The Anode Follower

CHARLES P. BOEGLI*

Possessing virtues far in excess of its namesake the cathode fol-
lower, the anode follower provides the audio engineer with a sim-
ple tool for achieving a wide range of high-quality audio circuits.

HE "“ANODE POLLOWER" is g0 called be-
T eause, in its simplest version, the
anode of the amplifier tends {o repro-
duce the input signal in muceh the same
manner as does the cathode in a cathode
follower. It is & tool of unusual versatil-
ity to the electronic designer. Although
the cathode follower is more or less
limited to a gain approaching 1.0, the
anode follower suffers nmo such limita-
tion; gains of more or less than 1.0 are
easily attained. In common with the
cathode follower, the anode follower may
have high input apd low oufput imped-
aziees, Again, it is not greatly restrieted
in this sense.
- The term “anode follower” is gener-
- uily applied to single stages of amplifi-
eation supplied, in addition to the aciive
element, with & series input impedance
gud g foedhank dmpedagee. In its strict
f e only when
mpodnnces are

il

i better berm, the plate o'i‘. % tube, the
sisilactor of an mpm transistor, and the
colector of a pnp fronsisior, are afl
called anodes, even though the last is =
negative ciement. The versatility of this
type of amplifier arises from possibili-
ties of wsing nonidentical impedances;
in such cases, aithongh the similarity to
the cathode follower ends, the term
“anode follower” persists.

Cireuits of this type find mamfold
nses in the entire field of electronies,
They may be used as simple mixers, to
add several inputs with very little inter-
action or loss of gain; by their use, sig-
npl filtering may often be accomplished
with minimum loss of gain; as imped-
ance-matching devices, they are far more
versatile than cathode followers; and in
the audio field, such stages provide good
smyplification with wide freguency. re-
sponse and notable lack of distortion.

Design of such a stage involves more,

however, than simple addition of two
impedances to an ordinary vacumm-tnbe
or transistor stage. 1f satisfactory resuits
are to be obtained, atiention must be
paid to the choice of impedance values,
and nnlesa the impedances are properly
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chosen, the cirenit is apt to perform
somewhat differently than expected, Un-
fortunately, treatments accorded the eir-
cuit in varions texts make assumptions
that tend to obseure the factors affecting
the proper choice of impedances. For
thig reason, it has appeared worthwhile
to consider the cireuit at some length;
this article summarizes the results of
that work.

ANALYSIS

Consider an amplifier (Fig. 1)
which a feedback element, Z,, i3 con-
nected between output and inpub. Z, is
4 series input impedance and B is an
input shunt. In practn-al circuits, B may
be very large (as in the case of tubes
with a single input) or quite small. The
latter situation arises when the amplifier
has a low input impedance (e.g., a tran-
sistor) or when the amplifier is uged for
mixing a number of inputs, in which
case R represents the paralieled resisi-
anees of all inputs other than the one
whose behavior is being Investigated.
"The uwsual analysis of anode-follower
circuits ignores the existence of R but,
as will be seen, its effect npon the per-
formance of the cireuit may be quite
profound.

With the currents as shown in Fip. 1,

Basic scheme of the anode fol-
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Fig. 2. Equivafent input cirevit for the
ancde follower,

the following equation is obtained:
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which, rearranged, yields
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_ Equation (2) is the basie equation for

the snode-follower cirenit,

Gain

Let g,=-0,/4, indienting that the
amplifier has & phase shift of n.180°
where » is an odd number, Then, equa-
tion (2} becomes v
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from which
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The exact implications of this equation
depend upon the use to which the cirenit
is to be put. Exdamples of such uses will
be treated subsequently.

fmpedances .
In equation {2), let e, =~ 4e,; then

- £z, (4)
e, (A+1RZ,+Z,Z,+RZ,

An analysis of the voltage divider shown
in Fig. 2 shows the voltage e, is related
to the input e, by precisely the same
equation (4) as was derived for the
feedback amplifier. In Fip. 1, the current
entering the eireuit through Z, sees, at
2y, an impedance of R in parallel with
Zy/(A + 1), When viewed from the grid
of the fuhe or the base of the transistor,
therefore, the impedance Z, looks like
Zyf(A+1).

