt that the power cathode follower
was the ideal audio amplifier output
coupling stage into a speaker sys-
tem. Heretofore, either prelimi-
nary investigation or practical cir-
cuit design has led previous
attempts to utilize the cathode-fol-
lower power stage into the com-
promise of coupling the speaker or
speaker system with an output
transformer.

Such an arrangement has gained
some advantages, notably, good fre-
quency response, excellent damping
qualities and low distortion. The
transformer has, with all its design
problems, still been the limit-
ing component of such an audio
amplifier. Disadvantages, such as
low efficiency and low power sensi-
tivity inherent with this device
might be ignored by those seeking
true and distortionless reproduc-
tion. On the other hand, the lack of
voltage amplification of the cathode
follower imposes such severe re-
quirements upon the preceding
driver stage that the avoidance of
distortion is very difficult, if not
quite impossible.

The authors have felt strongly
that if an arrangement could be de-
veloped to couple the cathode-fol-
lower stage directly to the voice coil
of the speaker, or dividing network
of a speaker system, many real ad-
vantages would accrue. Initial in-
vestigation of such a power cathode
follower using the 2A3 class of
triodes was not too encouraging;
the ideal remained without practi-
cal implementation.

In 1946, the introduction of the
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FIG. 1—Basic cathode-follower stage
for direct coupling to low-impedance
voice coils

twin-power triode type 6ASTG re-
vived interest. Single-ended and
balanced arrangements were tried
using inductive and capacitive
coupling, but finally a direct-
coupled, push-pull balanced stage
evolved. Figure 1 shows a sche-
matic of a cathode-follower stage
utilizing a total of eight twin-
triodes of the 6AS7G type. Such a
balanced stage retains all the inher-
ent advantages of a push-pull am-
plifier and permits direct coupling
to the low-impedance voice coils
with no direct-current flow through
these coils.

Balanced Stage

An equivalent circuit of this bal-
anced stage containing eight tubes
is shown in Fig. 2. The cathode-
follower stage is loaded by the 16-
ohm audio load shunted by the
cathode resistors, making an ef-
fective load of 14.22 ohms driven by
a generator having an internal im-
pedance of 23.67 ohms.

For a given number of twin
triodes, increasing the cathode-re-
sistor value will make the useful
audio power into the speaker ap-
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proach a limiting value.of I'R../2,
where I is the peak current and R..
is the speaker resistance. Decreas-
ing its value will lower the plate-
supply voltage and increase the
electrical damping on the speaker.
Such a design eliminates the output
transformer from the audio ampli-
fier, enabling one to build a com-
pletely direct-coupled amplifier or
an all-stage capacitance-resistance
coupled audio amplifier.

The input impedance of a cathode
follower is high; this is an obvious
advantage. Manufacturers of the
6AS7G recommend that for cathode
biasing a grid resistor of not
greater than 1 megohm be used to
limit ion collection on the grid, thus
avoiding erratic operation. For
eight paralleled triode sections, a
125,000-ohm grid resistor would be
required.

The gas current in these tubes
has been low enough to justify a
0.5-megohm resistor, which has
proved satisfactory for this cath-
ode-follower service, The high-im-
pedance input into the follower
stage allows the use of a simple
voltage amplifier as a driver, while
a 2-u.f coupling capacitor gives ade-
quately low frequency response.

In addition, the drive voltage is
relatively small at each of the out-
put cathodes. With five volts rms
phased 180 degrees apart across a
16-ohm load the dissipation is 6.32
watts. Since eight triodes in
parallel as a composite cathode fol-
lower have a voltage gain of 0.254,
the necessary voltage at the grids
is less than 20 volts rms. This is a
moderate and easily fulfilled con-
dition for a resistance-coupled am-

November, 1951 — ELECTRONICS



Loudspeaker Coupling

plifier. The power sensitivity is
even greater than the power tubes
and transformer combination when
replaced by the power cathode fol-
lower. An input of 1.32 milliwatts at
the cathode-follower- grids corre-
sponds to 6.32 watts in a 16-ohm
load across the cathodes, a power
gain of 87 db!

