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years, undergone a notable change. In

1923. all. amplifier tubes were of the gen-
eral-purpose ‘type and all were alike. To-day,
on the other hand,.we have, in addition to this
general-purpose tube, two distinct groups of
special-purpose amplifier tubes.

One of these groups—that having a low am-
plification factor and low plate-to-filament re-
sistance as its chief characteristics—was brought
into being to satisfy the demand for more speech
power which arose when reception on the loud
speaker became common. The performance of
this group of -tubes has already been discussed
in some detail (“‘Output Characteristics of Am-
~plifier Tubes,” J. C. Warner and A. V. Lough-
ren, Proceedings Institute of Radio Engineers,
Vol. 14, No. 6, Dec., 1926).

The second group, consisting of tubes having
amplification factors of 15 or more, will be
treated in the present paper. It should be under-
stood, of course, that tubes with high amplifi-
cation factors are not at all new, as such tubes
have been built since 1912. Some of their uses
have not been completely investigated, however,
until recently.

Any treatment of the uses of tubes having
high amplification factors is of necessity pri-
marily a discussion of their use in resistance-
coupled amplifiers. In order to understand their
application to this type of amplifier it is neces-
sary to have its underlying theory clearly in
mind.

Fig. 1 is a diagram of a two-stage amplifier
with resistive-interstage coupling. The opera-
tions may be sketched roughly as follows:

When a signal is impressed on the input cir-
cuit, consider the phenomena at the instant when
the grid potential has reached the highest value
occurring during the cycle. In Fig. 2 this condi-
tion is represented by the point t;. At this same
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instant the plate current reaches a maximum.
Now, looking back at Fig. 1, we see that the
voltage at the plate of tube No. 1 is equal to the
battery voltage minus the IR drop in the resis-
tance Rpi. The value of this drop is simply
Ip x Rpi. Therefore, it is directly proportional
to the plate current. Thus, when the plate cur-
rent is greater, as at t;, the drop in the coupling
resistance, Rp, is greater, and hence the plate
voltage on the tube is less. The curve of plate
potential in Fig. 2 shows this exactly. Inciden-
tally, it may be noted that the signal has been
shifted 180° in phase by going through the
first stage. :

The alternating component of this plate po=,
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tential is applied to the grid leak resistance, Rg,
of the second tube, while the direct component
is kept back by the blocking condenser Cbe.
The grid of tube No. 2 is so connected that the
drop in the grid leak resistance is the alternating
component of grid voltage. In this stage the ac-
tion is exactly like that in the preceding one.
Now, having a slight familiarity with the cir-
cuit and its mode of operation, let us proceed to
a more rigorous analysis of the performance.
To do this we make use of a fundamental prin-
ciple of physics which may be stated as follows:
With circuit elements whose coefficients are con-
stants, the circuit response to a complex emf.
may be determined by evaluating the respective
responses to each of the (simple) component
emf’s. and taking the summation, if desired.
In the present case this
principle permits us to

battery. The representation of a tube by a gen-
erator and the series resistance rp is quite com-
mon in analyses of tube output characteristics.

By the use of Kirchoff’s Laws for alternating
current circuits an expression may be worked
out for the relation between egy, the output volt-
age of the network, and peg;, the input voltage.
The first -voltage corresponds to the alternating
voltage on the grid of the second tube while the
second is proportional to that on the grid of the
first tube. The steps of the mathematics are
hardly worth showing in detail. The final ex-
pression is that given in Fig. 3. This expression
contains a group of terms independent of fre-
quency, and two terms containing the quan-
tity P, where P = 2 « x frequency, which are
dependent on frequency. The first of these latter
is directly proportional to frequency and thus
may be expected to interfere with the amplifier
performance more at higher frequencies; the
second, on the contrary, is important at low
frequencies since it is inversely proportional to
frequency.

Before investigating the magnitudes of these
two frequency effects we must see what the
values of the various circuit coefficients are.
Certain of them are quite familiar to radio
workers, such as the internal plate circuit re-
sistance rp, the coupling resistance Rp, the grid
leak Rg, and the blocking condenser Cp. The
quantities Cp, Cg, and rg have not been in
common use, so a word about their magnitudes
will hardly be amiss.

The plate-to-ground capacity, Cp, is very
nearly the sum of the following:

(1.) Tube inter-electrode plate-filament capac-
ity.
(2.) Tube inter-electrode plate-grid capacity.
(3.) Stray capacities in wiring.

For the Radiotron ux-240 the first two are 1.5
and 8.8 micro-microfarads, respectively.