In the expressions for gain and input
impedance appears the term A for the
amplifieation of the amplifier, This A is
the gain that would be measured if the
Z, were connected hetween the output
and ground rather than between output
and input. Calealations of A muast there-
fore include the Ioading effect of the
feedback impedance,




I‘he output impedance may be found
by letting e, = 0 and considering a signal
to be applied at ¢,. A certain fraction,
B, of this signal will be fed into the am-
plifier input, resulting in an ouiput

¢,=~pd’e, which will cause more cur-
vent to flow in R, than would be the case
in the absence of the feedback, The cur-

rent is, as a matter of faet, multiplied .

hy the factor (1+ A’S) so that the gen-
erator resistance, B, appears from the
output terminals as '

I

1+ A’D
In the general case, B is complex so the
net generator impedance, B, will also
he complex. A complete expression for

Z',, applicable to Fig. 1, is derived sim-

ply by replacing B by 1ts equivalent in
terms of 1mpedanees

A,
Ti:; T Z,.R .
144 [Z_,R 2R z,z,]
ZR+Z,R + 2,2,

T ({+AVZR+Z,B+Z,2Z, )
It must be remembered that the aetual
output impedance of the circuit is 27, in
parallel with Ep.

The gain A’ that appears in equation
5 is the gain that would be realized from
the amplifier with an infinite load re-
sistance; it may be considerably larger
than the guantity 4 that appeared in
previous expressions.

Spurious inp\ﬂ\i )

The effests of spurious inputs such as
noise, drift, and microphonics are gen-
erally expressed in terms of an equiva-

lent signal to the grid of the tube or the

hase of the transistor. If the spurious
input is of magnit,ude 4, then the output

of the amplifier in Fig. 1 is not given. by

~eg=—Ade,, but rather e;=-A(e,+38).
The eﬁec.*.a of & e therefore added to
Egr
If the above expression for ¢, is solved
for e, and this &, is substituted into equa-
tion (2}, the result is

t.‘v . .
2, Z, Z; 1
Z+A(E+Z+1) N
. A8
. [i}
+1+ ARZ, (6)
RZ,+RZ,+ 2,2,

‘When this is contrasted fo the open-loop
equivalent, consisting of the passive fil-
ter of Fig, 2 followed by an amplifier A,
for whiech {be outputis ¢ -

—g,=

€

g = 8

s __Z_,+1 Z,+ " +4 (7)
Z, A\R Z,

it is geen that the effects of the spunous
signal are reduced m the anode follower
by the factor

an

BZ, + BRZ,+ Z,E, (8)

(1+A)BRZ, + BZ,+2,Z,
over that which would-be observed with
the open-loop cireuit. This factor, of
course, holds whether the spurious signal
effeets at the plate or the grid are under
consideration.

In case where It is much larger than
Z, or Z,

F'=

P=

2,42,
(1+4)Z,+ 2,

APPLICATIONS
Amplifiers

The equations so fur derived may be
used to design a stage of amplification
with predetermined characteristics, or {0
find the effects of certain uncontrollable
fuctors on the performance of an exist-
ing stage.

When straight amplifieation is being
considered, the object of the anode-tol-
lower eirenit is ususlly one of the fol-
lowing: (a) fo devige a highly-stabilized
stage whose amplification is substantially
unaffeeted by a reasonably small change
in tube or transistor characteristies, (b)
to provide an amplifier of low ouiput
impedance, (¢} to accomplish control
over the input impedance, or (d) to
contro! the frequency response.

In the usual case, it is desirable that '

the gain be controtled by impedances Z;
and Z,, remaining substantially inde-
pendent of 4. Witk the substitution
A =2 in equation (3), the gain ex-
pregsion becomes

and the problem is to determine the
magnitudes of Z,, Z,, and 4 such that
thiz condition ean he closely realized.
Now, the presence of the shunt input re-
sistance K may greatly affect the per-
formance of the stage. In the case of a
vacunm tube, X is usually the grid-returon
resistor, around one megohm; but if a
transistor is used B may be of the order
of 2000 ohms. Beeause of its small input
resistance, a fransistor anode follower
may not operate as expected unless at-
tention is paid to the magnitudes of 2,
and Z,.

