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‘This invention relates to electric wave am-
plifiers and ‘more particularly, although in its

broader aspects not exclusively, to sensitive am-

plifiers adapted for the amplification of direct
current or current of low frequency of the order
of a few cycles per second.

In many flelds where direct current ampli-
fiers of high sensitivity .are required, a trouble--

some effect commonly known as cathode drift
is encountered. It manifests itself in a slow
erratic fluctuation of output current or voltage,
and it may be detected readily when the direct
current voltage applied to the inpub for ampl-
fication is constant or zero. Various conflicting
theories have been offered to account for the
effect but it is rather generslly agreed that it
is associated with the cathodes of the amplifier
discharge devices and that it accompanies as-
sumed minute changes in cathode tempetature.
Cathode drift is especlally important when it
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appears in or near the input stage of & multi-

stage amplifier for its effect in that stage, al-
though minute, may be comparable in magni-
tude with the gquantity to be amplified and in
any event it is greatly magnified by the gain
of the amplifier. Such direct current ampli-
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fiers as those employed in so-called electronic -

voltage regulators, where extremely stable volt-
ages are required, are among those suffering
from cathode drift, and there are also others

in which the quantity to be measured is alter-

discharge device in effectively opposing or neu-
tralizing relation in the amplifier circuit.

The nature of the present invention and its
various objects, features and advantages will
appear more clearly from a consideration of
the embodiments illustrated in the accompany-
ing drawing and now to be described. .

Fig. 1 illustrates schematically an embodiment
of the invention comprising an amplifier stage
in which cathode drift effect is substantially
completely neutralized;

Fig. 2 illustrates a two-stage amplifier com-
prising an input stage of the kind shown in Fig.
1 and & second stage that is of a modified form
adapted for substantial reduction of cathode

- drift effect; and it further illustrates an ad-

vantageous cascading of the two types of stages;

Fig. 3 illustrates an improved electronic voit-
age regulator in accordance with the invention
embodying also & direct current amplifier with

_reduced cathode drift effect.

Referring more particularly now fo Fig. i,
the specific circuit embodiment of the invention
there shown may be understood as being a sin-
gle-stage direct curreni amplifier or one stage,
such ss the input stage, of & muitistege ampli-
fier. The space discharge device { comprises

" a unitery straight cathede 2 that is uniformly
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nating in character rather than unidirectional:’
and of a frequency that may be of the order -

of a fraction of a cycle to & few cycles per
second.

The principal object of the present invention
is to eliminate or substantially reduce the effect
of cathode drift.

Another object is to increase the accuracy
and effectiveness of an electronic voltage reg-
ulator. .

A further object of the invention is to pro-
vide an improved multistage amplifier adapted
for the amplification of direct or low frequency
currents. :

In accordance with the present invention the
principal objective of substantially reducing or
eliminating cathode drift effect is achieved by
associating with the cathode of a multielectrode
amplifying discharge device in which cathode
drift arises, a supplementary set of electrodes
arranged to participate in the cathode drift effect
arising from the common cathode, and by ap-
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heated throughout its length, as by means of
& heater element 3 that is supplied wiith heat-
ing current from an saccurately regulated con-
stant voltage or constani current source (nof
shown). Opposite or surrounding different lon--
gitudinal portions of the cathode are the re-

spective grids or conirol electrodes §-and B, and '

beyond or surrounding these are the respective
anodes § and 1. It will be convenient to refer
to grid 4 and anode § as comprising the ampli-
fier section of the discharge device and to grid
B and anode 7 as comprising the balancer sec-
tion. In further explanation of the essential
nature of the discharge device, it may be sald
that the latter provides for two discharge paths
between the common cathode and the respec-
tive anodes and thap the discharges or discharge
paths are affected slike, either equally or in fixed
proportion, by cathode drift. Althnugh the two

_ discharges are derived from different portions of

plying cathode drif{ currents derived from the 55

. the cathode, which conceivably might assume

minutely different temperatures from time to
time, it is concluded from the resulls obiained
in practice that such femperature changes &s
do occur are precisely the same in the two por-
tions, In any event substantially equal cathode
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drift effects are or may be observable in the
two sections of the discherge device.

