FEEDBACK IN AMPLIFIERS*

6-1. Principles of Feedback.! When a part of the output signal is
combined with the input signal, feedback is said to exist. If the net
effect of the feedback is to increase the effective input signal, the feed-
back, is called positive, direct, or regenerative. If the resultant input sig-
nal is reduced by the feedhack potential, the feedback is called negative,
inverse, or degencralive,
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3. 5-1. The principle of feedback in amplifiers,

The principle of feedback is illustrated in the schematic dizgram of
Fig. 5-1.  For simplicity, series injection is shown at the input, but other
forms of network coupling may be employed.  In the diagram shown, a
potential Ey is applied to the input terminals of the amplifier. Suppose
that the resultant potential at the putput terminalsis B, Now suppose
that n fraction g of this output is fed hack in series with the input signal
insuch a way that the resultant signal that appears between the grid and
rathode terminals has the form

E, = E, + 8E, (5-1)

But the nominal gain of the amplifier is given by

outpit potentinl Ez
putenhal between grid and cathode E,
Then
E, = KE, (5-2)

* Part of the contents of this chapter was originally prepared with Dr. J. Millman
for the second edition of “LElectronirs,” MeGraw-Hill Book Company, Inc., New
York, 1951, aithough the material was not included in that test.



Observe that the nominal gain requires the injection of & potential E,
between the grid-cathode terminals, with an evaluation of the output
potential E,, with the § network acting as part of the total output load
of the cireuit,

Equation (5-2) is combined with Eq. (5-1) to yield

E2 = KE| ')L K@Ez

from which it follows that

E: = T‘I-E—Efc—g (5-3)
The resulfant gain of the amplifier with feedback is defined as
output potential ~ E,
7 input signal potential = &,
Therefore it follows that
K, = i";Ki{'B (5-4)

This equation expresses the resultant gain of the amplifier with feedback
K, in terms of the nominal gain of the amplifier without feedback K, and
the feedback fraction .

It can be seen that if |1 — Kg| is greater than unity, then K, is less
than K. The feedback is then said to be negative, or degenerative. The
application of negative feedback to an amplifier results in a number of
characteristics that are highly desirable in the amplifier. It tends to
flatten the frequency-response characteristic and to extend the range of
uniform response. It materially reduces nonlinear and phase distortion,
It improves the stability of the amplifier, making the gain less dependent
on the operating potentials or on variations of the tube characteristics.
Also, it tends to make the gain less dependent on the load, so that load
varintions do not seriously influence the operating characteristies of the
amplifier. The use of feedback networks of speeial design will provide
selective attenuation, thus permitting a frequency response of desired
characteristic. A detailed discussion of the foregoing features will be
given later,

Conversely, if {1 — Kg| is less than unity, then K, is greater than K,
The feedback is now termed positive, or regenerative. The application
of positive feedback has eflects opposite to those with negative fecdback.
Thus positive feedback tends to sharpen the frequency-response curve
and to decrease the range of uniform response,  This permits an increased
gain and selectivity. Positive feedback in any amplifier is critical of
adjustment. Too much regenerative feedback in any system may result
in oscillation.  Ordinarily, nepative feedback is more common thau posi-

tive feedbark in amplifiers, nlthough oseillntors of the feedback variety
depend for their operation on the presence of positive feedback.

Observe that, for the case when KB = 1 + jO, the gain becomes infi-
nite. In this case the amplificr hecomes an oscillator, and the output
potential is independent of any cxternal signal potential.

Attention is called to the fact that the action of a feedback path
depends upon the frequeney of operation. That is, the feedback may
remain regenerative or degenerative throughout the range of operation
of the circuit, althouyh the magnitude and phase angle of the feedback
signal may vary with the frequency. It is also possible for the feedback
to be positive over a rertain range of frequencies and negative over
another range of frequencies,

Example. 'The circuit of a simple triode amplifier with an impedance in the
cathnde lead is Hlustrated in Fig. 5-2, This circuit is to be analyzed by two

(&)

Fre. 5-2. A simple amplifier with cathode degeneration.

methods, One method is a direct applieation of the feedbuck equation [Eq.
{(5-4)l. The second method is n direct application of electron-tube cireuit
principles.

Solution. Refer to the equivalent cirenit of the amplifier which is given in
Fig. 5-2b, Observe that a part of the output is ferld back into the input circuit
through the impedance Zi. It follows from the figure that

Eg - E| ““ IZE (5‘5)
But since
— Ei
1= (5-6)
then
Z
E,-E 4+ 7 E, (5-7)
t

1T this expression i3 compared with Ee. (5-1), which defines the feedback fraction
it is seen that

y

o (5-8)
Note alao that
E
B, = IR = — Mo N
o= 1 PR (5-9)



and the nominal gain then becomes

KB TrR (5-10)

The resultant gain is, by Eq. (5-4),

_ K _ —pR/(rp + T + B1) _ —uky (6-11)
1 —-K§ 1__—#Rz Zy o+ (u+ DZy + Ry
Tp + Zk + R! Rl

Ky

These results follow of course from direct considerations of the equivalent
circuit. The plate circuit yields the expression

pE, + 1, + 2y +R) =0 (5-12)
But
E, = E, +1Z; (5-13)
The solutinn of these equations gives
u(Er + 12 + 10, + Z.+R) =0
from which

—uE,
P ML 5-14
o+ 4+ DZy + R (B-14)
and the resultant gain is
E, "P'-R!