From equation (3) it may be seen that
if the gain is to be determined princi-
pally by Z, and Z,, then we must have

zZ, 1(2, Z
"z A (R ”z,”)‘.
") It Z2,=Z, and Z,* R, the con-
dition is AR *» Z,.
(2) I Z,=Z, and B> Z,, the condi-

. 1
tion is AZ,» Z, ovZ,/Z, ’Z—

(3) I Z,%Z, mmd Z, <R, the condl-

tion is 13 1/4.

In the discussion that followed equn-
tion {4) it was shown that, viewed from
the input terminal of the amplifier, Z,

(8b) |

looks like Z,/(A+1). Condition (1)
above is tantasmount to saying that
Z,/(4+1) must be sivall compared to
the shunt resistance, B. Bince the other
two conditions apply when Z, B, it=
may be concluded that a condition for
the proper functioning of an anode fol-
lower is that the shunt resistor, R, mul-
tiplied by the gain of the mnphﬁer, must
be large compared to the feedback im-
pedance. .

Anode-follower feedback may be used
toc overcome the detrimental effects of
certain inalterable amplifier charaeter-
isties. Consider a grounded-emitter
transistor amplifier with an input re-
sistance of 3600 ohms, a gain of 100, and
a collector-base capacity of 36 mmid.
Suppose further that this amplifier must
be driven from a source with an internal
impedance of 30,000 ohms. Viewed from
the input, the ecollector-base ecapaeity
lovks like {101)(36) =363¢ mmid and
this, together with the source resistance,
leads to 2 3 db drop at about 1500 cps.
If, for audio work, a response out to
40,060 ops were desired, a resistance
equal to the reactance of 36 mmfd at
40,000 eps counld be introduced between
collector and base. The resistor would be
about 100,000 chms and the veltage gain

. of the stage (= ontput voliage/generator

open-ciretit voltage) would be 3. This
gain is, of course, quite low and it points
up the unsuitability of this type of tran-
sistor in a grounded-emitter transistor
stage for nse with high-impedance
soureces, in cases where good veltage gain
and wide response are desired.

The amplifier, 4, may consist of a
single stage of amplifieation, or any odd
number of phase-inverting stages. Be-
cause of instability problems, the num-
ber of stoges is usually limited to three,
but even a three-stage awmplifier may
have properties unattainable with a
single stage. For example, by loading a
low-impedance tape-playback head with
about 10 chins, 4 consiant-current oufput
is obtained whick requires very litile
cqualization. Given a grounded-emitter
transistor stage with a gain of 100, the
feedback resistor would have to be 1000
ohros o sttain this low input impedance,
but such & heavy load on the transistor
output is apt to lead to low gain and ex-
cessive disfortion. If, however, three
stages are used (gain=10°} then the
feedback resistor may be 10 megohms
for the same 10-obm inpul impedance,

Mixing

An anode follower may be used to mix
several inputs, with good isolation be-
tween the signal sources. The various in-
puts are all conneeted, through their own
serjes input resistances, fo the .anode-
return resistor, The series resistor of
each input looks into # shuni resistance
equal to the paralleled input resistor of
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Fig. 3 Anode-follower gain control.

all other inputs. There is thus a limita-
tion on the gain that may be obtained
with a mixer.

Let it be desired, for example, to mix
{n+ 1) inputs, each having an internal
resistance of R ohms, by means of an
anode follower with a gain of about 1.0.
For each individual input, Z, will be a
resistance equal to R, while the shunt
resistor will be R/#: Presumably, the
feedback impedance Z, will also be R. In
this case, obviously, Z,» R (that is,
R>»R/n) so that the first condition of
the previous section applies. Thus, we
must have AR/#> R which imposes a
rough lower limit on 4: If, for example,
ten inputg are to be mixed, n=9, so we
have R>R/9. If we let AR/n=9R
{which introduces a sort of pseudo con-
gistency) then 4 = 81.

