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This is a division of my prior application Serial
No. 298,155, filed August 8, 1928 for Wave transla-
tion systems. .

This invention relates to wave translation sys-

§ tems, as for example systems for amplifying elec-
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trical variations with the aid of electric space
discharge devices. ’ : ,

It is common experience that increase of the
power output of vacuum tubes or electric space
discharge devices tends to increase distortion of
signaling or other waves transmitted by the de-
vices, and tends to lower the gain of the circuits
of the devices.

At high values of outpui power, gain may be-
come so low that further increase of input am-
plitude or decrease of output Impedance produces
no further increass of power output.

However, in msany sapplications of vacuum
tubes, long before the power output of the tube
reaches the maximum value thai the tube .is
capable of delivering or seriously lowers the gain

of" the tube circuit, distortion becomes so great’

as to render further increase of output power in-
advisable. Representative instances in the fleld
of application of amplifiers, for example, are
volce frequency telephone repeaters, carrier fre-
quency amplifiers common to g plurality of sig-
naling channels in carrier wave multiplex signgl-
ing systems, amplifiers for public address sys-
tems, ampliflers for reproducing music from rec-
ords, power amplifiers used as transmitting or
sending amplifiers in radio or wire transmission
systems, amplifiers for operating loud speaking

- receivers for radio sets or the like, and sending
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amplifiers for high quality broadcasting  trans-
mitters.

In each such instance, the higher the quality
of transmission required, or in other words, the
less the distortion permissible, the sooner is the
maximum permissible output power reached, that
is, the lower is the ratio of maximum permissible
output power to the maximum output power that
tiie tube or tubes of the amplifier stage is ca-
pable of delivering. Therefore, the- higher the
transmission quality demanded, the more inef-
ficlently has the power capacity of the tube or
tubes been used, and consequently when both

~high transmission quality and high output of
bower are required in systems of the types com-
monly employed, the power capacity of the tubes
has to be especially great because only 2 small
fraction of the total power that each tube is
capable of delivering can be utilized. The pres-
ent tendency in practice is toward higher and

higher transmission quality, and also the number ‘

this application Decem-
411,224, In Canada May

(CL, 178—44)

of applications and install'ations requiring high -

output power is rapidly increasing, and more-
over, the tendency is toward higher quality even
where enormous power is demanded and inter-
ference or disturbances tending to introduce
noise in the waves transmitted is great, as in
trans-Atlantic radio telephony.

In general, the design limitations for vacuum
tubes of the types commonly employed are such
that the highest output power capacity. of the
tube is obtained only at a sacrifice of maximum
gairﬁ obtainable, or of operating efficiency, or of

oth.

10

In the case of a carrer frequency amplifier

common to a plurality of signaling channels in
8 carrler wave multiplex signaling system, the
tendency of the amplifier to modulate a wave
of one frequency by a wave of another frequency,
Increases greatly with increase in the output
bower, and there results therefore a very large
Increase in crosstalk and interference between
the various channels, this increase being more
serious the larger the number of channels,

Therefore, a major problem in devising vacu-
um tube systems, as for example vacuum tube
amplifier systems,
of power without attendant disadvantages, as for
example without increase of first cost or decrease
of operating efficiency of the systems, and espe-
cially in the case of vacuum tube amplifiers and
repeaters, without sacrifice of quality of signal
reproduction,

Representative objects of the invention are (1)
economically to increase the load carrying ca-
bacity of wave translation systems, as for ex-
ample, systems for amplifying electrical varig-
tions with the aid of electric space discharge
devices, (2) to control modulation in such sys-
tems, (3) to amplify waves without modulation
or other distortion, (4) to facilitate the handling
of large loads by electric space discharge devices,
and (5) to stabilize the functioning of systems
comprising electric space discharge tubes, as for
example to prevent variations of tubes or power
from affecting gain. .

In one specific aspect the invention is & signal
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is the securing of high output -
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wave amplifying system of & type claimed in my -

copending application Serial No. 606,871, filed
April 22, 1932, for Wave translation systems. In
systems ‘of such type, fundamental or applied
components and distortion components produced
in an amplifying device, as for example 8 vacu-
um tube amplifier circuit, are so fed back as to
reduce the magnitude of distortion components
of hoth odd and even orders in the output circuit
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of the device for a glven power output of funda-
mental and stabilize the gain and increase the
load carrying capacity of the system.

Tn its above mentioned specific aspect the

5 present invention is also a system of a type
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claimed in my copending application Serial No.
411,223, filed December 23, 1929, for Wave trans-
jation systems. In a system of that type com-
prising an amplifying device, in obtaining reduc-
tion of distortion, increase of gain stability and
high load capacity, undesired reduction in the
gain of the system is avoided by isolating the
distortion components from the fundamental
components and feeding back only the distortion
components when the gain of the device has no
tendency to depart from a normal or prescribed
velue, and, when such tendency exists, so con-
trolling feedback of fundamental components &8
to cause reduction or prevention of departure of

the gain « f the system from its normal or pre-

scribed va.ue.

In its sbove mentioned specific aspect the pres-
ent invention is a system of such type in which
the isolated distortion components are so fed
pback that they are treated by the system the
same as fundamental components applied to the
system and consequently their feedback does not
cause alteration of the value of the isolated dis-
tortion components. When they have been fed
back they proceed through the system to the
place of origin of the distortion components in
the system and arrive at that place with their

~ amplitude and phase substantially equal and op-

85

posite, - respectively, to the original amplitude
and phase of
therefore cancel or neutralize the original dis-
tortion components, with the result that the
distortion is substantially zero in the output of
the system. . .
. Other objects and aspects of the invention will
be .apparent from the following deseription and
claims. : .