K== e it 5-16
TR TR Y GG R (-19)

which is the same as above.
Often Z, consists of the parallel combination of Ry and 'y, the value of K,

being so chosen that IR, is just equal to E., the quiescent d-c bias of the tube.
The eapacitance C} is so chosen that its reactance is very small over the operating
range of the amplifier. As a result, Z is very small and may be omitted in the
phove expression. In this case, the usual simple amplifier formula is obtained,
gince the feedback factor § is zero, and no feedback exists.

6-2. Feedback Amplifier Characteristics. The presence of negative
feedback in an amplifier resuits in a number of desirable characteristics,
These are discussed below.

. Ktability of Amplification. Suppose that the feedback is negative
and that the feedback factor KB is made large compared with unity.
The resultant gain equation (5-4) becomes

. K 1

K, = — X5~ B (5-16)
This means that when the magnitude (g >> 1, the actual amplification with
negative feedback is a funetion of the characteristics of the feedback net-
work only. In particular, if 8 is independent of frequency, then the over-
all gain will be independent of the frequency. This permits a substantial
reduction of the frequency and phase distortion of the amplifier. In

fact, by the proper choice of feedback network, it is possible to achieve
almost any desired frequency characteristic.

Note that if Kg > 1, then K, = —K/K§ <« —K, so that the over-all
gain of the amplifier with inverse feedback is less than the nominal gain
without feedback. This is the price that must be paid to secure the
advantages of negative feedback. This is not a serious price to pay
since the loss in gain ean he overcome by the use of additional tubes. ’

Clearly, if K@ is greater than unity, then Eq. (5-16) shows that the
Pver-all gain will not change with tube replacements or with variations
in battery potentials, since § is independent of the tube. Fven if Eq.
(5-16) is not completely valid, a substantial improvement results in gen-
eral stability. This follows from the fact that a change in the nominal
gain dK for whatever reason results in a change dK, in the resultant gain
by an amount

K, 1 K
K “1-R§l K G-17)

where |l — K@| represents the magnitude of the quantity 1 — K3.
This equation is the logarithmic derivative of Eq. (5-4). In t.his expres-
sion, dK,/K, gives the fractional change in K;, and dK/K gives the
fractional change in K. If, for example, the quantity [ — K| =51in
a particular feedback amplifier, then the variation in any parameter that
might cause a 5 per cent change in the nominal gain will result in a change
of only 1 per cent in the resultant gain of the amplifier.

2. Reduction of Frequency and Phase Distortion. 1t follows from Eqgs.
(6-4) and (5-16) that the over-all gain of the amplifier is almost inde-
pendent of frequency, provided that g is frequency-independent. Insuch
cases the frequency and phase distortion of an amplifier are materially
reduced below the nonfeedback value.

8. Reduction of Nonlinear Distortion. One effect was omitted in the
above considerations. Tt was implicitly assumed that the dynamie curve
was linear and that the output potential was of the same waveshape as
the input.  If an appreciable nonlinear distortion exists, then the output
contains harmonic components in addition to the signal of fundamental
frequency. Suppose, for simplicity, that only a second-harmonic com-
ponent B: is generated within the fube when a large signal potential is
impressed on the input. Beeause of the feedback, the second-harmanic
component Bj that appears in the output is different from that generated
within the tube. To find the relationship that exists between B; and B,
the procedure parallels thet for the gain considerations. Thus, for a sec1
ond harmonic Bj in the output, a fraction BB} is supplied to the input.
As a result, the output actuaily must contain two components of second-
harmonie frequency, the romponent B, that is generated within the tube



and the component K3B that arises from the signal that is fed back to
the input. This requires that

K§B; + B: = B

or
B,

o  MTE
L

(5-18)
Note that since both K and § are functions of the frequency, in general,
the appropriate values that appear in this equation must be evaluated at
the second-harmonic frequency.

It should be pointed out that this derivation has assumed that the
harmonic distortion generated within the tube depends only upon the
grid swing of the fundamentsl signal potential. The small amount of
additional distortion that might arise because a fraction of the second-
harmonic component is returned to the input has been neglected. Ordi-
narity this procedure will lead to little error, although a more exacet caleu-
lation taking these successive effects into aceount is readily possible.?

