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This invention relates to amplifiers employing
positive and negative feedback for economically
securing improved performance over a wide fre-
quency range. The invention is particularly ap-
plicabie to transformer coupled audio power am-
plifiers suitable for use in mass produced broad-
cast receivers and amplifier systems, although it
may be used beneficially in expensive amplifiers.

It has previously been customary to use pentode
or beam pentode output tubes in economical
transformer coupled power amplifiers because of
their high efficiency and the economy with which
they can be driven. The chief disadvantages of
pentodes in such an application are the high har-
monic distortion encountered, which is made still
further objectionable by the considerable per-
centage of higher order harmonies present, and
the high output impedance that results, which
gives poor damping of a load such as a loud-
speaker.

The above disadvantages have been overcome to
some extent by the use of negative feedback.
However, it has never been possible in an eco-
nomical amplifier to employ sufficient feedback to
obtain negligible harmonic distortion and a neg-
ligibly small output impedance because of the
great loss in gain resulting, and because of oscil~
1lations that are encountered due to the inevitable
phase shift that takes place in the amplifier (and
in the transformer, if transformer coupled) as
well as in the negative feedback system, at very
jow and very high frequencies. In order to ob-
tain very large amounts of negative feedback, it
has been necessary to use very costly output trans-
formers, and in addition, phase shift correcting
networks in the amplifier stages, to avoid oscilla-
tion. In general, the worst phase shifts are due
to the output transformer. However, the phase
shift is made still worse by the fact that it is
usually necessary to apply the negative feedback
over a number of stages to obtain the desired
reduction in distortion and output impedance.

Tn amplifiers where no output fransformer is
used, some improvement has been cbtained by
the use of a combination of overall negative po-
tential Teedback and infernal positive potential
feedback in an early stage of the amplifier. In
this manner, an improvement in gain is obtained
whiile most of the advantages of negative feedback
sre retained. However, it has not been possible
to obtain negligibly low output impedance and
non-linearity with this system in an economical
audio power amplifier where an oubput trans-
former is used, because of the phase shift in the
output transformer at very low and very high fre-
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quencies, which will cause oscillation. Again,
some improvement can be made by the use of a
very costly output transformer and phase correct-
ing networks in the amplifier stages.

Another expedient which has been resorted to
is the use of a separate winding on the outpub
transformer from which the negative feedback
is obtained, in an effort to reduce the phase shift
in the negative feedback vcltage caused by the
output transformer.

It is an object of this invention to provide an
amplifier in which distortion and oscillation are
economically eliminated over a wide range of fre-
quencies.

It is a further object of this invention to provide
an amplifier in which the elimination of distortion
and oscillation over a wide frequency range may
be realized together with a low output impedance
which may be of zero or negative value.

It is another object of this invention to provide
an amplifier having positive and negative voltage
feedback in which the effects of phase shift in the
negative feedback loop at very high and very low
frequencies are economically overcome.

Tt is another object of the invention to provide
an economical transformer coupled amplifier
capable of serving as an audio power amplifier
without substantial distortion or osciilation over
a wide freguency range.

These and other objects and advantages of
the invention are realized by an amplifier in-
corporating both positive and negative voltage
feedback loops in which an impedance network is
provided operative upon the positive feedback
loop, at frequencies at which the phase of the
energy Ted back by the negative feedback loop is
shifted toward a positive sense, to shift the phase
of the energy fed back by the positive feedback
loop toward a negative sense, by an amount suf-
ficient to restrain said amplifier from oscillation.

Such an embodiment of the invention is de-
seribed in the following specification and illus-
trated in the accompanying drawing, the single
figure of which is a schematic diagram of an
audio power amplifier circuit utilizing the inven-
tion.

In the illustrated circuit a conventional ampli-
fier stage comprising the triede 10 has its output
applied by way of an RC network A shown en-
closed in a .dashed block, to the control grid of
one of two triodes 11 and {2 which act as a phase
inverter. ‘Thephase inverter is of the self balanc-
ing type. The cathodes of tubes {{ and {2 are
connected through a pair of resistors {3 and {4
having their junction point grounded. The an-



2,652,458

3

odes are connected respectively to the control
grids of a pair of tetrodes (5 and {8 by way of
condensers {7 and {8. The anodes of tubes ¢ and
{2 are also joined by a three-branch parallel net-
work of resistors, each branch consisting cf two
serially connected resistors 19 and 28, 21 and 22,
and 23 and 24 respectively. The junchion point oi
resistors 21 and 22 is connected to the control
grid of tube i2. The tubes {5 and {6 are con-
nected to form a conventional push-pull output
stage feeding the primary 25 of output trans-
former 26, The secondary 27 of this transformer
feeds a loud speaker 28.