A square-wave test of the
power cathode-follower output stage
loaded with a 16-ohm noninductive
resistor was so good that the prob-
lem of building an amplifier and
preamplifier to match its perform-
ance became nonconventional audio
practice. To avoid angular phasing
within the audio range of 20 to 20,-
000 cps, one might make the em-
pirical stipulation that the ampli-
fier be capable of linear amplitude
response from 2 to 200,000 cps.

Square Wave Test

If the amplitude drops 0.1 db at
either end of the audio spectrum, a
corresponding 10-degree phase shift
is suffered while a 3-db drop corre-
sponds to 45 degrees. A balance
should be maintained in extending
frequency response at both ends of
the audio spectrum. That is, if an
extension of upper response is
made to 200,000 cps, then an exten-
sion of the lower response frequen-
cies should be made to 2 eps. One
rule of thumb has been to make the
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FIG. 2—Equivalent circuit for the eight-
tube stage shown in Fig. 1
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product of the upper and lower
half-power frequencies equal to
400,000. Figure 3 shows a sche-
matic of an amplifier that fulfills
these conditions, It passes a square
wave over the frequency range of
20 to 20,000 cps, which compares
favorably with the response of the
cathode-follower stage.

Power Supply

Perhaps the most difficult prob-
lem to be solved in the design of an
amplifier incorporating this power
cathode-follower stage is an ade-
quate power supply whose cost, size

and weight remain small. A supply
voltage of 200 volts and 2,000 ma
will supply sixteen triodes of an
eight-tube cathode-follower stage
at the manufacturer’s recommended
operating conditions. This require-
ment was easily accomplished by
using 4 rectifiers, type 872/872A,
in the bridge circuit shown in Fig.
4.

The output had a ecapacity of
2,500 ma, which allowed a 800-ma
additional drain for the amplifier
heaters. They are in series with a
300-ma field in the tweeter. The
woofer field absorbed another 100
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FIG. 3—Suggested resistance-coupled preamplifier with good square-wave response
from 20 to 20.000 cps
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operate the cathode-follower multitube output

stage
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ma while 50 ma supplied the volt-
age amplifier. This drain brought
the total load on the supply to 2,-
450 ma.

Pi-section filters, consisting of
500-uf capacitors and 0.072 henry
inductors, adequately reduced power
hum in the speakers to an inaudible
level, —10 mv of 120-cps ripple.
The cost of this supply was held
to a ridiculously small figure by uti-
lizing parts available on the surplus
market, The extraordinarily low
frequency response of the follower
makes the hum problem all the more
difficult, but the hum level in the
balanced output stage itself is
down more than 90 db below the
maximum output of 6.32 watts for
eight tubes. Shot noise, although
not objectionable, is more serious
than hum. Careful attention to
grounding techniques, and the use
of an all d-c heater supply in the
amplifier kept its hum level below
that of the output stage. It might
be pointed out that there is no hum
pickup problem here such as that
encountered with output transform-
ers owing to winding linkage or
magnetic coupling.

The maximum audio power out-
put for the cathode-follower stage
consisting of eight twin-triode
6AS7G tubes coupled to a speaker
system of 16-ohm nominal impe-
dance, where the limiting condi-
tion is class A operation, is I°R,./2
= 16/2 = 8 watts, if the cathode
resistor were infinite in value. For
the 64-ohm cathode resistors actu-
ally used, the total power into these
resistors and the 16-ohm speaker
system is I'R./2 = (16 x 128)/2
(16 4+ 128) = 7.11 watts of which
only 6.32 watts divides to the audio
load while the remaining 0.79
watt is dissipated in the 64-ohm
cathode resistors.

In view of the fact that most
good audio-amplifier designs claim
output powers of 10 to 20 watts,
and more recently values even as
high as 30 to 50 watts, this value
of 6.32 watts seems small. How-
ever, with this output cathode fol-
lower, the best speakers available
are hard pressed even to approach
the follower performance. This
precludes the use of the output fol-
lower with any but the best types
of speakers available. Relatively,
such speakers are highly efficient.
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Table I—Comparison of Multitube Cathode-Follower Stages