Another feature of Eq. (5-18) should be noted. According to this
expression, if |1 — KB| = 10, then the second-harmonic distortion with
feedback is only one-tenth its value without feedback. This is the situa-
tion when the total output-potentinl swing is the same in each case; other-
wige the harmonic generation within the tube could not be directly ¢om-
pared. This requires that the signal, when feedback is applied, must be
|l — K| times that in the absence of feedback. As a practical consid-
eration, since appreciable nonlinear distortion is generated only when the
signal potential is large, then the'full benefit of the feedback amplifier in
reducing nonlinear distortion is obtained by applying negative feedback
to the large-signal stages,

4. Reduction of Noise. Considerations such as those leading to Eq.
(5-18) for the resultant nonlinear distortion in a feedback amplifier will
show that the resultant noise in an amplifier is reduced hy the factor
1 — K@, when feedhack is employed. ‘This would seem to represent a
real reduction in noise. However, if the requirement is for a specified
output signal, the resultant gain with feedback will have to be adjusted,
by adjustment of the circuit parameters, or by the addition of amplifier
stages, to give the same over-all gain as the amplifier without feedback.
Consequently, the noize will be amplified as well as the signal. More-
over, since the noise is independent of the signal, additional amplifier
stages to compensate for the loss of gain due to feedback will introduce
additional noise. In such cases, the over-all noise of the amplifier with
feedback might be higher than that of one without feedback. If the re-
quired gain is achieved by the readjustment of the circuit parameters,-¢
reduction in noise will result in the negative feedback amplifier.

5. Modification of Inpnt and Output (Effective Internal) Impedances,
These topics will he the subject of detailed consideration in several of
the following sections.

6-3. Feedback Circuits, The potential fed back from the output of
the amplifier into the input may be proportional either to the potential
across the load or to the current through the load. In the first case, the
feedback is called potentinl feedback; in the second case, it is called cur-
rent feedback. In either case, the feedback may be positive or negative,
depending upon the connection. Often the feedback loops are so
involved and interconnected that it iz not possible to specify directly

Fra. 5-3. Cirenits employing current foedback.

whether the feedback is of the potential or the current types or whether
8 combination of hoth exists,

It is possible to state vules which help to specify more uniquely the
existence of potential or current feedback.  Consider the circuits of Fig.
5-3, which illustrate two amplifiers employing current feedback. The
first of these diagrams is identical with that of the illustrative example
of the foregoing section, except that the cathode impedance is now shown
as g resistance Ri. As in the example, the feedback ratio is 8 = R/Z,
Note that, for large feedhnek ratios, the resultant gain approaches

1 A
K= —- =~ 24
! G Rk (5'19)
Therefore the output potential is
Z,
E, = — R E, (5-20)

which is proportional to the load impedance.  Also, the output current
is given by

I=ZT="R7 (5-21)

which is seen to be independent of the load impedance. These condi-
tions are characteristic of current feedback. Hence in current feedback
the ratio of the feedback potential to the load current is tndependent of the
load impedance,

The condition that the output current should be independent of the
load impedance is fulfilled when the internal impedance of the generator
i8 high compared with the impedance of the external load. Conse-



quently, current feedback has the property of increasing the internal
impedance of the network. In fact, from the complete expression for the
current, Eq. (5-14), namely,

1= —pE,

rp+ (u+ DEx+ 24

it is possible to draw Fig. 5-4, which is the equivalent of Fig. 5-2a. It
follows from this that the circuit in-
cluding feedback comprises a poten-
tial source E,; = yE, with an inter-
nal impedance Zyy = r, + (p + DR:.
Sinee the internal impedance without
Fia. 5-4. The equivalent ecircuit of feedback is simply r, + Ry, the effect
Fig. 6-2a. , of the feedback is to increase the in-
ternal impedance by the term pR:. The ratio of internal impedances
with and without feedback is given by

Eeruly

Zy _1t+ (n + 1R, - ‘_’_‘_Rf‘_m. .
7= TnrR - VrigE (5-22)

A cireuit which employs potential feedback is given in Fig. 5-5. In
this circuit, the resistance combination SR + (1 — g)R = R which
shunts the output is made large compared with the lond impedance Z,.
The capacitor C hag a reactance that is negligible compared with R at
the frequencies to be employed. Its sole purpose is to block the d-e
potential from the plate circuit from appearing in the grid circuit,.

: P
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Fra. 5-5. Circuit employing potential feedback.

The feedback ratio is shown as § in the diagram. Also for large feed-
hack ratios, the resultant gain approaches

K, = — %
The output potential is, therefore,
!
E2 = - EEI

which is seen to be independent of the load impedance, since § is inde-
pendent of Z;.  Observe therefore that potential feedback is directly pro-

portional to the output potential, and the ratio  of the feedback potential
fo the output potential is tndependent of the load. A generator whose out-
put potential is substantialty independent of the load impedance must
possess a very low internal impedance. Consequently potential feed-
back has the property of decreasing the internal impedance of the
amplifier. ‘

To obtain an expression for the resultant gain of the amplifier, the
feedback method will be employed. By neglecting the shunting effect
of the feedback resistance network on the load impedance, it follows that
the nominal gain of the amplifier is given by

—uZ
K = _Her 5.9
P (5-23)
Then the resultant gain with feedback is
K —uZy
K o . A S o
TSR o+ 2o ¥ 0uZ (6-24)
This expression may be transformed to the form
—u'Z
K, = %%
f;, + Z;
’ ) . (5-25)

here R = Ip_
where n R = g

But this is exactly the output that is obtained from the eireuit of Fig. 5-6.