Figs. 1 and 2 of the drawings are circuit dia~
grams for facilitating explanation of the inven-

g tion; Fig. 3 shows a feed-back amplifier embody-

ing one form of the invention; Figs. 3A, 3B and 3C

are diagrams, and Fig. 3D a set of curves for .

facilitating -explanation of the operation of the
amplifier of Fig. 3; Fig. 3E shows & modification

o of the amplifier of Fig. 3; Fig. 4 shows a feed-
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back amplifier embodying another form of the
invention: Fig. 4A is a simplified circuit diagram
of the amplifier of Fig. 4, for facilitating ex-
planation of the operation of that amplifier;
Tig. 5 shows a modified form of the amplifier of
Fig. 4; Fig. 6 shows a modified form of the ampli-
fler of Fig. 5; and Figs. 7 and 8 show curves tor
facilitating explanation of the action .of a sys-
tem of the type of that shown in Fig. 5. .
The driving voltage in the plate circuit of an
amplifier is 180° out of phase with the grid voltage
which produces it. For a feed-back amplifier, it
is desirable that there be available a voltage which
is directly proportional to, and in phase with, the
driving voltage in the plate circuit, and which is
_independent of the impedance of the work cir-
cuit. It will be seen from Fig. 1 and the deriva-
tion below, that the voltage Ae which is the drop
across resistances KR and KRo, fulfills these
three conditions. o .
In the figure, Ro is a resistance; (for example,
the resistance of the space discharge path between

the plate and the fillament of & three electrode .

vacuum tube); e represents, as a generstor, a
source of voltage e (for example, the driving

the' distortion components, and:

2,008,282

voltage e produced in the discharge path by the -

grid voltage); and Z is an impedance (for ex-
ample, the impedance of the load circuit or work
circuit of the tube). Two resistances designated
by their values R and KR, respectively, are con-
neeted in series across the impedance Z, K being
a constant. A resistance designated by its magni-
tude KRo is connected between Ro and the junc-
tion of KR with Z. The voltage e causes cur-
rents i1, 42 and 41+ to flow as indicated by the
arrows. . '

The derivation mentioned above is as follows:

e=(f1412) Ro(14+-K) +4R(14+K)
Ae=({1}12) ReK+0uRK
e=[14+-K1L(i1-+42) Ro+hR]
. Ae=I1K1l(1+13) Ro+i1R]
e _1tK
Ae K

The circult of Fig. 2 is like that of Fig. 1, except
that a resistance Rs is bridged across KRo and
KR. The current components flowing in the
various parts of the circuit of Fig. 2 are indicated
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by the arrows and thelr accompanying letters ¢ -

with the appropriate subscripts. However, in Fig.
9 the currents indicated by 4, é and 11413 and
the voltage indicated by Ae are not in general of
the same magnitudes as in Fig. 1, When a re-
sistance Rs is connected across KRo and KR, the
voltage Ae still fulfills the three conditions men-
tioned above. Referring to Fig. 2 this is demon-
strated as follows:

— (iy-+a-+3) Ro-+ (i1 -+2) KRo+-2 KR+ () R
e (11-+12) Ro(1--K) + (1 KD R+HsRo+BR
e=[14-K1[(i1+4) Ro-+-hiR1+is(Bo-+R)
Ae=I[K1[ ({1+42) Ro+H1R1=13Rs

o 1+K, RitR
T K R,

Fig. 3 shows one way in which this voltage may
be utilized. In this figure & three-electrode,
electric space. discharge amplifying device | has
an anode-cathode space-discharge path of resist-
ance Ro, which is associated vwith resistances
KRo, KR, and R, and impedance Z, in the man-
ner of resistance R in Figs. 1 and 2. The plate-
filament resistance Ro is the reciprocal of the
slope of the static characteristic of plate current
versus plate voltage of the discharge device at
the so called operating point, as explained in the
following articles by John R. Carson in the Pro-

. ceedings of the Institute of Radio Engineers:

“Theory of three element vacuum tube”, vol. T,
pp. 187-200, April 1919; “The equivalent circuit of
the vacuum tube modulator”, vol. 9, pp. 243-249,
June 1921, (That'ils, :

1 _ 5

Ro—ae,,
where #p and ey are instantaneous plate current
and voltage, respectively.) In Fig. 3 the imped-
ance Z“is the primary-to-secondary impedance
of output transformer 2 which, together with
circuit 3 connected to the secondary winding of
the transformer, forms the load or work circuit
for the device |. “An input transformer 4 im-
presses waves from circuit 6 upon the grid of the
device 1. These waves may be, for example, voice
waves,- or voice modulated carrier waves for
transmission over carrier wave wire transmission
gystems or to radio transmitting antennae or
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waves received over such systems. The usual
plate, filament, and grid batterles are shown at
6, Tand 8. A circuit corresponding to the resist-
ance Rs of Fig, 2 and comprising the secondary

.winding or secondary-to-primary impedance Ro:

of transformer 4, a resistance z and a blocking
condenser 9 in series, is connected across the
resistances KRo and KR. The grid is connected
to the junction of x and Re:. The condenser is
a blocking condenser of large capacity, for pre-
venting batteries § and T from applying steady
voltage to the grid. The circuit through which

battery 6 supplies plate current for the tube com- -

prises resistance KRy in series with two parallel

paths, one extending through the primary wind- -

ing of transformer 2 and the other through resist
ances KR and R in series. :

A characteristic of this circult of Fig. 3 is that
the gain is reduced by the feed-back action. To
demonstrate this, it is simpler to redraw the cir-
cult to the form of Fig. 3A. From this it will be
seen that R and KR, Ro and KRo form the ratio
arms of a balanced Wheatstone bridge, Z takes
the place of the galvanometer and E represents
a source of voltage E which is applied through
a resistance of (x4-Run) that forms the input
diagonal or feed-back diagonal of the bridge.
For the condition of balance, it is evident that
there is no current in Z due to E, the driving
voltage in the grid circuit. . ‘

There is some voltage V, from grid to filament,
Due to V, there will be a driving voltage uV in
the plate circuit, with relative polarity as shown
by the plus and minus signs. The presence of
this voltage is indicated in Fig, 3A by generator.
AR
To investigate the effect of the two generators
or voltages E and nV acting simultaneously, use
is made of the principle of superposition. This
principle is that the current which flows at any
point in a eircuit, or the-difference of potential
which is established between any two points in a
circuit, due to the simultaneous action of a group
of E. M. F.’s located at the same or various points
in a circuit, is the algebraic sum of. the com-
ponent currents at the first point, or the com-
ponent differences of potential between the latter
two points, which would be cstablished by the
individual E. M. F.’s acting alone.