In the foregoing description of the discharge
device {, I have had particularly in mind a com-

merclally avaliable vacuum tube identified as-

RCA type 6SC7 which has been found to be
moderately well suited for the purposes of the
present invention. In this tube the amplifier
and balancer sections are alike in size and pro-
portions and the grid and anode of each section
are spaced concentrically around a tubular ther-~
mionic cathode that is provided with an axial
heater resistance, 3

The currents to be amplified are applied to
the input of the amplifier across a coupling re-
sistor 10. One input terminal is connected to
the control grid 4, and the other input terminal,
which may be grounded, is connected through
series resistors Rl and R2 to cathode 2. Grid
5 is tled to the junciion of resistors Rl and R2.
Anode 6 is connected directly to one output ter-
minal of the amplifier and it is connected through
coupling resistor R3 to the positive terminal of
a plate voltage source here represented as a bat-
tery 11, the negative terminal of which is ground-
ed. Anode 7 is connected to an intermediate
tap on battery 1. '

For analytical purposes the cathode drift is
represented by a fictitious voltage source 12 dis-
posed in the lead to cathode 2. The voltage V
of this source may be assumed to vary in such
manner as to have the same effect on the po-
tential of the cathode, relative to grids 4 and
5, as would the cathode drift which the source
12 represents. Implicit is the assumption that
the parameters of the two sections of the dis-
charge device are exactly alike so that the ef-
fective cathode drift voltage is the same for both
sections, but this condition is unnecessary as will
presently appear.

" Let u1 and pa represent the amplification fac-
tor of the amplifier and balancer sections, re-
spectively, 71 and r2 the corresponding internal
plate resistances of the respective sections, ¢i
and g2 their respective transconductances, #: and
current that flows to anode 8 by virtue of the
presence of source 12, and # the current that
flows to anode T by virtue of the presence of
source 12. Then it will be found that

=B Dy 1 G4 i (B14 R2))

et DV =G ) R1Ga+ ) +R2]
iz - @

and, where e is the voltage between cathode 2
and ground,

n

w(R14-R2)
14-g:R1 +“—m§—

if p1 and w2 are large in comparison with unity.

If the presence of source 12 is to have no net
voliage effect on the amplifier, ¢ must be zero,
a condition which Equation 3 shows on inspection
is satisfied for

3)

A
v

1

k2 /7]

In other words, the effect of cathode drift in

the circumstances assumed is completely neutral-

ized if the resistance of R2 is made equal to the

reciprocal of the transconductance of the bal-
ancer section.

If the two sections of the tube are unlike, the

equivalent cathode drift voltage for one section
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may differ from that for the other gection. Thais
condition might well obtain 1if, for example, the
amplifier section were designed as a pentode
having high voltage amplification and the bal-
ancer section as a triode having high transcon-
ductance, If the equivalent cathode drift voli-
age Va for the amplifier section and the equiva-
lent cathode drift voltage Vv for the balancer
section are proportional, however; that is, it

Va=kVb 5)

the cathode driit effect may nevertheless be neu-
tralized by taking the proportionality into ac-
count. In thiscase

R2=k/g2 (G))

Whereas Equation 4 or 6 may be used for es-
tablishing the proper value for R2, the choice of
R{ involves a consideration of the fact that the
voltage drop across Rl contributes to the grid
bias of the balancer section and the fact that
the grid bias in turn affects the transconductance
of that section. In practice, Rf may be a rheo-
stat or other variable resistance device, and the
balancing of the circuit in accordance with Equa-
tion 4 or 6 may be effected by adjusting RIi, and
consequently gz, rather than by predetermining
g2 and then calculating the proper value for R2.

The higher the transconductance gz of the bal-~
ancer section, the smaller the value of R2 for
neutralization. A high value for g2 is advan-
tageous inasmuch as R2 acts as s degenerative
resistance in the amplifier stage. Moreover, the
voltage drop across R2 largely contributes to the
grid bias of the amplifier section, and in order
to limit this voltage drop to the proper value the
plate current in the balancer section should not
be too large. With a triode the lower the anode
voltage the lower the plate current, but on the
other hand a certain minimum voltage on anode
1 is required to secure a large transeonductance.
An anode voltage of 60 to 80 volts has been found
& good value in the case of the 6SC7 tube.

