


SECTION XXVII

WIDE-BAND AMPLIFIERS

Compensated Amplifier Chart
Distortion in Compensated Amplifiers
D-c¢ Amplifier Design Techniques .

Thermal Noise in a Parallel RC Clrcult

Compensated Amplifier Chart

By Y. J. LIU and J. D. TRIMMER

THE accompanying chart is designed
to give relative values of the gain and
phiase shift of one stage of a resistance-
capacitance coupled amplifier which is
compensated by the addition of certain
elements to its load impedance. The
actual and equivalent circuits of such an
amplifier stage are shown in Fig. 1. The
chart is based on the equivalent circuit,
which includes in the shunt capacitance
C,, the interelectrode capacitances of the
tube, and stray wiring capacitance of
the coupling circuit.

The gain of the amplifier stage and also

the phase shift between E, and E; can be

determined so that (A,/A, = 1/A/X2+4 ¥?
and 0; = tan~! (Y/X), where A, is the
gain at any frequency f and A, is some
particular value of gain used for reference;
6, is the angle of phase shift between
E, and E,, positive when E, lags behind
E;;and X and Y are quantities depending
on frequency and on the various circuit
elements.

The expressions for X and Y can be
simplified, for very high frequencies and
for very low frequencies, to the same form,
with parameters ¢, A, and B to be defined
later,

(¢/B)?

_ q/B
Y= Ay /my @

The chart is simply a graphical method
of finding X and Y for any given values of
g, 4, and B and also of finding A,/A,
and 8, for any values of X and Y.

The simplified forms of Egs. (1) and
(2) are obtained only by making certain
assumptions. (1) The ratio C,/C, is
considered so small compared with one

that it may be neglected. (2) L/CiRR.R.
is much smaller than one. (3) R. and
R, are of the same order of magnitude.
(4) The time constants Cy;R; and C.R,
are of the same order of magnitude.
These four conditions are easily met in
design practice and do not restrict the
usefulness of the method.

The values of ¢, A, and B for use in
Eqgs. (1) and (2) and in the chart may be
defined more conveniently by first defining
the resistances

1
Ry _1_ 1+ 1
Rﬂ »
1
Rr =R+ 54—

_ R,R,
Rii = R [1 T RAR. + By + Rd)]

where the subscripts H, L, and Ld refer,

respectively, to high frequencies, low
Cc
.- 11l e
X 1 A
H L
R Rg
Es ¢ Eo
: c Rg L :
. d = :
Y T+ T .
(a) Actual circuit ,
Rp _L
Cs Eo
“TeT -l_
E=-pEs (b) Equuvalen+ circuit Yol
Fig. 1.—Actual and equivalent amplifier
circuits.
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frequencies, and low frequencies with
decoupling.
Then for high frequencies,
gy = 27rfC,,R}1
Ag =21
- C:EuE.
By = L

and for low frequencies,

1
qrd = 7 2rfC R
Aps = R.R,R,
RrsR:(R. + Ry + Ra)
[1 _ CiR4R, ]
CcRg(Rc + Rd)
CdR¢Rc
B

e C.Rra(R. + Ra)

As previously stated, the wvalue of
A;/A, is given on the chart. The
reference value is A, = Rr/R,. This,
multiplied by the tube’s amplification
factor, is the gain of the uncompensated
amplifier in its medium-frequency range,
and, if compensating elements are chosen
in accord with the conditions listed above,
it is also very closely the gain of the
compensated amplifier in its medium-
frequency range.

The dotted lines on Fig. 2 serve to
illustrate the use of the chart. Suppose
the h-f parameters are Ax = 0.96 and
By = 2.0. The dotted lines show how
values of gain and phase angle are found
for two different values of gu, t.e., for two
different frequencies.

The first step is to locate the value of
¢z on the horizontal scale at the top center
of the chart. Starting with ¢z = 0.8 and
projecting down to the inclined line
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Fig. 2—Compensated amplifier chari.



drawn for By = 2.0, the projection is
then to the left and on to the two curves
f:(2) and f,(2), thence downward to the
inclined line drawn for Ay = 0.96. Of
the two projections, the one from f.(2) is
carried to the right; the other is used to
establish the distance below the line
Ay = 0. This distance is picked up and
laid off, on the ¢x scale in the center of
the chart, to the left of the point gz = 0.8.
Projection downward then gives an
intersection establishing values of X

WIDE-BAND AMPLIFIERS

and Y, and also of gain and phase shift.
Here X = 0.855, Y = 0.465, relative
gain is 1.027, and phase shift is 28.9
deg.

The procedure for ¢z = 3.5 (ga greater
than one) differs in two respects from the
above (¢x less than one). In the upper
left of the chart, the 14f,(z) curve is
used instead of f,(z), and the length
picked up from the projection from this
curve to the A z-line is laid off along the
vertical qg-scale. Thus the relative gain
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is found to be 0.322 and the phase shift
85 deg.

For high frequencies, positive phase
angles read from the chart mean lagging
of the output relative to the input voltage.
For low frequencies, positive angles on the
chart mean leading of the output voltage.

For convenience in using the low-
frequency parameters, the frequency
scales are plotted in terms of —1/qz4,
which is directly proportional to fre-
quency; t.e., —~1/qra = 2xfC.Rya.