Consequently, the circuit hehaves like a potential source Ey = i-_;}—@ E,
I
with an internal impedance Z;; = r,/(1 + ug)
The effective internal impedance of the amplifier without feedback is

simply Z; = r,. The effect of poten-

tial feedback is to reduce the internal {1 +
impedance in the ratio ( E ) ﬁ% 5
Zt_{ 1 ﬂ.ﬂ' + ’

Z = _I_'Jl‘_ﬂ_g- (5-26)

From the form of Eq. (5-25), the cir- gfg 5'_556' The equivalent circuit of
cuit gain appears to he.that obtained T
from a tube whose amplitication factor is ¢ and whose plate resistance
is7.  Note that the effeetive amplification factor is reduced in the same
tatio as the plate resistance of the tube. This indicates that a tube
possessing a high plate resistance can be effectively converted into a
low-plate-resistance tube and thereby permit an impedance match to a
low impedance toad. 'This is accomplished, of course, at the expense of
effectively converting the tube into a triode, with low p and low r,.




The combination of current and potential feedback in an amplifier is
frequently called compound, or bridge, feedback. The cireuit of such an
amplifier is given in Fig. 5-7. The fcedback fraction is found to be

3'—“51+Iz-e-:ﬁ=§1+@: (5-27)

As in the analysis of Fig. 5-5, it is assumed that the resistance combim?r
tion R is much greater than Z, and that the reactance of the capacitpr is
negligible over the frequency range of operation. The resultant gain of
the amplifier has the form :

K, — e
r T + (# + ])Rk + (1 -+ H@1)Z!

This may be written in the form

v Wk
AR
where v = 1—_'—_‘%@ (5-28)
2! = Tp + (u + 9&;
LA 1+ uby

The corresponding equivalent ctreuit shown in Fig. 5-8 givu:as rise to
exactly this expression for the gain and is therefore the equivalent of

(+-4,)R
+ +
Tt (et Ry
Es (;+:;p',')E1 ey Zi[] (B2
+
—3
"7 ,

Fia. 5-7. A ecircuit employing bridge, or Fra. 5-8. The equivalent network of
compound, feedback. Fig. 5-7.

Fig. 5-7. The effect of the feedhack is seen to reflect itself as a c}‘mnge
in the effective u and r, of the tube. The effective potential and inter-
nal impedance are given by the expression

- . *
By = § g, B 520
7z, =Tt (b A DR,
v 1+ ub

Owing to the form of the expression for Z,,, this quantity may be made
greater than, equal to, or less than its value without feedback. .

* Feedback can be effeeted over several stages and need not be limlt.cd
to a stage-by-stage practice. A two-stage RC-conpied amplifier which

combines current feedback in the first stage through resistor B, and
potential feedback between stages is illustrated in Fig, 5-9. A careful
consideration of the polarity of the potentials which are fed back will
show that both types of feedback are negative,

It is not always evident what type of feedback is being employed in a
given amplifier. The following tests will serve to clarify the situation:

1. If the ratio of feedhack potential E, to output potential E, is inde-
pendent of the load impedance, then potential feedback is employed.
This ratio is the feedback fraction g = E,/E,.

2. If the ratio of feedback potential E; to load current I is independent
of the load impedance, then current feedback is employed. The ratio
Z; = E;/I is the feedback impedance.

Fia. 5-9. A two-stage R{" conpled amplifier with current feedhack in the first stage
and potential fordback hetweon stages.

3. If the feedback potential E; is the sum of two terms of the form
E, = BE, 4+ Z1
where both 8 and Z, arc independent of the load impedance, then com-
pound feedback is employed.

5-4. Effective Internal Impedance with Feedback. The discussion in
the foregoing section has shown that the eflective internal impedance of
the equivalent plate circuit of an electron-tube circuit with feedback
depends on the type of feedback that is employed. As shown, current
feedback increases the effertive internal impedance, and potential feed-
back decreases the effective internal impedance. These results will be
generalized,

The following notation. some of which has already appeared, will apply
in the following development.:

8 is feedback ratin
K is potential pain withont feedback, with load connected
K, is potential gain with feedback, with load connected
K, is potential zain without feedback, with load apen-circuited
E; is effective internal potentinl source without feedback (this is the
Helmholtz-Thévenin potential source obtained on open circuit)



E.; is effective interna] potential source with feedback

Z, is input-terminal impedance without feedback

Z,; is corresponding input-terminal impedance with feedback

Z, is effective internal impedance without feedback (this is the Théve-
nin impedance of the equivalent network and is the impedance
looking back into the output terminals of the amplifier, with the
load open-circuited)

Z, is corresponding effective internal impedance with feedback

Z, is output-terminal impedance without feedback

Z,; is output-terminal impedance with feedback

E. is output patential

E, is input potential to amplifier

E; is feedhack potential

(Refer to Appendix A for & general discussion of the Helimholtz-Thévenin
theorem.) Refer to Fig. 5-10, which shows a general feedback network

I;—~ G a
+ 37 Amplifier +
E, { E g{ neminal gain z,L 11E2

A K .
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Feedback
PE, nefw;-k }_P?
B

F1a. 5-10. The general potential or parallel feedback cireuit.

which is provided with potential fendback. An oxpression for the inter-
nal impedance Z, of this feedback network will be derived in terms of the
internal impedance Z, without feedback.