Due to E alone, there will be g voltage from
grid to filament, Vi equal to

2+ (Rt B)

1= E

Rotx+ (R R)

Due to 4V acting alone, there will be 8 voltage
from grid to filament Vs equal to

Rﬂl
o Butx v
1+K | R+ R*
K "x+Ry

V3=v

or, if

B . 1 R{)] ]
“1+K+1_e,¢5 Ry+x
K '"x+Ry :

" Ve=—umV

These specific values for V1, V2 and g: follow di-
rectly from the configuration of the specific circuit
shown, but, though special to that particular con-
figuration, are given in order to present a concrete
DMustration of the significance of V1, Vz and gi.

larity as shown. As before,

By the principle of superposition,
V=V1+V3
V=V1—up1V

1
V= (1+Ml31) Vi
That is, the voltage in the grid circuit (and
hence the current in the output impedance Z)
Is reduced from what it would be if there were
no feedback action, and the impedance relations
were the same, by a factor

_1_
1+ u8

It will now be shown that any distortion (as for
example modulation product) produced in the

- tube is also reduced by the same factor.

Consider the circuit of Fig, 3B. Let any pri-
mary distortion voltage produced in the tube be
Tepresented as a driving voltage 40, in the plate
circuit. Let the voltage drop between the grid
and the filament, resulting from the distortion
produced in the tube be V. This sets up another
driving voltage in the plate circuit, xVo, with po-

Vo=p£1(u0—uVo)
eVo=pB1(u0—uVo)

. uB
Vo 1+I£ﬁx‘ue
‘ 3]
O (V= —HC
BE= 8o 14+us;

That is, the final, or resultant, driving distor-
tion voltage in the plate circuit is reduced by a
factor :

i
14up

from what it would be without feedback action.

It will be noted that due to the conflguration
of the elements of the circuit, if a generator is
assumed in series with Z, no current will flow in
the branch z-+Ro. Hence the impedance of the
amplifier as seen from the load or work circuit Z
is the same as it would be without regeneration,
and is independent of the shunt resistance x4 Ro.

Now to return to a consideration of the gain
of the circuit, by the feed-back action the gain
is stabilized with respect to variations of tubes
and power. If due to any cause, the u of the tube
is reduced, which would reduce the gain, the

" effective voltage on the grid is increased. Simi-

larly, variations in Re are stabilized. The curves
of Fig. 3D, which are plotted from ohserved data,
show that by the feed-back action the load carry-
ing capacity of the amplifier is substantially in-
creased, the variation of gain with load is re-
duced, and the ratio of the power output of
second harmonic to the power output of funda-
mental is improved or decreased about 12 decibels.
The curves for operation without feedback are
for operation with the right hand side of con-
denser 9 disconnected from the junction of R and
KR and connected instead to ground through an
impedance (not shown) equal to the impedance
with which the feed-back diagonal of the Wheat-
stone bridge in Fig, 3 is faced by the remainder
of the bridge (. e., equal to the combined resist-
ance of two paths in parallel, one through KR
and KRy in series and the other through R and R
in series).
back diagonal is so high that substituting an equal
resistance across the path through KR and KR,
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4
would not affect the operation of the circult.
Thus, the curves for operation without feedback
are for operation with the external grid-to-fila-
ment impedance and the external plate-to-fila~
ment impedance for the tube the same as in
operation with feedback. : ‘ ‘
The circuit of Fig. 3 can be modified to com-
prise a plurallty of tubes ‘connected in cascade,
in which case u represents the total amplification
from & voltage across the grid of the first tube to
a driving voltage in the plate of the last tube.
For example, Fig. 3E shows one such modified
circuit, with tandem connected tubes la, 1b and
Iz replacing the tube | of Fig. 3. If the number
of tubes be even instead of odd. then an od¢ num-
ber of phase reversals in addition to those pro-
duced by the tubes themselves should be pro-
duced, as for example by the introduction of an
interstage or other transformer with its windings
poled to reverse the phase of waves pessing
through the transformer, .
In Fig. 3A consider voltage Vi, Its value is
pelng contributed to by both B and xV, and these
voltages tend to oppose each other. It is possi-
ble, therefore, by suitable adjustment of the cir-
cult elements, notably z, to make V3=0. . The
value of ¢ to accomplish this may be found as
follows: ~ ] , T
In Fig. 3C, ‘
© V=(Voltage drop across ) +Vs
.. V=(Voltage drop across z) since V3=0
Similarly .
. wV=I[Voltage drop across (R+R0)14-V3
=(Voltage drop across R+4Ro)
The current through x must equeal the current
through (R-+Ro), for since Vs==0, no current
flows through (KR-+KRo).

A1 4
X R+R
R+Ry -
. » i ‘
This means that if z is given the value

R+Ry,

x=

B .
and a voltage is applied to the circuit in series
with Ro1, no voltage is produced across the feed-
back diagonal of the bridge. (That is, Vs in
Fig. 3A is zero). This does not apply to distor-
tion voltages, since these are present in the plate
circuit, but not in the grid circult; 1. e, only
one generator is acting. By giving the value

R+ Ry

———“ ’
we have two points (the ends of the feed-back
diagonal) across which the potential correspond-
ing to the fundamental or original transmitted
wave is zerc, and the. potential of the distortion
or disturbing wave is not zero. Across these
points we have voltages corresponding to any
disturbance present in the plate circuit which
is nor present in the grid circuit. We can now
operate on the distortion without disturbing the
fundamental or original transmitted wave com-

_ponents,

For example, consider Fig. 4 and Fig. 4A.,
Fig. 4 shows a feed-back amplifier system com-
prising three vacuum tubes la, (b and l¢ con-
nected in tandem. Connected in series, across
the grid and filament of tube lg, are a resistance
{5 and the secondary winding of input trans-
former 4 which connects circuit § with the am~
plifier. The resistance 15 is sufficiently great to