The quantities rg and Cg cannot be treated
rigorously without going beyond the scope of
the present paper. Their magnitudes are de.
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analyze the performance
of the amplifier circuit for
the alternating quantities
alone, neglecting entirely
the direct components.
Fig. 3 is drawn in this
way. It may be noted that
only the quantities enter-
ing into the alternating-
current phenomena are
shown. The interstage
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coupling resistor, Rp, is
shown connected from
the plate back to the fila-
ment. In practice it is
connected to the positive
terminal of the B battery
and through the latter to
the filament, but here we
do not need to show the
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pendent on the constants of the plate
circuit of the second tube. For our pur-
pose it will be sufficiently accurate to
consider rg infinite as long as the

Rg=2 megohms
Cy, = 0.005 mfd.

|t = 300 hmﬂ'lg
—.KN,

between 0.5 and 500. Any increase in
the amplification factor, however, in-
volves an increase in the plate resis-
tance of the tube, if the filament and

second tube is biased sufficiently. Cg 1500

may be expressed as:
Cg = Cgf+ Cgp (Av+1)

—

N

plate dimensions and the spacings are
kept the same. Fig. 5 shows this vari-
ation in plate resistance with ampli-
fication for tubes similar to the ux-201-a

The reason for the appearance of 000
the quantity (Ay + 1) where Ay is the
voltage amplification actually obtained

between grid and plate of the second

OVERALL AMPLIFICATION

T
Rp = 250,000 ohms

s T

/ Rp =_1,000.000 ohms
7&’-—- T
—

in plate and filament structures. It
may be shown from the mathematical
expression in Fig. 3 that any increase
in the plate resistance rp leads to a

ANNAN

tube, is explained in the appendix on
page 240. In practice Cgf is usually 3
to 4 mmfd. and Cgp 8 to 10 mmfd. while
Ay may be between 2 and 25 or more.

loss of amplification which will be more
pronounced at the high frequencies
than elsewhere. Further, as the actual
voltage amplification of tube No. 2 is

/7

Accordingly Cg will vary over the o
range from 20 to perhaps 300 mmfd.
The figures given, by the way, do
not include the stray capacities in the
wiring. It should further be noted that
there is no marked difference in the values of
these capacities for low and high amplification
tubes; that is, the Radiotron uUx-201-A for
which & = 8 and the Radiotron ux-240 for
which w = 30, have substantially the same
inter-electrode capacities. The Radiotron ux-
171 has nearly the same grid-to-plate capac-
ity as the others, but as it has twice their

FIG. 6

filament surface its grid-filament capacity is
somewhat greater.

The frequency characteristic of each individual
stage may be calculated by the relation shown in
Fig. 3. The frequency characteristic of the
complete amplifier is equal, of course, to the
product of the frequency characteristics of the
individual circuits. Fig. 4 shows certain of these
overall frequency characteristics. It should be
noted that the use of higher value coupling resis-
tances increases the amplification, but that these -
increases are always less in magnitude at the
upper end of the frequency characteristic than
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in other portions of the range. Accordingly, the
frequency characteristic becomes poorer as the
coupling resistance is increased.

CHOICE OF AMPLIFICATION FACTOR

HIS is an excellent point in the discussion
to take up the question of the choice of the
amplification factor. It should be pointed out
that this factor is completely under the control
of the tube designer so that there is little diffi-
culty in building tubes having values anywhere
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increased, the capacity Cg of Fig. 3
is increased almost directly, as may be
seen from the expression already given
for it; this capacity increase also
tends to make the amplifier “lose”
higher frequencies.

Accordingly, the choice of the proper amplifi-
cation factor for a tube for resistance-coupled
amplification should be the highest value which
is consistent with a satisfactorily flat frequency
characteristic. Of course, opinions on frequency
characteristics differ, but it is felt that in the
design of Radiotron ux-240 the greatest value

10,000

FIG. 7

of amplification factor that should be used in a
high-quality receiver has been chosen.

One of the curves of Fig. 4 shows an ex-
perimentally determined overall frequency char-
acteristic when iron-core inductances are used
for interstage coupling. The units used have
unusually high inductance, but the loss of ampli-
fication at low frequencies shows that, even so,
impedance coupling was unsatisfactory.