Number of 6AS7G Tubes 4 8 12 16 20
in Stage
Plate Supply Current (ma) 1,000 [ 2,000 | 3,000 | 4,000 4,600
Plate Supply Voltage (volts) 167 199 231 263 282
Push or Pull Composite Tube
Characteristics
Plate Current (amp) 0.50 1.00 1.50 2.00 2.30
Tons Conductance {xmhos) | 28,000 | 56,000 | 84,000 |112,000 | 140,000
Plate Resistance (ohms) 70 351 23.33 [17.5 14
Cathode Resistance (ochms) 64 64 | 64 64 64
Bias Voltage (volts) 32 32 33 37 41
Follower Resistance (ohms) 23.67 | 11.67 7.78 5.83 4.67
Generator Resistance (ohms) 46 23.33 15.56 | 11.67 9.33
Load Resistance (ohms) 14.22 | 14.22 | 14.22 | 14.22 14.22
Damping Resistance (ohms) 34.33 | 19.72 | 13.87 10.69 8.69
Audio Power to (S:peaker (watts)| 1.58 6.32 | 14.22 | 22.78 33.38
Audio Power to Cathpde Re-
sistors (watts) 0.20 0.79 1.78 2.85 4.17
Voltage across Load (volts) 5.0 10.0 15.0 19.0 23.0
Amplification 0.156 | 0.253 [ 0.319 | 0.369 0.402
Power Gain (db) 36.5 37.0 37.2 37.5 37.5
Drive Voltage (Push or Pull)
volts (rms) 16.0 19.7 23.5 25.7 28.7
Total Power Input (watts) 320 640 960 | 1,280 1,600
Overall Efficiency (percent) 0.5 1} 1.5 1.78 2.09

A speaker system and dividing
network of good efficiency in a room
of 2,300 cubic feet volume, with
sound intensity distinctly uncom-
fortable, had a measured average
power into the dividing network of
only 100 milliwatts. At a comfort-
able, more desirable level, the meas-
ured average power was less than
20 milliwatts!

Average power of 6.32 watts or
12.64 peak watts leaves a consider-
able factor of safety for the dy-
namic range required to reproduce
a symphonic orchestra over this
average power of 0.02 watt. In
Symphony Hall, Boston, this may
be greater than 90 db above back-
ground noise, but a-m and f-m
broadecasting as well as record re-
strictions hold the range below 60
db above noise.

Simplified Amplifier

In the form presented, the cath-
ode-follower power amplifier has
low power efficiency as well as poor
weight and space efficiency. There
is reason to believe that a follower
stage, utilizing only four twin
triodes of the 6AS7G type, will do
as well except for a reduction in
average power to 1.59 watts. No
deterioration in reproduction could

be detected by a listening test in
the original system with four
tubes removed.

At an average power output of 20
milliwatts, a 22-db factor of safety
for peaks still remains. If a four-
tube system were acceptable (neigh-
bor objection may be anticipated in
a single-house residential section
where house spacing is on approxi-
mately 100-ft centers, if the aver-
age level is maintained as high as
50 milliwatts) a supply of 1l-am-
pere capacity would suffice.

A selenium rectifier of the full-
wave bridge type could be used to
advantage for space economy. One-
ampere chokes of approximately
100 millihenrys in a double-pi filter
will be more than adequate filtering
if used with three 500-uf capacitors
of the proper voltage rating.
Proper isolation of the cathode-fol-
lower stage and speaker system
might allow the rectifier to be sup-
plied directly from the a-c line
without power-line transformers.

Four amplifiers using eight tubes
have been built and lived up to all
expectations. Those who may have
requirements for much more power
output, such as an auditorium or
theater, might consider a 20-tube
gsystem. Table I gives an interest-
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FIG. 5—Square-wave oscillograms obtained in comparison between follower output stage and various high-quality transformers.
Top row shows the follower results, Transformer types are listed in the text

ing comparisbn of cathode-follower
output stages, using 4, 8, 12, 16,
and 20 tubes.

Highly efficient speakers, not
acoustically matched throughout
the whole of the audio spectrum,
must be well damped electrically.
Some advocates propose an effec-
tive impedance looking back into
the amplifier of a fraction of an
ohm, usually accomplished by heavy
feedback. Another theory proposes
that such electrical damping have
a resistance of the order of value
of the voice-coil impedance. What-
ever may be the better for trans-
former coupling into an electro-
dynamic speaker system may be
questionable, but no evidence of
overshoot can be detected in a
Klipsch speaker system driven by
the 8-tube cathode-follower stage.