2,003,282

make the impedance of this resistance and the
secondary-to-primary impedance of the trans-
former in series substantially a pure resistance
Rt. The tube lc is connected to the load or
work circult Z, as in the case of the tube { of
Fig. 3 and the tube fc of Fig. 3E. As appears
clearly from Fig. 44, the impedance Z forms the
output diagonal of the balanced Wheatstone
bridee the ratio arms of which are Ro, KRo, KR
and R. In the feed-back diagonal of the bridge
are a blocking condenser 8, a resistance Ra and
the resistance Rt in series with éach other and in

‘parallel with a circuit comprising a blocking con-

denser 9', resistance x, a blocking condenser 16,
and the plate-to-filament space path resistance
Ra of tube Ib In series, Preferably, the admit-
tance of the space current supply path, through
battery 6b and choke coll 11, which path is con-
nected across Roi, Is negligibly small for the fre-
quencles to be amplified. So also is the admit-

‘tance of resistance {8 which is connected across

the feed-back diagonal of the bridge. Biasing
potential from battery 8¢ is applied to the grid of
tube lc through resistances 18 and z in serles.
The blocking condensers 9 and 9’ prevent plate
battery 6c from applying potential to the grids of
tubes la and l¢, and prevent grid biasing bat-
teries 8a and 8c from applying potentials to the
grids of tubes lag and lc, respectively. A re-
sistance I8 across circuit 5, and the primary-to-
secondary impedance of transformer 4, in paral-
1?1, a%proximately match the impedance of that
cireuit.
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In the circuit of Fig. 4 there will be no feed-

back of the fundamental or undistorted wave
from the last tube Ic to the first tube la, if z has
been given the proper value so that there is no
fundamental or undistorted voltage across the
feed-back diagonal of the bridge. It can be
shown that the value obtained for z in the above

. demonstrations holds ‘when Ra and Rr and la

and Ib are added to the circuit of Fig. 3C. How-
ever, the distortion introduced in the last stage
will be reduced, as can be seen from the follow-

* ing consideration of Fig. 4A.

Let the distortion voltage acting in the plate
cireuit of the last tube be u© after its reduction
caused by feed-back in the last tube as explained
in the case of the tube of Fig. 3 but before any
reduction due to feed-back from the last tube to
the first tube as about to be explained. There
will be some distortion voltage Vo, impressed on
the grid of the first tube as a result of the dis-
tortion produced in the last tube and Vo sets up
a driving voltage x1Vo that may be represented
as g generator u1Vo in the plate-to-filament space
path of the second tube. This impresses a voltage
Vo on the grid of the last tube, which sets up a
driving distortion voltage uotVo that may be repre-
sented as a generator wotVo in the plate-to-fila-
ment space path of the last tube.

Since z has been given such a value that the
contribution of any voltage acting in series with
Ro1 to Vs is zero, Vo is dependent solely on ue6.

That is

Rr
. Rs+Rr
Yok (Bt s
K (x+Rn)(R4+Rr)
x+Ry+Rs+Rr
or designating the bracket in this expression g2
Vo=uopz0.

These specific values for Vo and g2 follow directly
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from- tﬁe configuration of the specific circuit

" shown, but, though special to that particular con-

figuration, are given in order to bresent a con-
crete 1llustration of the significance of Vo and Ba.
Then . :
ot Vo=uotuoB26

406 — ot Vo=p00 — ol o820
=00 (1—poBat)

Tha’ i, the new driving distortion voltage
(ro®—puotVo) is equal to the old driving distortion
voltage w0, multiplied by & factor (1—poBat).
Now if uwopzt=1, the distortion vanishes to zero.
That is, if the product of the voltage amplifica-
tlons and diminutions around the circuit is 1,
and the phase shift is 180°, the distortion voltage
is balanced out. The amount of improvement in
distortion in this circuit (over and above the im-
pbrovement caused by feed-back in merely the last’
tube) depends on the accuracy with which the
circuit elements are adjusted in such a way that
any distortion component fed back from the
plate-fllament space path of the last stage to the
first stage, and amplified through the tubes again
returns to the plate-filament space path of the
last stage with its original amplitude but with its
phase shifted 180°.

This operation of this circuit differs from that
of Fig. 3 and Fig. 38, in that the improvement in
crosstalk in those circuits is obtained by continued
regeneration of the distortion voltage, instead of
by the balancing operation described gbove. In
those circuit it is neither nlecessary nor probable
that the voltage fed around the circuit will be
equal to that originally present. The operstion
just mentioned in the ecircuit of Fig. 4 may be
considered g single regeneration, with the voltage
being fed around the eircuit once, and coming
back in opposite phase to that originally present.

The expressions “continued regeneration” and
“single regeneration” as just used in reference to
the feed-back amplifiers of Figs. 3, 3E, and 4, are
In accordance with the usual explanation of the
operation of feed-back amplifiers, of which it is
usually said, with reference to positive feed-back
action respecting the fundamental ‘frequency,
that the operation wherein the energy of the
output circult and the input circult react upon
each other repeats itself a number of times with
cumulative effect. However, it is preferred to ex-
press the above noted difference in operation of

4 circuit such as that of Fig. 4 from circuits such

as those of Fig. 3 and Fig. 38 by stating that in
Fig. 4 the amplified, isolated distortion com-
bonents fed to the input circuit of the tube fc do
not cause the magnitude of the isolated distortion
components (appearing ascross the input diagonal
of the bridge) to be altered, whereas in Figs. 3
and 3E the distortion components fed back to the
grid of the last tube cause reduction of the mag-
nitude of the distortion components (that appear
across the feed-back diagonal of the bridge).
Fig. 5 shows a three-stage feed-back amplifier
system similar to that of Fig. 4, but rodifled

> in that instead of feeding the isolated distor-

tion components (obtained across the feed-back
diagonal of the Wheatstone bridge) back to the
grid of the first stage or tube la and amplify-
ing the distortion components and the signal
components together in that tube before pass-~
ing them on to the grid of tube b, those isolated
distortion components are amplified separately
from the signal, in an amplifier shown as com-
prising a single tube {d (through which the sig-

8

nal components do not pass), and are then fed
back to the grid of tube Ib. Thus, in the sys-
tem of Fig. 5 the amplification of the isolated

distortion ‘components can be controlled inde- .

pendently of the amplification of the signal com-
ponents, and can, for example, be made greater
than the amplification of the signal components,
The number of phase reversing amplifying stages
(or other phase reversing means) in the path
through which the  distortion components sare
passed in their transmission from the feed-back
diagonal of the bridge o the grid of tube e
should be even. Thus, in this path, the num-
ber of phase reversing means or stages (such for
example as that comprising tube §b) in which
the signal components and the distortion com-
ponents are amplified alike should be odd or
even according to whether an odd or an even
number of phase reversing means or stages (such
as that comprising the tube id) are used in
which the signal is not amplified as the dis-
tortion components are. -

" In Pig. 5 the space current for tube lc is sup-
plied from battery ¢ through a choke coil 20
of negligibly low admittance for the frequencies
of the waves to he amplified, the current re-
turning to battery ¢ through resistance KRo.