So far we have assumed that the circuit co-
efficients are constants. Actually this may or
may not be a valid assumption in a practical
case. The two circuit coefficients which may

FIG. 8

FIG. 9
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FIG. 10 - FIG. 11 FIG. 12

vary appreciably in practice are the plate resis- 25 the ux-2o1-a. The filament characteristics and
tance and the grid resistance. ratings are also identical. Normal operating con-

Variation of the plate resistance becomes a UX|240 4 ditions for the tube are 1.5 to 3 volts grid bias,
matter of importance if the plate current is per- / / 135 to 180 volts plate supply voltage, with a
mitted to decrease to too low a value at any time 20 250,000 ohm resistance in series with the plate.
during the cycle. The effect of this may be seen / Under these conditions the actual voltage am-
by comparing the oscillograms of Figs. 6 and 7. } plification will be between 15 and 20, represent-
Fig. 6 shows the output of the ux-240 when ing better than 50 per cent. utilization of the
operating normally, while in Fig. 7 the negative / / tube’s inherent amplification factor of 30.
bias on the grid is excessive. The resulting dis- 15 f Fig. 13 shows the mutual characteristics of
tortion on the lower half of the plate-current 2= / / / the tube and Fig. 14 shows a family of plate
wave is quite objectionable. g characteristics. These are the two forms in which

Variation of the grid resistance is negligiblein 3 Ebsm/ / static characteristics are conventionally shown
magnitude when the grid potential is negative. 5 / / and are reproduced for that reason.
When the grid becomes positive, however, its 1o
resistance falls quite rapidly, and it may, under / E,,:us/ / APPENDIX
some conditions, introduce appreciable distor- / e I “HE change in grid-to-ground capacity
tion. If the source of the signal voltage has good / /[ introduced by the plate and plate circuit
regulation there is little likelihood of distortion 05 / ps-20/ / of the tube may be treated as follows: In
occurring; the oscillogram of Fig. 8 demonstrates / / / the case of a resistance-coupled circuit having
this. It shows the output of the ux-240 for the y / e ’4/ substantially unity power factor, so that there is
same signal voltage as in Fig. 6 and 7; that is, / V4 / / no appreciable phase shift, let us observe what
1.06 volts effective, this time with no bias at all. / / happens when the grid is raised in potential 1
The plate current is obviously undistorted. Fig. 9 e o volt. The plate potential falls by an amount Ay
shows the rather poor results obtained when the GRID VOLTAGE volts, where Ay is the actual voltage amplifica-
regulation of the signal source is unsatisfactory. FIG. 13 tion which the stage is furnishing. Now, across

If the tube is operating with the direct grid-filament ca-
a hlocking condenser and grid 160 pacity we have introduced a
leak and receives sufficient sig- UX 240 / / / net change in potential differ-
nal to make the grid positive, 140 / ence of 1 volt, and accordingly
the electrons which flow from / the quantity of electricity
the filament to the grid must 120 005 M. which will raise this potential
continue through the leak and K T difference 1 volt is added to
back to the filament. In doing hy / / that already providing the
so they will develop a voltage 100 Sy S B / / A electro-static field between grid
drop across the leak which will / 7/ /\ / / and filament. Across the direct
bias the grid negative; the , 0.1 Megs S S / grid-plate capacity we have
trouble will thus be largely / introduced voltage changes of
self-correcting. Fig. 1o, which / / / g / 1 volt at the grid side and of
illustrates this point, was made 60 / Ay volts at the plate side, the
under the same conditions as 0.2 Megs 4 >< \ / }/ two changes being of the same
Fig. 9 except that a blocking 44 / 025 Megs y 7 sign insofar as their effect on
condenser of o.015 mfd. was / -3 Megs >~ ) 4 the electrostatic phenomena is
interposed in the lead from the / 0.5 Megs T ' / . & concerned. As a result, a
grid to the signal source and .20 d 7 ) quantity of electricity sufficient
a grid leak of 1 megohm was [, MICO Megs &Z\ . /r to change the grid-plate ca-
connected from grid to fila- o= 7Z‘—% L— | pacity to 1 + Ay volts must
ment. The improvement in 0 20 40 100 120 140 160 180 200 220 240 flow on the grid.
output wave form over that of PLATE VOLTAGE By combining these two
the preceding oscillogram is FIG. 14 terms we find that the effec-

quite striking.

Fig. 11 shows the distortion that occurs with
no bias and the same signal amplitude as before,
when the signal is supplied from another tube
through an interstage transformer. Here the
grid current cannot bias the tube appreciably as
it has a low-resistance return to the filament

and hence produces only a negligible IR drop.
In the record of Fig. 12 this condition has been
corrected by the introduction of a suitable bias.

Perhaps a word about the ux-240, the tube on
which our work is based, would not be amiss.
In external appearance this tube is identical with

tive capacity from grid to
ground is:
C = Cgf+ Cgp (1 + Av)
It should be noted that a general treatment of

this capacity effect is, ipso facto, a study of
regeneration due to inter-electrode capacity.