The effective voltage amplification G in the
Fig. 1 circuit, where p1=p2=p, Is given by the fol-
lowing equation:
e 7
TR3+rtr, @

Thus when the circuit is balanced the plate re-
sistance is effectively the sum of the plate resist-
ances of the amplifier and balancer sections.

In a particular case in practice employing a
tube of the 6CST type in the Fig, 1 circuit, the
circuit parameters were as follows: RI, 0 to
1,000 ohms, adjustable; R2, 1,000 ohms; R3
500,000 ohms; hattery voltage for anode 6, 225
volts; battery voltage for anode 1, 75 volts.

When the circuit is balanced the resistance R{
has no net degenerative effect on the amplifica-
tion of current supplied to the input. Only re-
sistor R2 accounts for any net degenerative ef-
fect. Where RIi is an adjustable resistance it
is especially easy to adjust the circuit for neu-
tralization. From network theory it is known
that changing a resistance R in a circuit by an
amount AR is equivalent to placing a voltage in
series with the resistance equal to —iAR where i
is the curient flowing in R before the change.
Referring to Fig. 1, the resistance RI ig directly
in series with the voltage V of source 12. The
condition that voltage V shall have no effect on
the output, then, is that a small change in RI
shall have no effect on the output. This fact un-
derlies a convenient and practicable method of
balancing the stage: R{ is simply adjusted for
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maximum plate current in the amplifier section.
In a muliistage amplifier the current in the last
stage may be used as an indicator, and in such
case Rl is adjusted for maximum current if there
are an odd number of stages, and for minimum
current if there are an even number.

Instances may be found in practice where com-
plete neutralization of the cathode drift effect
may be unnecessary. In such cases, assuming
R fixed, the value of R2 may be reduced below
the prescribed value. Even with R2 completely
removed, the circuit may afford a substantial re-
duction in the effect of cathode drift as will be
explained with reference to Fig. 2. -

In Fig. 2 there is illustrated schematically a
two-stage amplifier, the first stage of which is
designed in accordance with Fig. 1 for the neu-
tralization of cathode drift effect and the second
stage of which is a modified form in which the
resistor R2 of Fig. 1 is omitted. The discharge
device 2{ in the second stage may be the same as
the device { in the first stage, having a common
cathode 22, and in the amplifier section a con-
trol grid 24 and anode 26, and in the balancer
section control grid 25 and anode 271. Cathode
22 is connected to ground through a single re-
sistor R4. Control grid 24 is conductively con-
nected to anode 6 of the first stage with resistor
R3 constituting an interstage coupling imped-
ance. Anode 26 is connected to one output ter-
minal of the second stage, and through coupling
resistor RS to the positive terminal of battery
1f. Anode 27 is connected directly to the posi-
tive terminal of battery (i, and control grid 25
is connected to an intermediate tap on the bat-
tery. ‘

Assuming for simplicity of exposition that the
cathode drift effect is the same for both sections
of discharge device 21, a fictitious voltage source
corresponding to source 12 of Fig. 1 may be as-
sumed to be inferposed in the lead to cathode
22. As before, let V represent the effective cath-
ode drift voltage and e the resultant net voltage
effective on the grid of the second stage. Two
effects contribute to the reduction of e, one be-
ing the degenerative effect of resistor R4 due to
the currents from anode 26 that traverse it. The
other and more significant effect is due to the
degenerative coupling of the balancer section
through resistor R4 to the input of the stage.
Even if the first effect were to be completely dis-
regarded, the second effect alone would account
for a reduction in the effect of cathode drift
measured by the following equation:

e 1
V- i+g.R4
If the first effect is taken into account, that is,

the degeneration in the amplifier section, the re-
lation is approximately:

®

1

1+f g+
1

Where the discharge device 21 is of the 6SCT7
type, illustrative values for the various circuit
parameters may be as follows: R3, 500,000 ohms;
R4, 50,000 ohms; and RS, 500,000 ohms, In the
same example the battery voltage effective on
balancer grid 25 may be approximately the same
as the net biasing voltage at anode § of the first
stage amplifier section. .