~Condensers ii, 12, {3 and i4 as well as con-

densers 8, §’ and 16, are stopping or blocking
condensers which have negligibly low reactance
at the frequencies to be amplified. If desired,
the resistance KRo may be adjustable, as shown,

to facilitate balancing the Wheatstone bridge,.

the ratio arms of which are formed by the plate-
to-filament space path resistance Ro of tube l¢
and the resistances KRo, KR and R. The ad-
Justment of KRo can be made to correct un-
balance resulting from variations in plate im-
pedance of tube ic caused for example by varia-
tions in the power supply voltages for the tube
or by substitution of one tube for another. The
Impedance of the feed-back diagonal of the bridge
can be adjusted by a variable resistance 25 con-
nected in parallel with a path comprising con-
denser 9’, resistance z (shown adjustable), and
blate-to-filament space path resistance Ro, of
tube {b in series. Also in parallel with the re~
sistance 285 is a path, of . negligibly low admit-
tance at the frequencies of the waves to be am-
plified, extending through stopping condenser 9,
input or coupling resistance Rr for tube id, and
grid biasing battery 8d for that tube, in series.
In parallel with Re: is a path through choke
coll i1 and battery 6b in series, and also a
path through grid biasing battery 8¢ and in-
but or coupling resistance {8’ for tube fe. The
two latter paths are of negligibly low admittance
at the frequencies of the waves that are to be
amplified. However, if desired, the magnitude
of the combined resistance of these two paths and
the space path of tube b may be used as the
magnitude Ro: in the formulz above. The re-
sistance Rr in Fig, § corresponds to the resist-
ance Rr in Figs, 4 and 4A and receives the
voltage Vo indicated in Fig. 4A. In Fig. 5 there
is no resistance corresponding to the resistance
Ra in Figs. 4 and 4A; or in other words the re-
sistance Ra is zero for Fig. 5. The battery 6b
supplies space current for tube 1d through choke
coll 26. Tube 1d feeds back to the grid of tube
Ib through condensers 31 and 82 and resist-
ance 33 in series. This resistance adjusts the
voltage thus fed to that grid; and these con-
densers adjust the phase of that voltage, the
capacity of condenser 32 being variable and rel-
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atively large compared to that of condenser 3
to facilitate close or fine adjustment of the
phase. As indicated above, the tube id in Fig.
5 corresponds to the tube fa of Figs. 4 and 4A
as regards amplification of the distortion volt-
age Vo. This voltage sets up the driving dis-
tortion voltage wVo in the path Ru, i. e, in

the plate-to-filament space path of tube 1b in.

Fig. 5, just .as-explained above for the case of
_ impresses the voltage tVo
on the grid of the last tube lc, which sets up

~ the driving distortion voltage potVo in the plate-

to-filament space path of tube fc. As in the

. case of Fig. 4, the resistance z has such a value
‘that the contribution.of any voltage acting in

series with Ro: to the voltage V3 across the feed-
back diagonal of the bridge is zero, so that Vo
is dependent solely on w0, the original distor-
tion voltage in the plate-to-fllament space path
of tube le. r . .

In an amplifier systém substantially as-shown
in Fig. 5, if tube Ic in that figure be ‘regarded as
representing four tubes in parallel, the feed-back
action reduced the energy contained in the sec-
ond harmonic to 1/2,250,000 of its value without
the feed-back action, and reduced the energy of
the third harmonic to 1/50,200 of its value with-

.out the feed-back action. This result entailed

no sacrifice of overall gain or ultimate level.
Teed-back action of the type described for Fig. 3
tends to reduce the gain of the last stage (repre-

" gented by tube 1¢); but the circuit of the type

shown in Fig. 5 preferably is operated with this

tendency to gain reduction in the stage compris- .

ing tube lc not very pronounced, and with great
reduction of distortion by the balancing opera-

- tion of the type described for Fig. 4. The gain
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. acteristic,
. be apparent from the explanation given, for ex-

of the first two stages, comprising tubes la and
b, can. be large, this portion. of the amplifier
serving as a voltage amplifier for stepping up the
voltage to the power stage represented by tube lc.
The reason why the reduction of the second har-
monic is greater than the reduction of the third
harmonic (as appears from the ratios given
above), is primarily that although the second
harmonic (and all even power harmonics) origi-
nated by distortion in the penultimate tube 15,
and also all even power sum and difference fre-
quency components or waves so originated, are
reduced by neutralizing or counteracting them

. (as described for the circuit of Fig. 4). with the

corresponding distortion waves produced by dis-
tortion in the last stage comprising tube lc, such
balancing out does not occur for odd order har-
monies or other distortion arising from the pres-
ence of odd power. terms in the amplifier char-
The reasons for this difference will

ample, in U. S. patents to H. 8. Read, 1,464,111,
August 7, 1923, and H. Nyquist 1,570,770, January
26, 1926, of the operation of tandem amplifiers in
reducing distortion waves originating in the am-

The preferable practice, in operation of the
circuit of Fig. 5, is to adjust the value of z so that
the amplitude of the fundamental in the work cir-
cuit is the same for operation of the system with
feegback as for operation without feedback. The
operation without feedback is obtained by discon-
necting the right-hand side of condenser 3l from
the junction of the choke coil 26 and the plate of
tube id and connecting it instead to ground
through a passive impedance, not shown, equal to
the resistance of the plate-to-filament space dis=-
charge path in tube Id. To make the distortion