Distortion in Compensated Amplifiers

By J. D. TRIMMER and Y. J. LLIU

An approach to the frequency and time-delay diserimination problem in wide-band
amplifiers which not only gives a general solution of a given ecircuit but permits
amplifiers to be designed to perform within given tolerances of phase and gain distortion

N order to provide convenient general-
ized expressions for the gain and phase
characteristics of various combinations of
circuit elements and obtain convenient
methods of designing resistance-capaci-
tance coupled amplifiers to meet specified
distortion tolerances, a quantitative ter-
minology relating to distortion must first
be stated.

It is understood here that distortion is
a measure of the difference in wave form
(i.e., time dependence) between the out-
put voltage E, and some standard of
comparison E,. In many instances, E
is the input voltage E;. A quantitative
definition of distortion would have to be
based on a mathematical or physical way
of evaluating the quantity (E, — E.), aver-
aged in some manner over a chosen period
of time. In preference to this, it has
become customary to measure distortion
in terms of its causes, the properties of
the network.

In nonlinear networks, the ratio be-
tween input and output voltages varies
with the amplitude of the input voltage.
The resultant change of wave form (due
to the presence in the output of frequency
components not in the input) repre-
sents nonlinear distortion. In linear net-
works, the ratio of output to input voltage,
though independent of the amplitude,
still varies with the frequency of the
input voltage. The effects of this vari-
ation may be called linear distortion.

Of these effects, those due to frequency
dependence of relative phase may be
called phase distortion; and those due to
frequency dependence of relative ampli-
tude may be called gain distortion. (The
more directly suggested term amplitude
distortion is not suitable because it has,
unfortunately, become associated with
nonlinear distortion.)

Here we are confined to linear distortion,
though many of the statements to be made
would apply directly or analogously to

nonlinear distortion as well. In the
actual ecircuit of the compensated ampli-
fier (Fig. 14), it is the vacuum tube that
is the only seat of appreciable nonlinear
distortion. Hence, considering only linear
distortion, it is possible to use as a basis
for discussion the equivalent circuit of
Fig. 1B, in which the vacuum tube is
replaced by a linear source of voltage
—uE, and internal resistance R,. The
internal capacitances of the tube are
included with wiring capacitances in C,.
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Fig. 1.—Actual {A) and equivalent (B) circuits of the shunt-peaked compensated amplifier »n
which this analysis is based.
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of quantities defined in the text.
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Fig. 3,—Phase shift characteristic of the uncompensated amplifier plotted in terms of relative time
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The properties of a network which
cause linear distortion may be referred
to as variations, with gain variation as a
measure of the departure of the gain from
a specified frequency dependence and
phase variation as a measure of the
departure of the phase shift from a speci-
fied frequency dependence.

The problem of compensating the
resistance-coupled amplifier may be for-

mulated and discussed in terms of these
definitions.

Compensation of Resistance-coupled Amplifiers

The equivalent circuit diagram for one
stage of the uncompensated amplifier
would be Fig. 1B, with €y Ra and L
deleted. The gain and time-delay charac-
teristics are plotted, respectively, in
Figs. 2 and 3. For computation of these

characteristics, the complex ratio of
output to input voltage is reduced to the

form?
E, _ (ﬁ‘l) itf = L
Ei Ar 1 +JQ

where @ is a function of the frequency
ratio ¢ = f/f. and the nondimensional
flatness parameter «. The quantities are
defined as follows:

1)

6y = tan"1Q
- Bx
r = Rp
-
Q=1 OE /9
where g = % = 2xf \/C.C.RaRy
_ C.Rr
* C.Ru
Ry — — RoBsEe
By + By 4+ R.
R,E.
R, =R, + %, + R

Since @ = 0 when ¢ = 1, the ordinate
of Fig. 2 is the gain at any frequency f
divided by the gain at the reference
frequency fr. In Fig. 3, the ordinate is
the phase shift (time delay) at any
frequency f (given as the time t; = 6;/2xf)
divided by a reference time ¢ = 1/f.
In this figure, the negative ordinate scale
applies to values of ¢ less than one, the
magnified positive scale to values of ¢
greater than one.

It is seen that the time-delay curve
(Fig. 3) passes through a maximum
positive value at some value of ¢ greater
than one. At this same value of ¢
(call it ¢.), the graph of the phase angle 8,
has its tangent pass directly through the
origin. Forthe large values of & occurring
in practice, ¢. is given very closely by
qn = 1.315 Va. So in contrast to the
gain characteristics of Fig. 2, which are
flat over a frequency range centering

-about ¢ = 1, the phase characteristics

of Fig. 3 are flat over a range centering
about ¢ = ¢., with ¢. generally much
larger than one.

Turning now to the more complicated
case of the amplifier with compensating
elements added as in Fig. 1, the ratio of
output to input voltage can be written in
the form:

E, _ (f‘ﬁ) PV S
E; A, +JY

But the quantities X and Y are such
involved functions of frequency and the
cireuit elements that it seems feasible to
study them only in the simplified forms
they assume for the extreme ranges of
high and low frequencies.