Consider first the amplifier with the feedback potential removed. This-

is nccomplished by removing lead A from the {eedback network and con-
necting it to the cathode K. The Thévenin potential-source equivalent
of this cirenit is given in Fig. 5-11.

{3 = + Z; in this diagram is the effective
+ Ze internal impedance without feed-
KBy 1Y ZLI}Er back, and K, is the gain without feed-
back on open circuit (with Z; omitted

a from the diagram).

Fia. 5-11. The equivalent circuit of Fig. To deduce the equivalent circuit
5-10 with feedback removed. of Fig. 5-10 with feedback present,
note that the effect of feedback appears in the form of the potential E,.
Without feedback, E, = E,. With feedback, E, = E{ + BE,. Clearly,
from this discussion, the equivalent cirenit of Fig. 5-10 with feedback
present is that shown in Fig. 5-12. It should be noted that this figure,

even though it is the equivalent circuit of Fig. 5-10 when feedback is
present, is not & Thévenin potential-source equivalent representation,
because both Z, and K,(E, 4 BE,) are functions of the load. Note from
the diagram that

Ez = Kg(El + GE:) - IZ.

Therefore
Eg(l - @Kt) = KiEl - IZ;
or
K, Z,
Ez I'—_—“‘GE E! - 'l__—E"K: I (5-30)

The Thévenin equivalent network for the circuit with feedback is, accord-
ing to this expression, that shown in Fig. 5-13.

F1a. 5-13. The Thévenin equivalent network of Fig. 5-10,

As a check of these results, jt is noted that K.E,/(1 — BK,) represents
the open-circuit potential with feedback, K,E, This agrees with the
result obtained in Eq. (5-4) that K, = K/(1 ~ gK). The internal imped-
ance with potential feedback is

Zy = 13K, (5-31)

Since, for negative feedback, 1 — BK, is greater than unity, the imped-
ance with feedback is less than that without feedback. Note, moreover,
that the effective internal impedance is reduced by the same factor as
the gain, when feedback is applied. )

It is interesting to apply these results to the potential-feedback cir-
cuit of Fig. 5-5. If *he load is open-circuited, then the magnitude of the
gain of the circuit is simply the u of the tube and K, = —p. Also, the
internal impedance without feedback is r,, whence Z, = *p.  The results
80 obtained agree with those in Fig. 5-6.

It is now desired to examine the results of eurrent or series feedback



on the effective internal impedance. Refer to Fig. 5-14, which shows a
general feedback circuit with current feedback. Although the imped-
ance Z, is shown isolated from the remainder of the circuit, it is a part
of the feedback circuit and is not part of the external load Z;, The

11——-

.

+ E+ Amplitier z ;}
E nominal gain G Z t¢} 2
‘{ s K - S
Tt .3

Fic. 5-14. The general current or scries feedback cireuit.

. l%"tl ! ]+

B (Eg-Ke(EpiZg) m 7 th

Fie. 5-15. The equivalent circuit of Fip. 5-14 with feedback present.

equivalent ecircuit will be of the form shown in Fig. 5-15. 1In this dia-
gram Z, is the total internal impedance looking back from the load and
includes the efiect of Z,, From Fig. 5-15 it follows that

K(E, + 1)) = (2, + Z))
from which

1 =. _ KE,
zz - szt + zr

But this is the current that exists in the cireuit of Fig. 5-16, which is the

- +  feedback.
+ Zt‘Kthm The effective internal impedance
KeEy Ly T %2 of the equivalent Thévenin gencrator
. with current feedback is thus seen to
Fra. 5-16. The Thevenin equivalent of be
Fig. 5-14. Z,=1Z -KiZ; (5-32)

Note that the open-circuit potential with feedback is K,E,, which equals
the open-circuit potential without feedback, in view of the significance
of K,. This result is consistent with the observation that if Z; is removed
from Fig. 5-16, an open circuit results, and I, and so the feedback, is
zero.

These results are applied to Fig. 5-3. If the output is removed, the
open-cireuit gain is K, = —u.  The internal impedance without feed-

Thévenin equivalent with current’

back is Zy = r, + K. Hence

Ziy =1y + Ry + uly
which agrees with the previous result.

Example 1. Analyze the amplifier of Fig. 5-17 by the use of feedback methods,
when the output is taken across R,.

Solution. The equivalent circuit is given in Fig. 5-17b, It is first noted that
the grid-cathode potential E, is given by the expression

E, = El - Ek
But since B, = IR,, then
E

which is independent of the Tond impedance. This indicates, eccording to the
criterion given in Sec. 5-3, that current feedback exists,

G
+ ymEg pp + +
+ l R2 [(Br-Ex)
E; E; + &3 rEp
Ry JEIE

(a) b)
Fra. 5-17. The schematie and equivalent circuit of Example 1.

To analyze the circuit completely, it is desired to caleulate both K, and Z,,.