2,003,282
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components bqlance out in the space path of the
last amplifier ‘as explained in connectlon with

Pig. 4, that.is to make po0=ptVo, the magnitude
‘of the fed back distortion components appearing

across the feed-back diagonal of the bridge is
controlled by adjusting resistance 26 in that di-
agonal, and the phase shift in tubes id, 1band le
and their associated circuits is compensated for by
phase correcting means, as for example by con-

- denser 32 which can be adjusted to give the de-

sired phase correction. A harmonic analyzer
(not shown) can be conngcted across circuit 3
in order to tell when the best adjustment for 25
and 32 has been effected, With the circuit of
Fig. 5 operated in the manner just described, al-

10

15

though the third harmonic is not reduced below -

the value produced in the penultimate stage, the
reduction of the third harmonic originated by
distortion in tube ic is a very great improvement.
Since the next to last stage (tube Ib) is operat-
ing at relatively-low power level, and as a voltage
amplifier working into & high impedance, the
modulation that it produces is very small, and

‘has generally been considered negligible.

Fach of the systems shown in Figs. 3'and 4 is

20

25

typical of & wide variety of possible circuits. The .

principles of operation described for either or
both of these types of circuits are applicable in
general to devices capable of amplifying waves,
for improvement of their operation. These prin-
ciples are of very broad and general application.

Their application is by no means Iimited to op-

eration intended to be mere amplification. The
theory of these systems has been checked by care-
ful tests of physical embodiments of the systems.
Each of these systems reduces both odd order
and even order distortion components at the same
time, and can stabilize gain and afford high load

.capacity.

One difference between Fig. 4 on the one hand
and Pigs. 3 and 3E on the other hand, lies in the
relative seriousness of unavoidable phase shifts in
the amplifier. Since the effectiveness of Fig. 4 de-

pends on the production of two voltage waves of

equal amplitude, and opposite sign, a good bal-
ance requires that the phase difference be very
close to 180°, and that the gain of the circuit
change very little after a balance is once attained.
However, in Figs. 3 and 3E, the improvement de-
pends on the factor

.
) 1+uf
g indicating a factor such as g1 or 2 ‘mentioned
above.
If originally

.
pﬂ%‘ 10440, m=:0909,.

an improvemenﬁ of 20,8 db. If we assume the
gain to change by 3 db,, s0 that zg="7+470, then

1 . .
1T 125
an improvement of 18.0 db. A similar change in
gain in Fig. 4 would change an infinite improve-
ment to a 10.4 db. improvement. Similarly, if
uf=".07-+47.07 (absolute magnitude the same,
but at a 45° angle)

1 .
1+#3_'1075

an improvement of 19.35 db. A similar shift of
45° in Fig. 4 would change an infinite improve-
ment to a 2.3 db. improvement.

An important capability of the circuif of Fig. 5
is that the improvement in distortion can be aug-
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"put of second harmonic, instead of 900,000,000

mented or made cumulative, by extending the cir-
cuit to form that of Fig. 6. A_second bridge cir-
cuit is formed, with a ratio arm constituted by
the network that faces the output diagonal of the
first bridge. In this arm, therefore, is a voltage
proportional to the residue of distortion remam-
ing after the first balancing. The fundamental or
original transmitted wave components are also
present in this arm. The other three ratio arms of
the second bridge are K'R’o, K'R’, and R’, corre-
sponding respectively to the ratio arms KRy, KR,
and R of the first bridge. The output or work
circuit diagonal of the second bridge is the con-
denser i and the primary-to-secondary im-
pedance of amplifier output transformer 2 in
series. The resistance =’ corresponds in function
to resistance x, and is of such magnitude that the
voltage of the fundamental or original transmit-
ted wave components across Re: and 2’ in series
(1. e, across the feed-back diagonal of the second
bridge) is zero. 'Thus the primary winding of a
transformer 85, which is connected across the
feed-back diagonal of the second bridge, receives
only a voltage proportional to the residue of dis-
tortion just mentioned. This voltage is amplified
in amplifier i’'d and the amplified voltage is fed
through resistance 38’ and condenser 2{’ to the
grid or input circuit of tube 5. Tt is apparent
that the residue of distortion just mentioned is
isolated from the fundamental components and
fed back in the same fashion as the first process.
Thus the distortion is again improved by approx-
imately the same ratio as before. In balancing
circuits which have heretofore been used for re-
ducing distortion (such as the Colpitts push-pull
circuit), only one improvement can be achieved,
and that only for odd order or even order distor-
tion components and not for both odd order and
even order components at the same time; whereas

‘the improvement obtained with the circuit of

Fig. 5 can be multiplied as many times as desired
by adding bridges in tandem as indicated in
Fig. 6, each additional bridge reducing both odd
order and even order distortion components and
reducing the distortion by approximately the same
factor as the circuit with only the first bridge.

In Fig. 6 the elements 8’*, 12, 13, 25’, 26, 31’,
33’ and {'d are similar in structure and function
to the elements 9’, 12, 13, 25, 26, 31, 33 and {d,
respectively, and the primary-to-secondary im-
vedance Rr of transformer 35 is connected
across the feed-back diagonal of the second bridge
as the impedance Rr is connected across the feed-
back diagonal of the first bridge.