The symbeol “»” ig, of course, much Jess
definite than the symbol “=", If we wish
to find how far the actual cireuit departs
from ideal performance, recourse must
he made to the original equations. In
the case of the 10-channel mixer we
should find -

1+—(9+1+1)

instead of the 1.0 that was expected,
Were a gain of exaetly 1.0 desired, an
adjustment ecould be made to the value
of Z, to obtain it.

Gain contrel

It ig possible, by using the anode fol-
lower, to duplicate the gain characteris-
tics of any combination of passive filter
and simple amplifier. Although gain con-
trol is eustomarily carried out by means
of resistive attenuators, it may also be
performed by an anode follower (Fig.
3).

The anode-follower gain control has
the advantage that the distortion of the
stage is greatly reduced at low levels.
For this reéason, this type of gain control
is particularly felicitous with transistors,
which are genersally operated with much
larger ratios of signal-to-power-supply
voltages than are tubes, and which are
therefore more susceptible to distortion.

The input resistance of the gain-con-
trol stage varies, depending upon the
setting of the gain control. A minimum
input resistance may be set by introduc-
ing a small series resistor into the input;
its effect is also to sef the maximum gain
of the stage, Where an approximately
fixed input resistance iz desired, an al-
ternative arrangement can be used {Fig.
4} in which a fixed input resistor and a
varying feedback resistor are employed.
The maximum size of the feedback con-
trol is determined by conditions previ-
ously outlined,
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Fig. 4. Anode-follower gain control with
fixed inpul resistonce.
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Fig. 5. RIAA equalizer stage.

Equalization

The anode-follower eiremit permits a
great deal of control over the frequency
response of an amplifier, When equaliza-
tion is the object, the impedances Z,
and Z, may be eomplex, and their limit-
ing values are determined by already-
stated considerations,-,

For instance, let. us consider the de-
sign of an amplifier to.provide correct
RIAA recording characteristic for play-
back. As is well known, the desired
pleyback: equalizer shows a flat response
up to 50 eps; between 50 and 500 cps
it drops with increasing frequenecy at 6
db per octave. Between 500 eps and
about 2100 cps the response is again
flat, while above the latter frequency the
response again drops, as the frequency
increases, at the rate of 6 db per oetave.

In the design of an equalizer stage,

the gain at one particular frequency

may be specified, For a phonograph

edualizer, it is usnally wise to set the

low-frequency (helow 50 cps} gain,

whieh is the maximum gain over the

audio spectrum, at from one-fourth to

one-tenth that of the open-loop stage.

Figure 5 shows the design of an anode

follower for accomplishing the necessary

equalization. At low, frequencies, the -
gain of this stage is determined by the

feedhack resistances R,+ R, and the

input resistance R,. At 50 cps, C, be-

gins to shunt R, and the response be-

ging to drop; this drop continues until

the reactance of O, is equal to R,, which

should occur at 500 cps. At 2100 eps,

capacitor C, begins to shunt R, and the -
response Again drops off above this
frequency.

Most phonograph pickups operate
well with a load resistance of 27,000
ohms or more. Thus, B, may be 27,000
ohms. If the tube has a gain of 150, the
gain at 50 cps may be set at about 15. °
Within the ranges of commercial capaci- -
tors and resigtors, the values R, =330k,
Ry=33k, C;=0.01 mfd, and C,=0.0022
mfd meet the requirements quite accu-
rately, and permit a gein at 1000 ¢ps of
abont 1.22, R, may be reduced for pick-
ups that ean operate into lower resist--
ances, with a resultant improvement in
gain,

Tone control

A tone-control stage is a variable equal-
izer of rather simple characteristics. A
tone contrel using the anode-follower
eiveuit has been designed by Baxandall;
a simplified and highly satisfactory ver-
sion is shown in Fig. 6. The difficulty in
its design is carrying out two control
funetions (i.e., bass and treble) inde-
pendently. If it is remembered, however,
that the bass-control eapacitors present
effective short circuits at high frequen-
cies, then it can be secn that the com-
ponents effective in the bass control are
capacitors C, and O, along with resistors
R, and R, and the bass control itself;
the components cffective in treble con-
trol are the eapacitor C, and the re- -
sistors R, and R,, along with the treble
confrol. ] :

This eireuit is also very effective with
transistors, provided suitable imped-
ances are used, Figure 7 shows a tran-
sistor stage which permits as much as
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Fig. 7. Transistor
anode-follower
tone conirol,

15 db boost at 20 eps. Linear eontrols
are used, and in the flat position the
response is down only 1 db at 10 eps
and 100,000 cps. The IM distortion {60/
7000 cps, 4:1) with a 12-volt supply is
less than 0.3 per cent at an output of 1
volt rms.