Negative voltage feedback is obtained from the
secondary of transformer 26 by way of condusctor
30 through resistor { to the cathode of tube 1.
Positive voltage feedback is obfained from the
control grid of tube {6 by way of conductor 32.
through resistor 32 and condenser 34 forming a
part of network A, to the control grid of tube 1.
The remainder of network A comprises a con-
denser 35 in the output lead of tube I8 in series
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with a two-branched parallel circuit having a re- .

sistor 36 in one branch and a vesistor 27 and a
condenser 3% serially connected in the other
branch. The junction point of resistor 37 and
condenser 38 is grounded.

By the arrangement just described sufficient
positive feedback is secured at the intermediate
freguency range of the amplifier to create a con-
dition of critical regeneration in the circuit of
tubes i and {2 so that these tubes are on the
verge of oscillation with the negative feedbhack
disconnected. The presence of the negative feed-
back loop controls the tendency toward oscilla-
tion and renders the amplifier very stable.

Tt is desirable to maintain approximately this
condition of critical regeneration over the en-
tire range of useful frequencies since it provides
the equivalent of a very high gain amplifier
without incurring the penalty of the large phase
shifts at boundary frequencies which would be
found in an amplifier of many stages. In ad-
dition to the economy in amplifier material, the
low phase shift permits the use of an econom-~
ical negative feedback loop, particularly includ-
ing an economical output transformer. The
overall gain is then primarily an inverse func-
tion of the feedback factor of the negative feed-
back loop and is only slightly influenced by var-
iation of tube characteristics. By appropriate
choice of the equivalent amplifier gain and of
the negative feedback factor, the effective out-
put impedance may he reduced substantially to
zero, or may even be made sufficiently nega-
tive that most of the resistance of a dynamic
load (such as a loudspeaker) will be cancelled to
provide excellent damping. Conventional feed-
back theory shows that with zero or slightly
negative output impedance, harmonic distortion
and intermodulation will be negligible at any
signal level up to that at which some element
is so badly overloaded that one of the feedhack
loops is disabled during some portion of the sig-
nal excursion.

Through the efforts of many workers, the vir-
tues inherent in the use of combined feedback
have gradually become known, but they have
not been economically realized in practice in cas-
cade amplifiers and particularly in transformer
coupled amplifiers. While the desirable results
can be obtained over a wide frequency range, the
phase shifts in the amplifiers and transformers
embraced by the negative feedback loop occur-
ring outside this range will disable the ampli-
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fier by making the feedback positive and caus-
ing oscillation unless suitable precautions are
taken. In the past, two methods have been em-
ployed to prevent oscillation, either alone or in
combination. According to one method which
has been thoroughly investigated, the various
coupling elements which contribute to phase
shift and coincidental signal attenuation are
designed so that the frequency response curve
of all elements embraced in the negative feed-
back loop will exhibit a slope no greater than
10 db per octave at any frequency for which the
overall loop transmission is above unit. Prac-
tice of this method generally involves such rig-
orous control of components, especially trans-
formers, over such a wide range of frequencies, as
to make it economically unfeasible. The other
method applies compensatory phase shifts in the
negative feedback loop and is likewise prohib-
itively costly.