(2)



A suggestion for dealing with the
problem of designing compensation to
keep the variations within specified limits
is embodied in Figs. 4 and 5. These
graphs represent a useful and convenient
way of summarizing the results of a
survey of a large number of gain and
phase characteristic curves, drawn for
various combinations of parameter values.

In Fig. 4, one ordinate is the compen-
sating advantage n. which is defined as the
ratio of the frequency at which the gain
characteristic of the compensated ampli-
fier shows a specified variation (14 per
cent for Fig. 4) to the frequency at which
the uncompensated amplifier shows the
same variation. The plotted values of
9. are maximum values, which can be
realized only by using optimum amounts
of inductance to affect h-f performance.
This optimum relation is given by the
¢x curve, where ¢z is inversely pro-
portional to the inductance L. The
parameter Ag is independent of the
compensating elements.

Similarly, in Fig. 5, the ordinate 74 is
the low-frequency compensating, or de-
coupling, advantage, defined as the ratio
of the frequency at which the uncom-
pensated amplifier’s time-delay character-
istic shows a specified variation (14 per
cent for Fig. 5) to the frequency at which
the compensated amplifier shows the
same variation. Of the two parameters
¥ and k, v involves R, while £ involves
both R, and Ca. The ratio R,/R. does
not involve the compensating elements.
The optimum relations between &k and vy
are given by the k curves, and the corre-
sponding maximum values of 7%, are
plotted for the 74 curves.

In Fig. 5, the 0.5 per cent tolerance of
phase-time variation is based on the
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Fig. 4 —Curves for obtaining the best compen-
sation possible in the high-frequency range.
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ordinate t/tz, where
tL = CcRL

The parameters {#, v, and k of Figs. 4
and 5 are defined

2
cr = ngn
_ R,R4
7= R+ Ry (B + Ra)
Cq R.Ra

k=GR & + R

There remains the second problem,
which may now be described as relating
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the variations of the network to the
distortions of the wave forms the network
is supposed to handle.

Attention is to be given here primarily
to phase distortion. The suggestions
proposed concern themselves principally
with two questions. First, there is the
question of the best way of presenting the
phase characteristic so that its variations
are obvious and so that it is conveniently
useful in predicting phase distortion.
The second question is the finding of a
method for estimating, from known
variations of a given network, the dis-
tortion of particular wave forms.

An example that answers both questions
to some extent is given in Fig. 6. It is
assumed that a perfect saw-tooth input
voltage E; is applied to one stage of an
uncompensated resistance-coupled ampli-
fier. If the fundamental frequency of
the input is low enough compared with
the middle reference frequency f. of the
amplifier, the output voltage E, will
show decided phase distortion. Figures
64 and 6B are drawn, respectively, for
fundamental frequencies /2,000 and
J:/1,000. The amplifier is assumed to
have a flatness parameter a = 104
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Fig. 6.—Phase distortion of a saw-tooth wave computed by Fourier analysis.
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The work summarized in Fig. 6 and in
Figs. 2 and 3 may be regarded as a
complete solution to the problem of
specifying phase distortion tolerances for
the uncompensated amplifier. For one
has only to look at Fig. 6 and decide
whether the amount of distortion shown
in A or in B (or in another similar graph)
is the most that can be tolerated, and the
numerical factors of the design are at once
determined.

The E, curves of Fig. 6 were obtained
by replotting the first six harmonic
components of E; shifted along the time
scale according to the phase characteristic
given in Fig. 3, and plotting the higher
frequency components as though they
had no phase shift at all. The error
involvedin this approximation is indicated
by the slight “ripple” which can be
detected in the strings of points. Refer-
ence to the appropriate low-frequency
points of the gain characteristic for
a = 10* in Fig. 2 shows that gain vari-
ation is quite negligible (less than 2 per
cent). One might expect that the gain
variation at high frequencies would cause
a rounding of the corners as indicated in
Fig. 6. How small this effect actually is
can be inferred from the fact that for the

ELECTRONICS FOR ENGINEERS

same tolerance of 2 per cent, ¢ = 2,000,
and the amplitude of the component at
this frequency is one four-millionths of
the fundamental amplitude.

This example, therefore, suggests the
following general procedure for estimating
distortion of periodic waves. The input
wave is analyzed into its Fourier com-
ponents; each component is changed in
amplitude according to the relative gain
atits frequency, and shifted along the time
axis an amount equal to the phase shift
at that frequency; the changed compo-
nents are then added to make up the
output wave; and finally, the output wave
is compared with the input wave for
changes in shape. In general, this would
appear to be a very tedious effort. But
the above example suggests that, as far
as the wave is concerned, usually only a
limited number of components are of
important amplitude; and, as far as the
network is concerned, usually the vari-
ations are appreciable only in a limited
range of frequency.