The 15-inch driver is damped
properly by virtue of good acoustic
matching into the horn. The damp-
ing resistance for this case is 19.5
ohms. It is well-known that the
speaker impedance is highly vari-
able and the resistive damping af-
forded by the follower is probably
critical when using speakers that
have proper acoustic loading. If
electrical damping is desirable or
necessary, a feedback link from the
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voice coil back into the amplifier
could be used with no danger of in-
stability or oscillations.

Square-wave tests of five of the
best available audio transformers
and the eight-tube cathode follower
stage exhibited the striking results
shown in Fig. 5. The conditions
of testing were as follows: Square
waves were fed from a balanced
generator through resistors equiva-
lent to the plate load of the power
tubes driving the transformers. A
noninductive resistance load of
proper value (16 ohms) was used
on the secondary. All transformers
and cathode follower were tested
under identical conditions. No
compensation of any kind was used.
Numbers at the left identify the
following equipment: (1) cathode
follower, 8-6AS7G tubes; (2) Gen-
eral Radio, Special; (3) UTC LS55;
(4) Thordarson CHT, 15891; (5)
Partridge, English Williamson am-
plifier; (6) Peerless S-245-Q.

The first oscillogram in each set
was taken with a 20-cps, 0.7-volt
input square wave. The second at
20 cps and 20 volts shows the seri-
ous effect of the transformers’ in-
sufficient inductance. The remain-
ing sets were taken at 60, 200, 600,
2,000, 6,000, 11,000, and 20,000 cps

all with an input voltage of 20 volts.

The authors have used the cath-
ode-follower stage driven by the am-
plifier in Fig. 3 to feed a good di-
viding network of less than 0.5- db
insertion loss coupled to an 18-in.
cone woofer and a metal-diaphragm
multicellular tweeter. The reaction
after several months of listening to
this_system might be likened to liv-
ing with a great painting. At first
you are convinced that it is good,
but as more live program material
is sampled you slowly realize that
it is remarkable in its ability to
handle extremes of frequency, dy-
namic range and transients.

In the cathode follower, no prob-
lem of leakage inductance nor
shunt capacitance exists, therefore,
better results at the high frequen-
cies are obtained, especially in the
reproduction of percussion instru-
ments. Here steep wave fronts re-
quire a frequency response pos-
sibly as high as 100 or even 200
kilocycles. Response at the low-fre-
quency end is much better than any
transformer available, especially at
low power settings. There is an ap-
parent reduction in record secratch
while at the same time the high-
frequency response is better than
with the best transformers.
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BACKTALK

How High
The Fidelity
DEAR SIRS:

THE ARTICLE by Cooke and Fletcher
entitled, “Cathode-Follower Loud-
speaker Coupling” (ELECTRONICS,
Nov. 1951, p 118) represents
another attempt to make musie
sound more realistie than it actually
is, ELECTRONICS has done a great
service by publishing this lampoon
of the fetishes which are current
among groups of audio enthusiasts,

Such superstitions as require-
ments for audio bandwidth in excess
of human hearing, zero electrical
phase shift in spite of huge acous-
tical phase shifts, elimination of the
output transformer at any cost,
thoughtless applications of rules of
thumb, and the cathode-follower
myth are carried to absurdity.

The following deathless quota-
tions illustrate our point:

(1) Page 121, third column, last
paragraph: “. . . better results at
the high frequencies are obtained,
especially in the reproduction of
percussion instruments. Here step
wave fronts require a frequency
response possibly as high as 100 or
even 200 ke.”

We want to know what improve-
ments in humans the authors recom-
mend so that such frequencies may
be heard.

(2) Page 119, first column, third
paragraph: “A balance should be
maintained in extending frequency
response at both ends of the audio
(?) spectrum; that is, if an ex-
tension of upper frequency response
is made to 200,000 cps, then an ex-
tension of the lower response fre-
quency should be made to 2 cpa.
One rule of thumb has been to make
the product of the upper and lower
half-power frequencies equal to
400,000.”

(3) Page 119, third column, first
paragraph: “This requirement (on
the power supply) was easily ac-
complished by using four rectifiers,
type 872/872A....”

(4) Page 120, first column, sec-~
ond paragraph: “It might be
pointed out that there is no hum
pickup problem here such as that |

BACKTALK (continued)

encountered with output trans-
formers owing to winding linkage
or magnetic coupling.”