#ig. 7 is a set of curves plotted from observed
data, showing the output of second and third

harmonics as functions of output of the funda-.

mental or original transmitted current, for a sys-
tem of the type of that shown in Fig. 5. The
curve for the second harmonic taken with re-
generation shows that with an output of funda-
mental up to 30 milliamperes into an impedance
of 600 ohms, the power level of the output of
second harmonic is 90 decibels below the power
level of the output of fundamental. 'This means
that the fundamental power is about 900,000,000
times as great as the power of the second har-
monic, and that the current ratio of fundamental

to second harmonic is about 30,000. The curve

for the second harmonic taken without feedback
shows that up to 30 milliamperes output of funda-
mental the output of second harmonie is only
about 30 db. lower than the output of funda-
mental (i. e., the power output of fundamental
is only about 900 times as great as the power out-

7

times as when feedback is employed). For cur-
rent outputs greater than 30 milliamperes of
fundamental, the curve for the second harmonic
for operation with feedback is still well above the
curve for the second harmonic for operation with=
out feedback. Likewise, the curves for the third
harmonic taken with and without feedback show
great reduction of the ratio of that harmonic to
the fundamental, as a result of the feedback.
Moreover, similar important reduction of the out-
put levels of other harmonics. both odd and even,
(and also of the output levels of intermodulation
products), as compared to the output levels of the
fundamental waves, is effected by the feedback.
The curves for both harmonics for operation with-
out feedback are for operation corresponding to
operation of the circuit of Fig. 5 with the right
hand side of condenser 3/ disconnected from the

Jjunction ot the choke coil 26 and the plate of tube

td and connected instead to ground through a
passive impedance (not shown) equal to the re-
sistance of the plate-to-filament space discharge
path in tube {4, :

Fig. 8 is a set of curves plotted from observed
data, showing the overall gain as a function of
current output into a 600 chm resistance, for the
fundamental, in a specific system of the type of
that shown in Fig. 5. Below about 30 milli-
amperes of output current the solid line curve,
which is for operation with feedback, substan-
tially coincides with the dotted line curve, which
is for operation without feedback. This is in
marked contrast to the gain-load curves of Fig.
3D for the circuit of Fig. 3, inasmuch as the feed-
back in the latter circuit lowers the gain. In Fig.
8 the solid line curve lies well above the dotted
line curve, for outputs considerably greater than
thirty or forty milliamperes, thus showing great
gain stabilization effected by the feedback, this
stabilization being effected without gain reduction
corresponding to such reduction indicated by Fig.
3D for the circuit of Fig. 3.

It is desired to emphasize the fact that the in-
vention increases the load carrying capacity of
electric space discharge tubes (1) not only by at-
taining an increase in load capacity of very great
importance by suppression of distortion compo-
nents of frequencies other than the fundamental
frequencies and thereby permitting the tubes to
operate over a larger range of their grid-voltage
plate-current characteristics but also (2) by at-
taining a second increase of very great importance
in the load capacity by feedback of fundamental
waves In such a way as to control gain in g de-
sired manner, as for example, to prevent unde-
sired lowering of gain, for the fundamental waves.

In connection with this latter increase, it should
be noted that in each of the amplifying systems
described herein the invention provides means
for correcting for distortion caused by improper
degree of amplification of fundamental waves, as
for example caused by amplification of a funda-
mental waveofagivenfrequency different amounts
for different input amplitudes, or as for example
caused bv amplification of two waves of respec-
tively different fundamental frequencies, different
amounts, respectively. If in Fig. 4 or 5, for
example, a wave of a given fundamental fre-
quency is amplified in tube le (or the circuits asso-
ciated with the tube) to a degree less than, say,
the normal amplification for the tube (and the
associated circuits) then for that frequency the
feed-back voltage, or regenerated voltage across
the feed-back diagonal of the bridge tends to be
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lower than normal, i. e., less than the funda-
mental which is applied there from circuit 5
through Ro: and 2. As a result, the tendency to-
ward lower than normal gain of the system for
the fundamental wave of the given frequency is
checked. Similarly, if the given frequency is am-

plified to a degree greater, instead of less, than
normal in tube l¢, then for that frequency the
feed-back voltage tends to be higher than the

_voltage of that frequency which is applied across

the feed-back diagonal by circuit 5 through Ro
and r; and as a result the tendency toward higher
than normal gain of the system for the funda-
mental wave of the given frequency is checked.
The system compensates for too low or. too high
gain for fundamental waves, at the same time that
it suppresses components of frequencles other
than fundamental frequencies.

For the sake of simplicity the invention has
been explained above with reference especially to
pure resistance impedances where impedances
have been described as external or ratio arms of
Wheatstone bridges, or as input diagonals of the
bridges. However, the invention is not limited to
the case in which these impedances are re-
sistances. They, as well as the load, may be im-
pedances of any character, (proper provision
being made, of course, for the necessary supply
of steady potential to the plates and grids of the
tubes). That is, generalized impedances Zo, KZo,
KZa, Z, Zs, Zo1, Za and Zr may replace Ro, KRo,
KR, R, =, Roi, Ra and Rrt, respectively. These
replacements may likewise be made in the

“mathematical formule and expressions above.

In any of the figures of the drawings the im-
pedance Zo includes the tube internal plate-to-
filament capacity. Where Ro has been treated as
constituting one arm of the bridge, the plate-
filament capacity is so small that its reactance at
frequencies of the order of those of the waves
to be amplified is so great compared to the im-
pedance Ro as to be negl1g1ble

What is claimed is:

1. In combination, wave translatlng apparatus,
means for deriving waves from waves produced in
said apparatus, and means capable of trans-
mitting waves of the frequency of said produced
waves, for impressing the derived waves on the
input side of sald apparatus without thereby
altering the intensity of the derived waves.

2. In combination, wave translating apparatus,
means for supplying to said apparatus waves
producing modulation in said apparatus, means
for deriving wsves from the modulation com-
ponents, and means for impressing the derived
waves on the input side of said apparatus with-
outb thereby causing alteration of the intensity of
the derived waves.

3. A system comprising a wave translating de-
vice that generates distortion components in re-
sponse to application of waves to the input cir-
cuit of said device and that reverses the phase of
waves transmitted through said device, means
for deriving from said distortion components
waves of frequencies exclusive of waves produced
without frequency change by the applied waves,
and amplifying means for amplifying the de-
rived waves and impressing them on the inpuf
circuit of said device, in the same phase in which
they are originally generated, without altering
the intensity of the derived waves.

4. A system comprising a plural odd number of
stages of electric space discharge devices, means
for balancing waves produced by the last one of
said stages in response to waves of other fre-
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quencies against said waves of other frequencies,
and means for feeding waves remaining after said
balancing operation back to the first of said
stages without thereby causing alteration of the
magnitude of the latter waves.