The Phase Tangent

In conclusion, it may be well to refer
to the statement, widely disseminated in
the literature, that the phase time shift

(usually called time delay) at a given
frequency is equal to the slope of the
phase-angle characteristic at that fre-
quency. This is an approximate truth
that may be quite useful in many cases,
but that may cause serious errors if used
injudiciously. The criterion is simple to
appreciate and is as follows. The phase
time shift is exactly equal to the slope of
the phase angle characteristic for a
characteristic that consists solely of lines
drawn from zero or multiples of 27 on the
ordinate axis. Hence if a phase charac-
teristic can be closely approximated by
tangents drawn from these points, the
actual phase distortion will be closely
approximated by taking phase time shift
equal to the slope of the phase-angle curve.
But for cases in which the tangents give
a poor approximation (e.g., one stage of a
resistance-coupled amplifier), phase time
shift at a given frequency may be far from
equal to the slope at that frequency.
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D-c Amplifier Design Techniques

By EDWARD L. GINZTON

Design equations with practical examples, stabilization of negative feed-back amplifiers,
cathode-follower and phase-inverter considerations, tube-drift problems in high-gain
d-c amplifiers, and operation of multistage amplifiers from common power supplies

AMETHOD of directly coupling successive
stages of a vacuum-tube amplifier
without using a common B supply has
been described by W. M. Brubaker.! In
the simplified version of this circuit
given in Fig. la, a battery is shown
tapped near the middle, with a resistor
connected across the entire battery.
Regardless of the position of the tap on
the battery, there is always a point on
the résistance that is exactly at the same
potential as the tap on the battery.
Thus, it is possible to tap a source of
voltage (E: -+ E.) and, regardless of the
load placed on the source of voltage,
find a point on the load that will be at the
same potential as the tap.

In Fig. 1b, this tap has been applied to
the amplifier coupling. A source of
voltage (E, -+ E.) is tapped, and this
point is connected to the cathodes of the
two tubes. Then resistances R,, R, R,
and the (d-c¢) plate resistance R, of the
tube are so chosen that the junction
between resistors Rs and R; is at the same
potential as the tap on the source of
voltage (E; + Es). Any number of tubes
may be cascaded in this manner, all using
the same power supply.

This method makes it possible to
eliminate the zero-signal d-¢ component
from any similar circuit. Several other
modifications are illustrated later, with
circuit data.

Design Equations

The equivalent diagram of Fig. 1b,
together with the symbols that are used
below, are shown in Fig. 2. It should be
noted that R, is the d-c¢ plate resistance
of the tube, equal to the d-¢ voltage
E, at the plate of tube divided by d-c
plate current I,. The analysis of this
circuit should show how the voltage E;
depends on the various constants shown
in Fig. 2, and how this voltage can be
adjusted to any desired value. Applying
Kirchhoff’s law to Fig. 2, one has
ip(Bp + R1) + 42:(B1) = E, } )
ip(Ry) + 22(R1 + R2 + R;3) = E; + E.

But i,,=£‘—’ and 1:2=E21;3E3
y 4
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(b)

Fig. 1.—Basic bridge circuit and bridge version used for interstage coupling.

By combining these equations and re-
arranging their terms,

_ E, + E;
B=Bg—payr/Ry @
and Ry =R B, — Es ®)
8 'E. — E(d + Ri/Ry)

Equations (2) and (3) are the design
equations. If one designs an amplifier
for given supply voltages F; and E.,
and a given plate voltage Eo, and if one
knows Ry, then R, and Rs; may be com-
puted to produce the required E;. Some-
times, however, one knows all voltages;
i.e., E1, Es, Ey, and Es, but E; must not
exceed a certain value. Then Eq. (3)
can be inverted

B E: — E

Bi=Bg —F + BBy P
Now, from Egs. (2) and (3),
_ Eo+ E;s

R2 - R3 m (5)

forming an alternate set of design equa-
tions.

If a resistance-capacitance coupled
amplifier is designed to produce a certain
amplification 4, and is converted into a
d-¢ amplifier by means of the ecircuit
described above, the amplification 4 of
the d-c amplifier will be less than A,
owing to the voltage drop across R..
"Efficiency of amplification may then be
defined as 7 = A/A,. While an exact
expression for the efficiency can be
derived, it is more significant to use an

(7]

Fig. 2.—Equivalent circuit of the coupling
network in Fig. 1b.

expression based upon a few assumptions.
If the resistance-capacitance coupled
amplifier is a pentode tube with an
infinite dynamic plate resistance, load
resistance R1, and grid leak resistance R,
and a transconductance ¢., its ampli-
fication is

Rle

B, + Rs ©

A0= gm

If a d-c amplifier is now designed using
the same load resistance R; and the same
grid leak resistance Rj3 then the ampli-
fication of the d-c¢ amplifier will be

- Ri(R: + Rs) R;
ngl + R; + RsR: + Rs
_ R[Rs
R TR AR

y: |

Efficiency of Amplification
The efficiency of amplification % can
be computed by combining Egs. (3),
(5), (6), and (7), giving

1
’7_1_*_ Ey+ E;
E; — E; + Ei — Ei(1 + R,/R,)

®

The significance of this relation can be
seen more clearly when E; = 0 and the
supply voltage Ep = (B1+ E2) > > E
(1 + Ri/R,), all of which is accurate
enough for qualitative discussion, re-
membering that R, can be considered
infinite. Then

. 1
"Y1+ EJE

This means that for best efficiency E,
should be as small as possible in com-
parison to the supply voltage. As an
example, a 68J7 may be operated under
the following conditions:

Ep = 400 volts

E, = E; = 200 volts
E, = 100 volts

E; = 0 volts
R,
R = 0.5
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Using Eq. (8), the comparative ampli-
fication is found to be 71.4 per cent. By
means of more careful design, efficiencies
in the neighborhood of 80 per cent can be
realized.