It will be noted that in the Fig. 2 circuit the
cathode 22 is operated at a potential above

e
v @)

(]

3.

ground potential. - Since this cathode may be

-operated at substantially the plate voltage of

the' first stage no separate biasing battery is

required in series with grid 24. This is a sub--

stantial advantage inasmuch as slight variations
occurring within such a battery would or might

. have a serious effect on the performance of the
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amplifier. )

In so far as the second stage amplifier section
is concerned, the degenerative resistance ef-
fectively presented by resistor R4 is given by the
following expression: '

R4/g.
Rit i/ a0

Referring now to Fig. 3 there is shown sche-
madtically an electronic voltage regulator in ac-
cordance with the invention incorporating a cir-
cuit arrangement like that in the second stage
in PFig. 2 for reducing the effect of cathode drift,
and other circuit features that will appear. The
voltage to be regulated is represented in Fig. 3
as being the output of a full wave rectifier-
filter 38 that is connected to an alternating cur-
rent source to the left. The regulator proper
comprises in general outline a space discharge
device 40 interposed in the positive side of the line
and having a grid electrode for varying the volt-
age drop. Voltage fluctuations that tend to ap-
pear at the output terminals 60 of the regulator
are caused to develop a compensating change
in the potential of grid electrode 50 and the volt-
age drop across discharge device 48. Regulators
of this general type are discussed by Hunt and
Hickman in an article, entitled “On electronic
voltage stabilizers,” appearing in the January,
1939, issue of Review of Scientific Instruments.

The circuit for translating output voltage
fluctuaticns into compensating changes in the
potential of grid electrode 50 comprises discharge
devices 31 and 4! which may be of the general
type described with reference to Fig. 1 but which
will henceforward be treated as being specifically
of the RCA type 6SC7. Two opposing voltages
are effective on the grid 34 of tube 31, one being
an invariable fraction of the regulator output
voltage derived by means of potential dividing
resitsors 51 and 52, and the other being an in-
variable voltage drop developed in the common
lead to cathode 32 of that tube. The corre-
sponding anode 36 is connected to the positive

side of the line through a resistor 53. The other -
anode 37 is connected directly to the positive

side of the line, and ifs associated control elec-
trode 35 is connected on the one hand to the
positive side of the line through a high resist-
ance 54 and to the negative side of the line
through a discharge device 55 shunted by a high
resistance 56. Discharge device 55 is a diode
having the property that the voltage drop across
it is, without certain limits, independent of the
current through it. It may be, for example of
RCA type VR105-30. Cathode 32 of tube 31 is
connected to the negative side of the line through
a resistor 57 shunted by a condenser §8. Con-
denser 58 has been found advantageous to re-
duce the tendency of the circuit to generate self-
oscillations.

By virtue of the constant voltage characteris-
tic of tube 55 and the fact that the output voltage
is accurately regulated, the potential of grid 35,
the current through resistor 57 and the voltage
drop across resistor 51 are substantially invar-
iable, and the voltage drop is of such sense as to
tend to bias grid 34 negatively with respect to

¥
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cathode 32. By suitable proportioning of the
various circuit parameters, the opposing grid bi-
asing voltages developed across resistors 51 and
87, respectively, may be made approximately, al-
though not quite, equal so that grid 34 receives
a favorable negtaive bias plus potential varia-
tions corresponding to the fluctuations in the
line voltage.

The amplified voltage fluctuations appearing at
anode 36 are applied directly to control electrode
45 of tube 41. The associated anode 41 is con-
nected directly to the positive side of the line
and the common cathode 42 is connected through
a resisotr 61 to the negative side of the line.
The discharge between cathode 42 and anode
47 is accordingly varied, and acrcss resistance
61 the voltage drop fiuctuates in the same man-
ner as the output voltage variations. This
fluctuating voltage drop is applied to control
electrode 44 by virtue of the connection of the
latter to the junction of voltage dividing re-
sistors 62 and 63 which are connected in series
with each other across the line. The associated
anode 46 is connected to the positive side of the
line through resistor 64 and the amplified voltage
fluctuations appearing across resistor 64 .are ap-
plied as a variable bias to control electrode 50
of discharge device 40. 'The phase relations ob-
taining throughout the regulator are such that
the variable bias applied to control electrode 50
is of proper phase to compensate or oppose any
voltage variation tending to appear at the
output of the regulator. Thus if the output
voltage tends to rise above the value for which
the regulator is set, a compensating negative bias
increment would be applied to control grid 50.