To evaluate these requires an evaluntion of §, K, K, and Z.. Note from the
equivalent circuit that

AAAA
YV¥Vy

The nominal gain is found by noting that

1
0By + (E; — Ey) (;— + i) -
P

R, - I
But
E,
Ek = - ERﬁ
Then
)\ {1 1 E,
Eo (1 B (L L) B
g + 2(]Jr‘RI)('_”'FR'.)—{—Rl 0
or
gnE, + E, [—1 L LB+ BBy A 1) | 0
ke = R rplt)

Therefore

Ez _gm
K=_-"= = B-3°
E, 1 [r,,fi!; + (B 4 R (R, + vy) ®59
Rij, el




The equivalent gain on open circuit is simply

—uRy
= 5-34
K, oy (5-34)
Also the equivalerit impedance Z, is
- rpfiy _ {rs + BBy + r,Rs 5-35
Z'LR’+r,+Rl— rp + Ry (6-35)
1t follows from these expressions that the gain with feedback is
—ng:
roRs + (Ri + Ra)(R1 — 1))
roR0y
K, = r
! 1 + E} ng‘
Rirplly + (Ri + Ro)(By + 1)
TpRl
This reduces to
—ulR, (5—36)

K= D F R TR T o+ DR F Bl

Also, the effective internal impedance is

zlf = zz - ng_f
_(re ¥+ Bi)Rs - 1Ry uR,
N re + Ry +r,+RlR’
_ro{Bi 4+ R} + (o DRAR,
o = ¥ R (5-37)

It is of some interest to examine the efiects of the feedback on the gain and on
the effective internal impedance. The gain ratio, given by the ratio of Eq.
(5-36) tn Jq. (5-33), is found to be
K, ro{Ri + By -+ R) + RiRy 4+ R\R,y

K 1R+ R:+ R) + RR + (u + DR(Rs
which may be written in the form
L !

K ___BRiR,

This expression shows that the resultant gain with feedback is less than that
without feedback, as expected.

In a snmewhat similar way, the effective internal impedances may he compared,
to examine the effects of the feedhack. By Eqs. (5-37) and {5-35), the ratio is
readily found to be

_ZLf -1 4 uR\R,y
Z, ro(Ry + Ra) + RiRy

The effect of the feedhnek i3 to increase the effective internal impedance, which is
characteristic of current feedhack.

Example 2. Annlyze the rircuit of Fxample i
yae t g X ple 1 when the output is tak
the eathode resietor 12, DUk in fafen feross

Solution. In the present case, since E, is the output potential, then since
E, = E —E
it follows that
8= -1

But since § is independent of the load, then potential feedback now exists,

The nominal gain is ahtained from a study of the equi ireui i
: - tivale g
5-17b. It is observed that Y qutvtient cireait of Fig.

guE, + (Bs — Ey) (*1 + i) =5
Tp R] Rg
Also
R
Eg = - 7?—; EA-
Then
R, 1 1 E
a1 E) (1 1) B
4 * + Rz Tp + Rl Rz 0
or
1 I (Re 4 R)Ry + 1)
o PR - — LR AT Ter
gmby E[R1+Rg v R P2r=0
Therefore
K= Ee N .
E, A rpfts + (B 4 R(R, + )
Rz TpRl -
which is
Ke=- - __BRR:y
R E R+ BB & 1y (5-38)

The equivalent gain on open circuit is

K = LT (5-39)

I (ro + BB, + r,R
Zo=pR + et Ay 1l T Telt
e 7 *» + Ry = (5-40)

It follows from these expressions that under feedback conditions

K, = i@ﬂ/lrw}?l + (Br + Ry)(Ry + )

1+ uRRrRe R F Ra)/(Ry + )

which reduces to

[ #R!RZ
Tp(R\ + R, 4 R 4 {u + ]_)R'IR2 + RlRi (5-41)




+ The corresponding effective internal impedance is

Z,, = Z - ry + By
tl“l—*sxt 1+ #RI
ry + Ry

or

g _ (ot RORe+ 1R,
Y rp + (u + 1Ry

While it is possible to draw eertain conclusions from a comparison of the results
obtained in ¥xamples 1 and 2, the same conelusions are possible from the simpli-
fied circuit illustrated in Fig. 5-18, in which R: = Ry, and Ry is set to infinity, or

an open circuit.  This circuit is known as a

) single-tube ‘“paraphase” amplifier and pro-

A vides two equal output potentials of opposite
4+  polarity from a single exeitation source, For

the case when the ontput potential is E,, the

(5-42)

+ significant expressions deduced from Eqs.
+ (B2 (5-36) and (5-37) are the following:
E;
R Eg
K, = ,,M,::.pjg[_
Tt e+ DR (5-43)

Fre, 5-18, A wingle-tube “parn-
phase” amplifier.