Example

As an example, Fig. 3 shows a two-
stage amplifier using two 6J7 tubes.
Suppose a 400-volt power supply is
available. From a tube manual, one
finds the recommended operating condi-
tions for such a tube. For 6J7:

Plate supply voltage.... 180 volts
Screen voltage......... 30  wvolts
Grid voltage........... 1.55 volts
Plate voltage (Eo)...... 60  volts
Plate current (¢,)....... 0.24 ma
Screen current......... 0.08 ma
Plate load (Ry)......... 0.5 megohm
Grid leak (R3)......... 0.5 megohm
Cathoderesistor........ 4,850  ohms
Voltage amplification. . . 93
Transconductance gm.... 375 pmhos

The d-¢ amplifier operating under
similar conditions will have the following
modifications in its design formulas,
obtained from the above data and the
notation previously given:

R, =— = ———— = 0.25 megohm

E, = 60 volts

E, = 150 volts
E, = 250 volts
Ea =0 VOlt

R, = 0.5 megohm

E; may be any practical value, zero being
the most convenient. From Eqgs. (2)
and (3), B2 = 1.07 megohms and R; =
0.428 megohm. The amplification per
stage can be computed from Eq. (7), and
is found to be 100. This is higher than
the corresponding resistance-capacitance
coupled stage because of the higher grid-
leak resistance. If the resistance-capaci-
tance coupled amplifier were to use the
same grid-leak resistance, its amplification
would be about 125 for the same value of
plate current.

It should be noticed that in single-
ended amplifiers with cathode resistors,
there is a loss in amplification due to
negative feedback introduced by the
cathode resistors, so that the effective
amplification per stage is A.;y = Ao/(1 +
R. g.), where R. is the cathode resistance.
In the example shown in Fig. 3, this
reduction in amplification is from 100 to
37. If the screen voltage is obtained by
means of a series dropping resistor, even
a further reduction of gain could be
expected.?
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Fig. 3.—A two-stage d-c amplifier using pentode tubes.

The decrease in amplification due to
negative feedback introduced by the
cathode and screen resistors can be
eliminated either by using push-pull
amplifiers, in which case there is no
degeneration, or by using fixed grid bias
and screen supplies.

The amplifier shown in Fig. 3 should
have an over-all amplification of about
1,400, a uniform frequency response from
zero to 20,000 cycles, and should be able
to deliver about 50 volts peak without
appreciable distortion.

Stabilization of Negative Feed-back Amplifiers

Since the output of the Brubaker
amplifier can be adjusted to have a zero
d-¢c component, conventional negative
feed-back circuits can be used to stabilize
the amplifier. In applying negative feed-
back, the same oscillation criterion applies
as in the case of the ordinary resistance-
capacitance coupled amplifiers: unlimited
feedback can be applied in one or two
stages without any oscillation troubles,
and over a larger number of stages if
proper care is taken.® In general, appli-
cation of feedback to one stage does not
produce great benefits, and more than
two stages require a compromise design
between frequency response and the
degree of stabilization. It is the two-
stage amplifier that is easiest to handle
if audio frequencies as well as direct
current have to be amplified.

If negative feedback is applied to a
two-stage amplifier (or any even number
of stages), such as shown in Fig. 4,
the feedback resistor I; has to be con-
nected from the plate circuit of the last
stage to the cathode resistor of the first
stage. As a result of this, there is an
undesirable loss of amplification due to
two effects: (1) the un-bypassed cathode
resistor R. in the first stage, and (2)
the loss in gain of the second stage due to
the shunting of the plate load by (Rs+R.).

As was shown in the preceding section,

the first of these could be appreciable,
while the effect of the second depends
on the magnitude of the feedback desired.
These two effects are interrelated in such
a way that the greater one attempts to
make B (the fraction of output that is
introduced into the input), the lower is
the amplification of the two stages.
This just means that in order to obtain a
high degree of the stability, and at the
same time the highest possible ampli-
fication, these two effects must be
minimized.

In practice, this can be done by (1)

designing the output stage to operate with
the lowest possible impedance so that the
shunting effect of a given (R4 + R.) is as
small as possible, (2) designing the input
stage with the highest possible impedances
so that for a given 8, R4 becomes as high
as possible, (3) adjusting the operation
of the first stage so that its gain is ob-
tained for the lowest possible value of
gm, to reduce the degenerative effects
of R., the un-bypassed cathode resistance
of the first stage, (4) obtaining the bias
for the second stage either with a bias
cell, or merely by choosing the proper
value of E;.

If properly designed, it is possible to
obtain both a stabilization factor of 100
and an amplification of approximately
100 with a two-tube pentode amplifier.
Figure 4 shows the circuit and frequency
response of an amplifier similar to one of
Fig. 3, but stabilized by means of negative
feedback. It will be observed that in
order to connect resistance R, without
disturbing the potentials of the circuit,
a tap on resistance R, had to be used
which had the same potential with
respect to ground as the upper terminal
of R, of the first stage.

R4

] T { NI
A
1.0 ’\N ——
c 08
3 \
é’ 06
3 \
x 04
B
0.2 N
0 - :
10 100 1,000 10,000

Fregquency in cps

0.25 meg. 6SJ7

Fig. 4 —A two-stage direct-coupled amplifier employing negative feedback. Curve A shows the
frequency response with feedback; B, without feedback.
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conventional cathode follower (b).