The Fig. 3 regulator as described will reduce
voltage variations appearing at the input by a
factor of 2.000 or more. By the addition of a re-
sistor 65 connecting control grid 44 with the posi-
tive side of the unregulated input an additional,
forward-acting effect may be obtained which
tends to produce a decrease of output voltage for
an increase of input voltage or vice versa. If the
proper value is chosen for resistor 65 there will
be no sensible change in the output voltage for
slight changes in input voltage. Where resistor
65 is used. it is desirable that the heaters for
cathodes 32 and 42 be supplied through a bal-

last lamp 59 or other accurately regulated con-

stant current source since the feedback gain in
the circuit is large enough to obscure the recti-
fied voltage variation as compared to changes in
cathode emission.  In practice, resistor 65 may be
made variable in part and adjusted for zero or
minimum hum at output terminals 60.

It is especially desirable that resistors 51 and
52 be of a highly stable type, for the regulated
output voltage is equal to the product of the con-
stant voltage across tube 55 and the quantity
(R514-R52) /R51,

In one instance in practice in accordance with
Fig. 3 where the discharge devices 31 and &1 were
of RCA type €SC7, the device 40 of RCA type
2A3, and the rectifier output voltage was 440
velts, the several circuit elements were propor-
tioned as follows to secure a rezulated output
voltage of 315 volts: R51, 50,000 ohms: R52, 150,-
000 ohms; R53, 0.5 megohm; R54, 1 megohm:
R56, 2 megohms; R57, 50,000 ohms; RS, R62 and
R83, each 0.1 megohm; R64, 0.5 megochm; R65,
8 megohms; C68, 0.5 microfarad; and C69, 16
microfarads.

It is worthy of note that diode 55, which sup-
plies the reference voltage, is not required to
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carry either a large or a fluctuating current, anc
it therefore may be maintained at the most fa-
vorable point on its operating characteristic. Ii
desired, tube 55 may be replaced by a small dry
cell battery, of 105 volts for the specific example
set forth, in which case resistors 54 and 56 may
be omitted. The battery is not required to sup-
ply any current since it simply biases grid 35,
and such being the case it is capable of providing
a stable source of reference voltage.

The regulated voltage supply shown in Fig. 3
may be employed advantageously in lieu of the
battery indicated in Figs. 1 and 2, the several in-
termediate voltages being derived by separate
sets of voltage dividing resistors connected across
the output terminals of the regulator.

‘What is claimed is:

1. In a multistage amplifier adapted for am-
plification of electric currents approximating di-
rect current in frequency, an input stage com-
prising a space discharge device that has a cath-
ode, a control electrode and an output electrode,
an input circuit for said stage comprising said
cathode and control electrode, an output circuit
for said stage comprising said output electrode,
auxiliary electrode means within said discharge
device and circuit means connected thereto for
amplifying the effect of cathode drift associated
with said cathode, and means for applying the
amplified cathode drift effect in opposing rela-
tion to cathode drift effect tending to appear in
said output circuit.

2. A combination in accordance with claim 1
in which said opposing relation is more particu-
larly a neutralizing relation.

3. In a direct current amplifier, an amplifier
stage comprising a discharge device having a
thermionic cathode and a set of control and out-
put electrodes associated therewith, means com-
prising said set of electrodes for amplifying uni-
directional current applied to said amplifier stage, .
and means for substantially neutralizing cathode
drift effects tending to appear in the amplified
current comprising another set of control and
output electrodes likewise associated with said
thermionic cathode, and cireuit means connected
to said other set of electrodes for deriving a rep-
lica of the said cathode drift effects and apply-
ing the same to said amplifier in opposing rela-
tion to the said cathode drift effects tending to
appear therein,

4. An amplifier stage adapted for the amplifl-
cation of electric currents approximating direct
current in frequency, said stage comprising a dis-
charge device having separate sets of control and
output electrodes and a thermionic cathode com-
mon to said sets of electrodes, means for apply-
ing current to be amplified to one of said control
electrodes, means for deriving the amplified cur-
rent from one of said output electrodes, and
means for reducing cathode drift effect in said
stage comprising circuit means connected to an-
other of said control electrodes and another of
said output electrodes for deriving a cathode drift
opposing voltage.