Capacity pickups

Capacity pickups are uscful deviees
for the measurement of small displace-
ments, particularly where it is important
te avoid loading the unit being measured.,
An excellent phonograph pickup way be
designed by causing the stylus to move
a small metallic plate eloser to, and far-
ther from, a fixed plate. Often, the
waxlmmn permissible dimensions of the
capacitor plates are very small, so that
the capacity between them is minute,
particularly in eomparison to stray ca-
pacities that exist elsewhere in ihe eir-

cait, For example, in a capaeity pickup, °

the eapacity beétween plates may be 2
wwmfd, while the stray capacities be-
tween each side of the connecling line
and ground mnay be over 200 mmfd. If
an attempt is made to obiain an output
from the pickup by polarizing one plate,
grounding the other, and obtaining the
signal from the polarvized plate, the ef-
- feet of the stray capacities is to attenu-
ate the rignal severely.

- An anode follower may be used to
overcome these effects, Here, the capae-
ity piekup is, in effect, conneected be-
tween the anode and input terminals of
an amplifier. It has already been demon-
strated that by this means the capacity

ig effectively multiplied by (A +1). At;
the same time, the strays are split, half’

of them being shunted between the anode
and ground, and the other half between
the input terminal and ground. By this
means, the stray-capacity attentuation

of the signal is reduced to a considerable
cxtent,
D.c. amplification

A d.c. anode follower can be con.
structed by inserting a v-r tube in the

feedback path of the conventional eir-

enit 1o attain a favorable distribuiion of
d.c. voltages {Fig. B). An amplifier of
this type has a large useful gain, reason-
ably low drift, low output impedance,
and input and output terminals at ap-
proximately ground potentials in the
quiescent state, If it is necessary that
the input and output terminals be ex-
actly at ground potential, a small re-
sistor may be inserted in the cathode of
the awmplifier tube to adjust to this
equality,

Because the plate-load resistor of the
tube must carry not only the plate eur-
rent of the amplifier, but also the v-r
tube current, it is generally of somewhat
lower resistance than it would have been
in a similar a.e. saplifier. For this rea-
son, high-perveance triodes are very use.
ful in d.c. anode-follower amplifiers.
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Fig. 8. D.c. anode-follower amplifier,

Fig. 9. Amplifier with extremely low out-
put impedance,

Amplifiers of extremely low
output resistance

Tt will be remembered from equation
(b) that the effect of anode-follower
feedback is to reduce the effective gen-
erator resistance of the amplifier; that
is, the plate resistance of the tube or the
collector resistance of the transistor. The
benefits of this reduction are much more
noticeable with triodes, for which the
plate resistance is usually lower than
the load resistance, than with pentodes
or transistors, for which the generator
impedances are quite high.

The addition of a cathode follower to
the amplifier, as shown in Fig. 9, per-
mits amplifiers of extremely low output
resistances to be obtained with great
eeconomy of parts, In this eireuit, the
open-loop generator resistanee is the
output resistance of the cathode follower
—already a low valoe—and it is re-
dueed appreciably by the anode-follower
connection. For example, 8 12AX7 eath-

- ode follower has an output resistance of

some 500 ohms, while the same tube
operated as a voltage amplifier may
easily show a gain of 60, By using the
two balves of a 12AXT in the cirenit of
Fig. 9, and proportioning the resistors
to yield a voltage gain of 1.0, an output
resistance of some 17 ohms is obtained.

The conneetion of ¥ig. 9 is also very
useful with transistors. Output resist-
ances lower than one ohm can be ob-
tained in this manner. Thus, high-imped-
ance techniques may often he brought te
bear on cirenits which are presently con-
sidered low impedance, such 88 250- or
500-ohm audio cireuits. _ E
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