(5) Page 121, third column,
second paragraph: “The reaction
after several months of listening to
this system may be likened to liv-
ing with a great painting.”

Great paintings are often spoken
of as having great power, This
amplifier beats all by several hund-
red watts. The authors should
have pointed out that this ampli-
fier eliminates the need for a heat-

ing plant.
WiLLiamM L. HATTON

RoBERT A. RAPUANO
Newton, Massachusetts

Authors’ Rebuttal

DEAR SIRS:

ELECTRONICS readers, Mr, Hatton
and Mr. Rapuano (see above letter)
must be acquainted with the analog
of the motor car. Many manufac-
turers design cars capable of speeds
approaching 90 miles an hour.
These manufacturers do this in
order to improve the operation and
performance of these ears at more
conservative speeds. An amplifier
response of 2 eps to 200,000 cps at
the half-power points permits ex-
cellent phase and amplitude char-
acteristics from 20 to 20,000 ¢ps.

The cathode-coupling unit will
hold the 18-inch woofer cone at a
half-inch displacement with a suit-
able d-c signal. In spite of such
low-frequency coupling and the
2-cps cutoff of the earlier stages of
the amplifier, no hum is audible at
full gain setting, even if you place
your head inside the cone.

We hasten to explain to readers
Hutton and Rapuano that the
authors are not proposing such a
direct coupler as a commercial
amplifier, but simply as a power
transfer unit which has the ability
of repreducing in a pure 16-ohm
resistor a voltage exactly like the
voltage output of a microphone
placed judiciously in Symphony
Hall, If this contributes to the
hoyse heating to the tune of about
a penny an hour, there are several
scores of ELECTRONICS readers who
have, are, and will aceept such by-
products graciously in return for
superior low-freguency results, as
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well as high-frequency response as

good as the best amplifiers available.

Now the game is to find much

better speakers, so that the authors

may avocationally brew a pot of

witcheraft and superstitions that

will correlate laboratory measure-
ments with listening judgments.

EwaN W. FLETCHER

Cruft Laboratory

Harverd Undversity

Cambridge, Massachusetts

AND
StUuART P. CoOKE

Case Institute of Technology
Cleveland, Ohio



Re-rebuttal

DEAR SIRS:

THIS might be titled “Re-rebuttal”

for the “Cathode Follower Loud-

speaker Coupling” discussion.»**
May I call your attention to some

remarks by Irving Langmuir in the -

current GE advertisement “What
GE people are saying” and also to
an article by H. B. Phillipps in the
Technology Review for June 1948,
as familiarity with at least one of
these is germane to what follows.

It is very comforting to know
that one lives in a society which, at
least electronieally speaking, per-
mits such wild excursions as that of
the subject article, for this is
clearly what pays off. What both
Messrs, Langmuir and Phillipps
failed to point out, presumable be-
cause it is so self evident, is that
individual freedom is only a good
idea if or when there is available
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means for determining which wild
excursion was wise and which
turned out to be a waste of time
and money.

Can’t we somehow keep this sub-
ject warm long enough to forget
about trying to prove that a $782
cathode follower is better than a $15
transformer and try to steer some
of this energy into loudspeaker
design. Something truly revolu-
tionary might easily alter the whole
course of radio, f-m, tv and elec-
tronics. For the better, 1 might
add.

BeNJAMIN B, DRisko
Hingham, Massachusetls

1

P. 8. If the authors of the subject-
article will pick up the sound
emitted by their plaything when it
is held “at a half inch displacement
with a suitable d-c signal”™ with a
microphone whose frequency re-
sponse is flat from 0 to 20,000 cps
and examine its output they may
get some clues as to why the
subjectively heard sounds depart
noticeably from those of the instru-
ment being reproduced.
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(Editor's Note: We gratefully aceept Mr.
Drisko’s suggestion for titling his letter.
We have received a number of letters re-
garding the cathode-follower loudspeaker
coupling article and the discussion
printed in Backtalk pertaining to it. Judg-
ing by this voluntary display of interest,
we feel safe in assuring Mr. Drisko that
the subject will be kept warm—if not,
sizzling—by the readeéers of ELECTRONICS.
At present, the audio boys seem te have
the lead with thelr endorsements of
Fletcher and Cooke's work.)
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