5. In a conductively coupled amplifier, an am-
plifier stage comprising a discharge device having
a pair of anodes and a common cathode, means
for establishing separate and distinet space dis-
charges between said cathode and said respec-
tive anodes, means for varying one of said dis-
charges in accordance with current variations to
be amplified, control electrode means for vary-
ing the other of said discharges in accordance
with cathode drift effects associated with said
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common cathode, and means for reducing cath-
ode drift effects appearing in said one discharge
comprising means for subjecting said one dis-
charge to the control of variations in said other
discharge.

6. An amplifier stage comprising a discharge
device having two anodes and a cathode common
to said ancdes, means for establishing separate
space discharges between said cathode and said
respective anodes, a control electrode for control-
ling one of said discharges, means for varying
the potential of said control electrode in accord-
ance with a quantity to be amplified, means for
varying the other of said discharges in accord-
ance with cathode drift voltages effectively in
series with said common cathode, and circuit
means responsive to variations in said other dis-
charge for neutralizing cathode drift effects
tending to appear in said first discharge.

7. An amplifier stage comprising a discharge
device having a first set of confrol grid and an-
ode elements, a2 second set of control grid and
anode elements, and a cathode common to said
sets, means comprising said first set of elements
for amplifying potentials applied to the input of
said stage, said stage having an input and an
output circuit each of which is grounded on one
side, circuit means connecting said second con-
trol grid to said common cathode whereby the
potential of said second grid is varied in accord-
ance with the cathode drift effect associated with
said cathode, and means for applying the cath-
ode drift voltage appearing at said second anode
to the input of said stage.

8. An amplifier stage comprising a device hav-
ing a thermionic cathode and means including a
pair of anodes and an anode voltage source there-
for for maintaining two separate discharges from
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9. In a direct current amplifier, an input stage
comprising a discharge device having an ampli-
fier scction, a balancer section and a cathodc
common to said sections, an input circuit for said
amplifier section including two resistances con-
nected in series with each other to said cathede,
said balancer section comprising a control elec-
frode and an anode, circuit means connecting
said control electrode to the junction of said
two resistances, and circuit means connecting
said anode to said cathode through said two re-
sistances.

10. A combination in accordance with claim 9
in which one of said resistances is of such mag-
nitude that a cathode drift neutralizing voltage
is established in said input circuit.

11, In an amplifier adapted for a frequency of
less than ten cycles per second, an input stage
comprising a discharge device having two sets
of electrically separate electrodes and a common
cathode, means comprising one of said sets of
electrodes for amplifying currents applied to the
input of said stage, means comprising the other
of said sets of electrodes for amplifying cathode
drift effects associated with said common cath- -
ode, and means for degeneratively applying to
the input of said stage the amplified cathode

drift effects from said other set of electrodes.
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said cathode, a resistance in series with said -

cathode, means comprising an electrode for con-
trolling one of said discharges, input circuit
means for said stage comprising a connection to
said electrode and a connection through said re-
sistance to said cathode, an electrode controlling
the other of said discharges, circuit means con-
necting said last-mentioned electrode through
said resistance to said cathode, and means for
introducing into said input circuit a voltage that
varies in accordance with fluctuations in the
other of said discharges.
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12. The method of comipensating for the effect
of cathode drift in the amplification of direct and
low frequency electric variables which comprises
separately amplifying the effective cathode drift
voltage and applying it as so amplified to the
neutralization of ‘cathode drift effect tending to
appear in the amplified variable.

13. In an electric system subject to cathode
drift, the method which comprises concurrently
amplifying the effective cathode drift voltage and
a variable to be amplified, separately translating
the said effective cathode drift voltage with sub-
stantial discrimination against any component
of the said variable that may be present, and ap-
plying the separately translated cathode drift
voltage in neutralizing relation to the cathode
drift effect tending to appear as a result of the
aforesaid concurrent amplification of the effec-
tive cathode drift voltage and the variable to be
amplified.

STEWART E. MILLER.