Cathode-follower Considerations

Cathode followers of the type shown
in Fig. 5a find application in circuits
where a high impedance has to be con-
verted into a low one without the use of
transformers. In most such cases, in
addition to the bias resistor R., a resist-
ance R is added which allows greater
output voltages and at the same time
develops degenerative feedback which
tends to stabilize the action of the tube
against voltage and tube characteristic
changes. *

In conventional cathode followers, the
proper bias voltage developed across R, is
introduced to the grid through the resist-
ance R;. The voltage across Re is kept
from altering the situation by a blocking
cabacitor C, on the input side. Capacitor
C, prevents the direct voltage across
(R. 4+ Rs) from appearing at the output
terminals.

Figure 5b shows the d~¢ equivalent of
Fig. 5a. Here the capacitors are omitted
and the undesired direct voltage across
R is eliminated by connecting R; to E,,
which may be the same voltage as is used
in the amplifier proper. The proper
value of resistance R; is chosen so that
the current supplied from E: through
Rs and Ry just equals the total cathode
current of the tube; t.e.,

E, or R: = _l’zg - Rs (9)

zp=R5+R7 1p

Phase-inverter Considerations

Push-pull arrangements have even
greater advantages in d-c amplifiers than
in resistance-capacitance coupled ones.
Single-ended input voltages can be con-
verted to push-puli ones by means of
phase inverters, which are shown in
Fig. 6. It will be seen that these are
again merely modifications of the well-
known a-c circuits.

Figure 6a shows a push-pull amplifier in

which one grid is driven by the une
balanced input and the second grid from
the output ecircuit of the first one. The
circuit to the left of the live aa 1s designed
in the obvious manner using formulas
previously given. If this is done, then
the d-¢ potential from point & to
ground will be zero, and point ¢ can be
chosen so that the ratio (Riwo -+ Rui1)/Rio
equals the voltage amplification of the
driven stage. If properly designed and
adjusted, the input to both tubes will be

387

balanced, there will be no degeneration
due to cathode resistance R., and the
gain will be the highest possible with the
tubes used. ‘

The phase inverter shown in Fig. 6b is
perhaps the more useful of the two. If
one were to bisect the circuit by a hori-
zontal line into two symmetrical parts,
then each one would again be designed
along the general principles outlined
before. Each half of the circuit could
possess a high degree of stability due to
degenerative feedback developed by the
resistor R.. In the form shown in Fig. 6b
the lower tube is driven by the signal
voltage developed across R. due to the
driver tube. If

R:Rs
Re+ Rs
then the output of the device will be
balanced to the same degree as the above
inequality. The balance, of course, can
be made perfect by adjusting the tap b
to the proper point.

It should be pointed out that resistors
Ri1 and R;» provide the proper bias
voltages for the two tubes, whereas R, and
Rs are so adjusted as to give the highest

gan> 1

o
b
o— I -0
Unbaloncea l Ry,
input
i ! c 'S Balanced
| output
] R!O
t -
|
I
a
(o)
o -
Unbalanced
input
Balance
I output
(b) Driven
Tube

Fig. 6.—Two types of d-c phase inverters.

The tubes can be either triodes or pentodes in the

circuit at (a).
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possible value of R, Rs/(R.+ Rs) and
still maintain the potential from point a
to ground zero, to provide for the condi-
tion that R. Rs/(R. + Rs) > > Ruor Riz.
Other types of phase inverters often used
in a-c circuits can be easily converted for
d-c applications.

Tube Drift Problems in High-gain Amplifiers

The most difficult problem in a high-
gain d-c amplifier is the change in the
plate current of the first tube due to
random changes in the work function
of the cathode surface. These current
changes are usually small, but are always
present. Negative feedback cannot elimi-
nate these changes because they act as
if they were input signal variations and as
such cannot be distinguished from the
signal itself.

The most serious immediate cause of
these current changes is the filament
voltage; although ambient temperature
affects the current also. (In addition,
there seem to be other causes that are not
yetunderstood.) To illustrate the magni-
tude of these changes, Fig. 7 shows the
variation of the output voltage due to
changes in filament voltage. The ordi-
nate is an equivalent input voltage, i.e.,
change in output voltage amplification.

>+Ez —E' o=

Fig. 8.—The basic Miller circuit which improves

the drift problem of the input stage of the d-c

amplifier. If g; is the transconductance of T,
then R; is nearly equal to 1/g..
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A great improvement can be realized
by means of a circuit deseribed by Miller.!
Miller uses a double triode with a common
cathode, and the circuit is so arranged
that, if one triode behaves in the same
manner as the other, cancellation of the
variation takes place. The basic circuit
is shown in Fig. 8. If Rs; = 1/gs, then
Ae = AilRl —_ (gz A‘l:lRl) Rz = 0, and
changes in emitter characteristics that are
common to both sections will produce no
net change in the plate current of the
active amplifier 7y, An amplifier built
with the first stage modified in this
manner is shown in Fig. 9. Figure 10
shows the variation of the output voltage
(again referred to input) as a function of
the filament voltage of the first tube. It
is seen that for a proper value of the
resistance R,, a marked improvement is
produced.