Zy=r1,+ (u+ DR

When the output potential is E,, the appropriate expressions hecome, from
Eqs. (5-41) and (5-42),

Ry
K = MR

AT 5.4)
gz, - n T '
R

1t wiil be observed that the gain of the amplifier with respect to each output
pair of terminals is the same. However, it is also noted that the effective internal

impedances looking back from these terminals nre —lp

quite different, one being much higher than the 1 -

other. E +
i

B-5. Effect of Feedback on the Output- i¢f L%t “Zor'i,{ o

terminal Impedance. The outpnt-terminal

impedance of a circuit is the impedance loock-  Fia. 5-19. The output-termi-
ing back into the output terminals of the net-  pnl impedance of the general

. .. feedback amplifier,

work when the load impedanee is in place,

but with the input potential reduced to zero. C('learly, the output
impedance of an amplifier is the parallel combination of the effective
internal impedance and the Joad impedance,  Since the equivalent inter-
nal impedance Z,; depends on the type of feedback that is incorporated
in the amplifier, then the output impedance will also depend on the type
of feedback. The situation is illustrated schematically in Fig. 5-19.

The output impedance Zy, which is given as the ratio of the eurrent I,
into the output terminals when a potential E, is impressed, iz clearly

ZUZI
oy = o1 -
"SI, T (6-45)
where, for the case of potential feedback, by Eq. (5-31)

Zy = 1 - 8K,
and for the case of current feedback, by Eq. (5-32), is

ZU = Z, - KfZ]

It is desired to obtain an expression for Zy, in terms of the output imped-
ance without fecdback, Z,, where
Z2Z,
Zy = g -
‘T I, ¥z, (5-46)
a. Potential Feedback. Suppose that the input source to the general
feedback amplifier is redveed to zero and that a potential source is applied

-—Ia
¥ + *
BEO{ KBEOC)—% ::C)Eo

Feedback
network

Fra. 5-20. The modifieations of the general potentinl feedback amplifier for ecaleulating
the oufput-terminat trmpedance,

to the output terminals.  The situation is illustrated in Fig. 5-20. This
diagram is Fig. 5-1 appropriately modified for output-impedance deter-
minations.  In view of Fig. 5-11, which gives the equivalent circuit of
the general amplifier with potential feedback, then Z, has the form of
Eq. (5-46).

The current Iy from the applied source is seen to he

I E, - KQEU
0 - ZD T
and the effective output impedance with feedback is
_Ey _Z
Zoj = I, = T=Kj (5-47)

which is similar in form to Bq. (5-4). This shows that the output imped-
ance is reduced by the same factor as the poteutial gain with the applica-
tion of potential feedback.



b. Current Feedback. 'The caleulation for the output impedance of an
amplifier which employs current feedback follows a similar pattern, In
this case, as before, the input signal is reduced to zero, and a potential
source ig applied to the output terminals. The current-feedback circuit
for the output-terminal impedance calculation then becomes that shown
in Fig. 5-21.

In this cireuit Z, denotes the output impedance of the circuit without
feedback and includes the effect of Z,. K is the gain without feedback,

Zo Lo
+ +
| o =

F1a. 5-21. The modifications to the general current feedback circuit for output-ter-
minal impedance determination,

but with Z, in position. The potential E, is the drop across Z, and
is I/Zj.

It follows from the diagram, by taking account of the current through
the load impedance, that

E, = 1,Z, — KI,Z,
But this becomes
En = I[;Z" - KZf (In b %ﬂ)
]
This gives

IQ(ZO b KZf) = En (1 - K ;{)
i

from which it follows that the effective output impedance with feedback is

_ Zy—KZ, _ _ 1-K(Z/Z)
C1-K(ZJZ) "1 -XK(Z,/Z)

6-6. Effect of Feedback on the Input-terminal Impedance. It is of
some importance to examine how the input impedance of an amplifier ig
affected by the presence of feedback. It will be found that the effective
input impedance increases for both potential and current feedback.

a. Potential Feedback. It follows directly from Fig. 5-10 that the
input-terminal impedance with feedback is simply
E,

Z] =—I_I

(5-48)

This may be written as
E,—BE: _E

= BT o W _
Zy = I, i, (1 —Kg
But the input impedance without feedback is
_E
Z =1
Then
ZU' = Zl(l e KS) (5“49)

Therefore, owing to the feedback, the input impedance with feedback is
greater than the input impedance without feedback, and in the same
degree as the gain and distortion decrease.

As a specific example, suppose that Z, is the impedance due to a capaci-
tance hetween the grid-cathode terminals, and this may be the actusl
tube capacitance modified by the Miller effect. Since the impedance
increases with feedhack, this means that the effective input capacitance
is decreased. C'learly, therefore, .

Cy = Cy

I-K (6-50)

b. Current Ferdback. By proceeding as in (a) for the potential feed-
back, but now with reference to Fig, 5-14 for the general current-feedback
circuit,

;. _Ei_E -1z
A TEE T
e _E )1
- (E 7;7") I
But.
"

{_3 = -Z—l Ez = KE,

Then it follows that
Zyy=Z,(1 — K@) (5-51)

Note that the input impedance with eurrent feedback is greater than the
input impedance without feedback in the same degree as for the case of
potential feedback,

6-7. Feedback and Stability. A great deal of information about the
stability of an amplifier #nn be obtained from an analysis of the factor
1 — K@ that appears in the general gain expression [Eq. (5-3)]. This is
best analyzed through the use of the polar plot of the expression Kg.
Attention is first called to the significance of the quantity Kg. This
is best examined by reference to the diagram of Fig. 5-22.  Ohserve that
K@ is the total open-loop gain, including the amplifier and the feedback



network, but with the feedback connection open. In network parlance,

this is the open-loop transfer funection of the amplifier and the feedback

network, In essence, therefore, consideration of the open-loop per-

formance of the amplifier and feedback network is to be used to provide

significant information regarding the performance of the amplifier under
closed-loop operation.