5. A wave translating system comprising two
electric space discharge devices, means for sup-
plying waves from the output circuit of one of
said devices to the input circuit of the other of
said devices, and means for reducing harmonic
waves generated in sald other device In response
to sald waves to such a value that they are
balanced out by harmonic waves of like order
originated in said one device.

6. A system comprising a plurality of stages of
electric space discharge devices, means for
balancing waves produced by one of said stages
in response to other waves against said other
waves at the input of sald stage, and means for
feeding waves remaining after said balancing
operation back to another of said stages preceding
said one stage without thereby causing altera-
tion of the magnitude of the latter waves.

7. The method which comprises so operating
upon fundamental waves as to produce a result-
ing wave containing fundamental components of
the frequencies of said fundamental waves and
modulation products different from said funda-
‘mental components, isolating said modulation
products from said fundamental components by
obtaining sald fundamental waves at a point
where they are undistorted and balancing said
fundamental waves so obtained exclusive of other

waves against sald fundamental components in

said resulting wave, and transmitting said modu-
lation products to said point and so regenerating
said modulation products that they reappear at
their place of origin with their phase reversed.

8. The method which comprises so operating
upon fundamental waves as to produce a result-
ing wave containing fundamental components of
the frequencies of said fundamental waves and
modulation products different from said funda-
mental components, isolating said modulation
products from said fundamental components by
balancing said fundamental waves exclusive of
other waves against sald fundamental com-
ponents in said resulting wave, and so regenerat-
ing said modulation products, without thereby
altering the magnitude of the isolated modula-
tion products, that the modulation products re-
appear at their place of origin with their original
magnitude but in reversed phase.

9. Signaling apparatus comprising a wave
translating device, means for transmitting fun-
damental waves to said device which produce
therein a resulting wave containing fundamental
components that have the same frequencies as
said fundamental waves and distortion products
differing from said fundamental components,
means for deriving from a portion of said appa-
ratus said fundamental waves exclusive of other
waves and so opposing - said derived waves
to said fundamental components in said re-
sulting wave as to isolate said distortion products,
and means for feeding said distortion products
back to said portion of said apparatus and so
regenerating said distortion products in-said de-
vice that they reappear at their place of origin
in reversed phase.

10. Signaling apparatus comprising an ampli-
fler, means for transmitting fundamental waves
to said amplifier which produce therein g result-
ing wave containing fundamental components
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that have the same frequencies as said funda-
mental waves and incidental distortion products
differing from said fundamentsal components,
means for so opposing said fundamental waves
exclusive to other waves to said fundamental com-
ponents in said resulting wave as to isolate said

_distortion products, and means for so regenerat-

ing said. distortion products in said amplifier,
without thereby altering the magnitude of the
isolated distortion products, that the distortion
products reappear at their place of origin with
their original magnitude but with their phase
reversed.

11. The method which comprises so operating
upon fundamental waves as to produce a result-

. ing wave containing fundamenta] components

20

25

30

35

40

45

50

of the frequencies of said fundamental waves and
distortion products different from said funda-~
mental - components, isolating said distortion
products from said fundamental components by
balancing said fundamental waves exclusive of
other waves against said fundamental compo-~
nents in said resulting wave, amplifying said iso-
lated distortion components in their isolated state,
and thereafter so regenerating them, without
thereby altering the magnitude of the isolated
distortion components, that the distortion com-

. bonents reappear at their place of origin in their

original magnitude but in reversed phase.

12. A circuit comprising a wave translating de-
vice, means for transmitting to said device fun-
damental waves which produce distortion com-
ponents in said device, a wave transmission path
for transmitting the fundamental waves from a
point in said circuit anterior to said device sub-
stantially without distortion and opposing the
waves so transmitted against waves transmitted
through said device, said path having such trans-
mission efficiency and phase shift that the fun-

damentsl waves transmitted therethrough neu- .

tralize the fundamental component of the op-
posed distorted waves from said device and there-
by yield the distortion components without fun-
damental waves, and means for causing these
isolated distortion components to be fed back to
said point in said ecircuit and so regenerated that
they reappear at their place of origin in reversed
phase.

13. A circuit comprising a vacuum tube device,
means for transmitting to sald device funda-
mental waves which produce distortion compo-
nents in said device, a path for transmitting the
fundamental waves substantially without distor-
tion and opposing the waves so transmitted

9

against waves transmitted through said device,
said path having such transmission efficiency
and phase shift that the fundamental waves

transmitted therethrough neutralize the funda- -

mental component of the opposed distorted waves
from said device and thereby yield the distor-
tion components without fundamental waves,
and means for causing these isolated distortion
components to be so regenerated in said device,
without thereby altering the magnitude of the iso-
lated distortion components, that the distortion
components reappear at their place of origin with
their original amplitude but vith reversed phase.

14. The method of operating upon & wave
which comprises so amplifying the wave as to
produce fundamental and distortion components,
isolating the distortion components from the
fundamental components, so regenerating the dis-
tortion components as to avoid altering the mag-
nitude of the isolated distortion components but
to balance the regenerated distortion compo-
nents against the original distortion components
to obtain their difference as relatively small re-
sultant distortion components, deriving from said
resultant components distortion components of re-
versed phase and substantially the same magni-
tude, and balancing said components of reversed
phase against said resultant components.

15. In combination, wave translating appara-
tus, means for deriving waves from waves pro-
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duced in said apparatus and including compo-

nents of frequency different from that of the de-
rived waves, and means, capable of transmitting
waves of the frequency of said produced waves,
for impressing the derived waves on the input
side of said apparatus without altering the in-
tensity of the derived waves.

-16. In combination, wave . translating appara-
tus, means for supplying to said apparatus waves
producing modulation in said apparatus, means
for deriving odd order products from the modu-
lation components, and means for impressing the
derived waves on the input side of said apparatus
without altering the intensity of the derived
waves.

35
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17. A wave translating system comprising two °

wave paths in parallel, vacuum tube apparatus in
at least one of said paths, the respective num-
bers of vacuum tube stages in the two paths dif-
fering by an odd number, and means for ap-
plying waves from the output of one of said paths

to their input.
HAROLD 8. BLACK.
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