Operation of Multistage Amplifiers from Com-
mon Power Supplies

If many stages are used in an amplifier,
currents flowing through the source of
voltage (E, and E,) from the last stages
can introduce voltages into the earlier
stages. This causes regeneration which
can express itself either in oscillation or
other undesirable effects. There are
two ways to avoid the trouble: (1) use of
low-impedance power supplies, (2) sepa-
ately filtered lines to groups of stages.
The former can be accomplished by means
of either batteries or properly designed
electronic voltage regulators, and the
second by voltage regulator tubes such
as VR-105.

The general method described is useful
in extending practically all known tech-
niques now used in a-c amplifiers to zero
frequency. These methods are not re-
stricted to amplification alone.

One of the objectionable features of
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Fig. 10.—The effect of Miller compensation on
the stability of the amplifier shown in Fig. 9 in
respect to filament voltage changes.

this method is the necessity of two
voltages, positive and negative with
respect to ground. Miller* attempts to
get around this difficulty by using cold-
cathode regulating tubes as circuit ele-
ments. The use of these tubes in this
manner brings up other problems, how-
ever. The VR tubes need a fairly high
voltage to start them and draw heavy
currents. This causes troubles in design,
adjustment, and operation. The VR
tubes also tend to be noisy, so that their
use is usually restricted in amplifiers, at
least as circuit elements. The two
required voltages can be obtained from
one power supply and do not require
additional parts.
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Thermal Noise in a Parallel RC Circuit

By C. J. MERCHANT

Chart giving thermal noise voltage in microvolts produced by random

electron movement in & circuit composed of resistance shunted by capaci-
tance, for any desired bandwidth and for the entire frequency spectrum

THE lower limit to the magnitude of
voltages that can be measured is set
by the so-called thermal-agitation voltages
which arise spontaneously in the measur-
ing apparatus itself. When listened to,
this noise manifests itself as a rushing,
hissing sound, and is familiar to all who
have worked with high-gain wide-band
audio amplifiers.

Basic Formula

This voltage is a result of the random
movement of electrons in a conductor,
and is a function of the temperature of the
conductor, its resistance, and the band-
width over which the voltage is measured.
Since components of all frequencies
and random phasing are present, one
can only specify this voltage in terms of
its rms value. The formula relating the
above variables is as follows:

E = A/4kTR Af 1)

In this formula, E is the rins voltage
appearing across the terminals of the
resistance, k is Boltzmann’s constant,
equal to 1.374 X 10-2 joule per °K, T
is the temperature in degrees Kelvin, B
is the resistance in ohms, and Af is the
bandwidth over which the voltage is
measured. At room temperature this
formula becomes

E = 1.28 X 10 /R Af ()

This formula holds only for pure wire-
wound resistances of zero phase angle.
In the case of a general two-terminal
impedance containing reactances as well
as resistance, F. C. Williams has shown*
that one may compute the thermal noise
voltage in either of two ways: (1) one
may consider that only the resistances
in the impedance give rise to thermal-
agitation voltages, and that the react-
ances serve only as filtering agents by
suppressing or reinforcing certain fre-
quency bands; (2) one may reduce the

* WiLriams, F. C., Thermal Fluctuations in

Complex Networks, Wireless Section, Jour. [EE, 13,
53, March, 1938.

impedance to the equivalent series circuit,
integrate the resistive component of the
impedance over the desired frequency
band, and substitute the result in place
of RAf in formula (2). This formula
then becomes

E =1.28 X 1071 \/ZR af (3)

Using either method leads to identical
results.

Noise in Crystal or Condenser Microphone
Circuit

A case which arises frequently is that of
computing the noise voltage, over a
given bandwidth, which arises from a
resistor shunted by a capacitor. This is
the case of a erystal or condenser micro-
phone which, together with its grid leak,
acts as the input circuit of an amplifier.
Since such microphones, if their frequency
characteristic is flat over a wide range,
have relatively low output, the thermal
noise output of the microphone and its
grid leak often determine the minimum
signal that can be measured. The other
limiting factors are the ambient noise of
the room and the shot noise of the first
tube of the following amplifier.

The resistive component of the imped-
ance of a resistor and capacitor in parallel
is given by

Re(Z) = R (ﬁ) @)

where R is the value of the resistor in
ohms, and ¢ = f/fo, where f, is the
frequency at which X¢ = R, and is given
by fo = 1/2aRC, where C is in farads.
Substituting this expression in Eq. (3)
and rewriting fi, f2, and df in terms of ¢
expressed in radians, one has

@2 R d¢
_ ~10 — =YY
E =128 X 10 \/L, (1 + ¢2) (2,130
=128 X 10720

V'2:C

\/arc tan ¢, — arc tan ¢,
(5)

Equation (5) shows that the h-f regions
contribute very little to the total noise

voltage output. Thus, if one computes
the voltage developed across a given
resistor in parallel with a given capacitor
between fo and 100 f,, it is found to be
equal to 44.7 X 10-2/4/C. For the
same R and C, the total rms voltage
developed between f, and infinity equals
45 X 10712/4/C. Thus, the entire region
between 100 fo and infinity contributes
less than 1 per cent to the total output.
Hence if, as is generally the case, one
desires to know the total noise output
from a resistor and capacitor in parallel
as measured by an amplifier whose lower
cutoff frequency is in the vicinity of fo
and whose upper cutoff frequency is
many times fo, it will be substantially
correct to take this upper cutoff frequency
as infinity.