According to the present invention, coinciden-
tal phase shift and attenuation is introduced in
the positive feedback loop at the boundaries of
the useful frequency range, so as to rapidly re-
duce the equivalent amplifier gain embraced by
the negative feedback loop without introducing
into the latter the large phase shifts which
would accompany the use of passive filter net-
works. By appropriate choice of the coupling
components of the positive feedback loop and of
the portion of the amplifier it embraces, the
sense of this feedback may be caused to reverse
at frequencies only moderately removed beyond
the boundaries of the useful range, resulting in
a very low value of equivalent amplifier gain in
the regions of these frequencies. By use of
the most economical coupling elements in the
remaining portion of the amplifier, a rapid cut-
off may be obtained in these regions with com-
plete indifference to the rapid phase changes oc-
curring in the elements embraced by the nom-
inally negative feedback loop, because the am-
plifier gain has become too small to permit os-
cillatory conditions to be established through
this locp. At frequencies still more remote from
the useful range there may be regions where the
sense of both feedback loops will be positive, bu$
if all coupling elements have been chosen with
an eye to economy, the effective loop gaing will
be too small to permit oscillation. An exception
might be made in the case of an amplifier in-
volving a considerable number of stages, but this
condition is not contemplated because it is more
economical to provide an adjustable element fix-
ing the amount of positive feedback than to in-
crease the number of stages.

In the figure, the network A accomplishes the
desired control of the internal feedback loop so
that it provides positive feedback in the useful
signal range and negative feedback at frequen-
cies sufficiently removed from this range. At
audio frequencies where condensers 34 and 35
have a very low reactance the amount of posi-
tive feedback is determined primarily by the
ratio of the resistance of resistor 36 to the re-
sistance of the resistor 33. The input resistance
of tube {1 and the plate resistance of tube 10,
however, have some influence. At lower audio
frequencies, the positive feedback is controlled
by the ratio of the capacity of condenser 34 to
that of condenser 385. The ratio of these ca-
pacities should be approximately equal to the
ratio of the resistance of resistor 36 to the re-
sistance of resistor 33 in order to obtain ap-
proximately uniform phase and voltage condi-
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tions in the positive feedback loop through the
useful range of audio frequencies. Resistor 31
reduces the amplitude and shifts the phase of
the positive feedback energy at very low fre-
guencies, thus eliminating at these freguencies
the danger of oscillation that would exist due
to phase shift and reduction of amplitude of
the negative feedback energy. Condenser 38
reduces the amplitude and shifts the phase of
positive fesdback energy at very high audio fre-
quencies thus performing the same functions of
compensating for deficiencies of the negative
feedback loop at these frequencies. The dynamie
input capacity of tube [ constitutes effectively
a part of the capacity of condenser 38, so that
this condenser may be omitted when the input
capacity of the tube is of itself sufficient for this
purpose.

There are listed below the values that were
used in a successful circuit embodying the in-
vention. These are to be taken as purely illus-
trative and not in any sense as limiting or de-
fining the scope of the invention.

Tube I8 _ o 8J5
Tubes 4,02 . 6SNYT
Tubes 5, 6~ 6V6
Transformer 26:
Primary oo 8000 o
SeCONAATY e e e e e 32w
Loudspeaker o 32w
Condensers:
3 .006 mfd.
) UV, .05 mifd.
. 68 mmifd
I 0.3 mfd
Resistors:
. J Ut 91 meg.
B e o .1 meg.
. R .33 meg.
18 o e e 47 K.
S U 15 K
19, 86 4T K
2 e .39 mesg.
92,28, 24 . AT meg.
31 2.2 K.

What is claimed is:

1. In an amplifier comprising a number of
cascaded stages, a first feedback loop embracing
a plurality of said stages, said first feedback loop
having a loop gain numerically substantially
greater than unity and negative in sense in the
desired range of operation of said amplifier and
being subject to phase shifts which render ié
positive in sense at frequencies outside said de-
sired range of operation, a second feedback loop
embracing at least one less of said stages em-
braced by said first feedback loop, said second
feedback loop having a loop gain of approxi-
mately unity and positive in sense in said desired
range of operation, the improvement comprising
a phase shifting network in said second feed-
back loop consisting of & plurality of impedance
means of such nature, magnitude and intercon-
nections as to present to said second feedback
loop a minimum of impedance within said de-
sired range of operation and to present to said
second feedback loop, at frequencies above and
helow said range an impedance of such character
and value as to reduce the amplitude and shift
the phase of the energy fed back thereby, the said
phase shift being sufficient to reverse the sense
of the feedback of said second feedback loop to
the negative at all frequencies outside said de-
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through. said first feedback loop is positive and
the loop. gain thereof would otherwise be. greater
than unity.