Basis of Chart

The chart was constructed by taking
the lower frequency limit f, as some
multiple N of f;, and the upper frequency
limit as infinity. It gives the value of
the rms fluctuation voltage E between
the frequency limits ¢; (in radians) = N
and ¢2 = %, where ¢1 =f/ 0y fo =
1/2xRC, and the value of E is obtained
from the following transformation of
Eq. (5), in which E is in microvolts and
C is in micromicrofarads: '

128 arc cot ¢,
— = \,— 6
v C 2 ©

To accomplish this transformation, ¢ is
set equal to infinity, so that arc tan ¢
equalsm/2radiansor90deg. Theresulting
expression under the radical is then equal to
arc cot ¢1. The change in the numerical
coefficient is a consequence of expressing
E in microvolts and C in micromicro-
farads in Eq. (6).

Thus, suppose it were desired to find
the rms noise-voltage developed across
a 20-upf capacitor and a 10-megohm
resistor in parallel, between the fre-
quency limits of f = 400 cycles and
infinity. Here fo is the frequency at
which X¢ = R = 10 megohms, and from

E=



ELECTRONICS FOR ENGINEERS

390
0y
(@ %0 I
8 80 [ T T T PIT T1
10 -
(6) 60 ™ t -
\ :
() 50 P [ H -
SN R E L1
@ 40 : -
\\Q\\ N : 1]
™ 30 ‘\\ N j L[]
N NG NG
~ g ~
N
@ 20 ] NN N, ]
: N \\\ NN 4""»\5\
£ ;\ N N \\
w \ h
& \ \\\ $§’ \i\\
% o 10 \‘ \ \‘
> ©9) 9 M, ~ 2, ~
5088 ~ N > [~ .
° Ty g
% (o1 7 \\‘ l Y ~ NI N
": (06) 6 \\ X © \ \ \\ P, ™
e 3 ™~ | N N
“ he N, N NN N
(05) 5 N NSo ~
4 ] I
z (04} 4 \\ ~ \\ TN \\‘ -
- 4. N < ™
LY,
(0323 ] & N N
N T ~ N N
D ~
N \\ \ N \
(02) 2 e -
N \\ N TN
\\ N \\
NG N
\ N N
(o0
i f 2 k) 4 5 6 1T 8 910 f 20 3 4 S 6 1 8 9 100, f
m‘,‘«ﬁ.f: (200 a0 a8} (Bﬁ?ﬂf) {0.002.uf) (J.on,’f?‘)
Capacitance C in pmf or uf

Chart giving rms value of fluctuation voltage across R and C in parallel between a given frequency

limit and infinity. The frequency limit is converted

into a value N as explained in the accompanying

article. When values in parentheses are used on one scale, the parenthesis values on the other
scale must be used.

the equation fo = 1/2zRC we get 800
cycles as the value of fo. Hence N =
f/fo = 400/800 0.5, and the inter-
gection of the abscissa C = 20 pef and the
contour N = 0.5 is found to occur on the

ordinate marked 12 pv.

Example of Chart Use

By taking advantage of the fact that
noise voltages add as the square root of

the sum of the squares of the component
voltages, the chart can be used to find the
noise voltage developed when neither
of the frequency limits can be considered
infinite. Suppose, for example, it were
desired to find the voltage developed
across the above R and C between the
frequency limits of 400 and 800 cycles.
From the above, the rms voltage de-
veloped between 400 cycles and infinity

is 5 uv. Proceeding in a similar manner
one finds the rms voltage between 800
cycles and infinity to be 3.5 pv. Hence
the voltage developed between 400 and
800 cycles equals /5% — 3.5? or approxi-
mately 3.6 uv. '

Effect of R on Noise Output Voltage

It is worthwhile noting that the total
noise voltage output of a given resistor
and capacitor in parallel, measured be-
tween the frequency limits of zero and
infinity, is independent of the value of
R, and depends solely on the value of
C, as long as R is some finite value differ-
ent from zero. The value of B serves
only to determine the distribution in the
spectrum of the total energy, which is
determined by C. Stated in a somewhat
different fashion, for any given value of
C, the voltage output measured between
f = 0andf = fois the same as the output
measured between f = fo and f = infinity.
Either of these statements may be
verified by reference to Eq. (5).

Tota!l Fluctvation Voltage up to Infinite
Frequencies

Although no amplifier or meter can be
made that will indicate to infinite fre-
quency, the concept of total noise generated
over the total spectrum is useful, since it
sets an upper limit to the thermal agitation
voltage to be expected from an impedance,
no matter what the bandwidth over which
the actual measurement is made. Thus,
by referring to the contour labeled
N = 0 on the chart, it is seen that irre-
spective of either the resistor or the
bandwidth, if C = 10 puf, the total
fluctuation voltage will be less than 20
wv. In some cases, this might be all the
information needed, as, for example, in
the case where the following amplifier
itself had a noise or hum level of several
times this quantity.