2. In an amplifier comprising a number of
cascaded stages, a first feedback loop embracing
a plurality of said stages, said first feedback loop
having a loop gain numerically substantially
greater than unity and negative in sense in the
desired range of operation of said amplifier and
being subject to phase shifts which render it
pogitive in sense at. frequencies outside said de-
sired, range of operajion, a second feedback loop
embracing at least one less of said stages em-
braced by said frst. feedback loop, said second
feedback loop having a leop gain of approxi-
mately unity and positive in sense in said desired
ranee of operation, the improvement comprising
a, phase shifting network in said second feedback
loop consisting of a plurality of impedance means
of such nature, magnitude and interconnections
as to present to said secend feedback loop within
said desired range of operation an impedance
substantially consiant in character and magni-
tude, to present to said second feedback loop at
frequencies below said range a shunting imped-
ance predominantly resistive and of such value
as to reduce the amplitude and shift the phase
of the energy fed hack thereby and to present
to said second feedback loop at frequencies above
said range a shunting impedance predominantly
capacitive and of such value as fo reduce the
amplitude and shift the phase of the energy fed
back thereby, the said phase shifts being suffi-
cient to reverse the sense of the feedback of said
second feedback loop to the negative at all fre-
quencies outside said desired range where the
sense of the feedback through said first feedback
loop is positive and the loop gain thereof would
otherwise be greater than unity.

3. In an amplifier comprising a number of
cascaded stages, a first feedback loop embracing
a plurality of said stages, said first feedback loop
having a loop gain numerically substantially
greater than unity and negative in sense in the
desired range of operation of said amplifier and
being subject to phase shifts which render it
positive in sense at frequencies outside said de-
sired range of operation, a second feedback loop
embracing at least one less of said stages em-
braced by said first feedback loop, said second
feedback loop having a loop gain of approxi-
mately unity and positive in sense in said desired
range of operation, the improvement comprising
a phase shifting network in said second feedback
loop consisting of a plurality of impedance means
of such nature, magnitude and interconnections
as to present to said second feedback loop in the
upper portion of said desired range of operation
an impedance predominantly resistive in charac-
ter and in the lower portion of said desired range
of operation an impedance predominantly capac-
itive in character, the impedance presented by
said network throughout said range of operation
being substantially constant, said network pre-
senting to said second feedback loop at frequen-
cies below said range a shunting impedance pre-
dominantly resistive and of such value as to re-
duce the amplitude and shift the phase of the
energy fed back thereby and presenting to said
second feedback loop at frequencies above said
range a shunting impedance predominantly ca-
pacitive in character and of such value as to
reduce the amplitude and shift the phase of the
energy fed back thereby, the said phase shifts
sufficient to reverse the sense of the feedback of
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said second feedback loop to the negative alt
frequencies outside said desired range where the
sense of the feedback through said first feedback
loop is positive and the loop gain thereof would
otherwise be greater than unity.

4. In an amplifier comprising a number of
cascaded stages, a first feedback loop embracing
a plurality of said stages, said first feedback loop
having a loop gain numerically substantially
greater than unity and negative in sense in the
desired range of operation of said amplifier and
being subject to phase shifts which render it
positive in sense at frequencies outside said de-
sired range of operation, a second feedback loop
embracing at least one less of said stages em-
braced by said first feedback loop, said second
feedback loop having a loop gain of approxi-
mately unity and positive in sense in said desired
range of operation, the improvement comprising
a phase shifting network in said second feedback
loop consisting of a plurality of impedance means
of such nature, magnitude and interconnection
as to constitute with respect to said second feed-
back loop in the upper portion of said range of
operation a predominantly resisitive voltage di-
vider and to constitute in the lower portion of
said range of operation a predominantly ca-
pacitive voltage divider, the impedance presented
by said network being substantially constant
throughout said range, said network presenting
to said second feedback loop at frequencies below
said range a shunting impedance predominantly
resistive and of such value as to reduce the am=
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plitude and shift the phase of the energy fed
back thereby and presenting to said second feed-
back loop at frequencies above said range a
shunting impedance predominantly capacitive in
character and of such value as to reduce the
amplitude and shift the phase of the energy fed
back thereby, the said phase shifts heing suffi-
cient to reverse the sense of the feedback of said
second feedback loop to the negative at all fre-
quencies outside said desired range where the
sense of the feedback through said first feedback
loop is positive and the loop gain thereof would
otherwise be greater than unity.
JOHN MILTON MILLER, JR.
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