- Kg is a function of the irequency,

E;{ A;ﬁ:f{er and, in general, pointp? in the com-
N e plex plane are obtained for the
values of K@ corresponding to all

g [ ] feedback values of ffrom 0 to . The locus

Ks i{ "ﬂ%’k of all these points forms a closed

curve,

As a particular example, suppose
that the locus of K8 in the complex
plane is drawn for the amplifier illustrated in Fig. 5-5. To do this, the
complete expression for the nominal gain, including the effect of the feed-
back circuit, must be written, rather than the simple form given in Eq.
(5-23). Also, the value of B must include the effects of the blocking
capacitor C, Certain of the features of the response of this amplifier are
known. At the mid-frequencies, the gain is substantially constant and
has a phase of 180 deg. For the low and high frequencies, the gain falls

F1a. 5-22. To illustrate the significance of
the factor K@.

Middle |~
range of
frequencres § _\..

¥1a. 5-23. The locus in the com;;lex plane of K@ for the circuit of Fig. 5-5.

to gero, and the phase approaches +90 deg, respectively. At the I-f and
h-f cutoff values the phase is 4 135 deg, respectively. It may be ghown
that the general locus of K§ of this amplifier for all frequencies is a circle.
The result is shown in Fig. 5-23.

Suppose that a phasor is drawn from the polar locus to the point (1,50).
This is the quantity 1 — KB, as shown. For this particular case, its
magnitude is greater than unity for all frequencies, and it has its maxi-
mum magnitude at the middle range of frequencies, Moreover, since
the resultant gain varies inversely with 1 — K@, then the effect of the
feedback is to cause s general flattening of the frequency-response
characteristic.

The eriterion for positive and negative feedback is evident on the com-
plex plane. First note that the quantity |1 — KB| = 1 represents a
circle of unit radiug with its center at the point (1,70}, as illustrated.
Clearly, if for a given amnlifier |1 ~ Kp| > 1, then the feedback is negas
live, with an over-all reduction of gain. Likewise, if |1 — Kg| < 1,
there is an over-all increase in gain and the feedback is positive. These
congiderations show that if K3 extends outside of the
unit circle for any frequency, then the feedback is

negative at that frequency. 1f K lies within the unit %
circle, then the feedback is positive. If K@ passes

through the point (1,50) then 1 — K = 0, and, as will '
later be shown, the amplifier is unstable and oscillates.

A more general analysis by Nyquist'? shows that the Fia. 5-24. A plot of
amplifier will oscillate if the curve K§ encloses the |1 — K@ = 1in the
point (1,70) and is stable if the curve does not enclose ~ ¢O™PI°S plane.

this point. That ig, if the maguitude of K@ is less than unity when its
phase angle is zero, no oscillations are possible.

As a specific example for discussion, suppose that the plot of a given
amplifier is that illustrated in Fig. 5-26. The feedback is negative for
this amplifier in the frequency range from 0 to fi. Positive feedback
exists in the frequency range from fy to . Note, however, that since the
locus of KB does not enclose the point
(1,70}, then, according to the Nyquist
criterion, oscillations will not occur.

6-8. Transistor Stability Considera~
tions. Stability of a transistor circuit
is assured if the input and internal
resistances are always positive. Of

course, a negative value of either does
E;Gﬁligéf. 5. The polar plot of an ., necessarily imply oscillation. On

the other hand, for completely stable
operation, positive values of both R, and R, provide a sufficient condition.
It is therefare of interest to examine the expressions for input and internsl
resistances for both junction and point-contact transistors.

For junction transistors under normal operation, the value of a is
slways less than unity. Thus r, — Tm = r.(1 — a) is always positive.
An examination of the expressions for R, and R; in Tables 3-1 to 3-3
indicates that these have positive values for all positive values of R; and
B, Tf the driving or load impedances are reactive, a calculation for
Z and Z, will have positive real parts. Consequently, for the low fre-
quencies, the junction transistor is unconditionally stable.

The situation for the point-contact transistors is quite different, since
a exceeds unity, in general; hence r, — r,, is ordinarily negative, As a




result, there is a region of instability. The situation is examined in
detail, for the grounded-base ¢onnection.

For a positive input resistance of the grounded-base connection, it is
necessary that R, in Eq. (3-35) be positive. Thua
TL'_ Tm + Rl

¥R

o+ 1y
But r, + r. + R; > 0, whence
Te(ry +r. 4 R) + r(re + B)) — ryrm > 0

which becomes, by dividing by r(r. + Ry),

T'm

Te T o B
r.,+Rz+H+l o
or
T . T “"ra
o g Tm 59
l+?‘b>f‘n+R( (5-52)

This expression shows that, for input stability, r, should be as small as
possible; R should be as high as possible; or add external resistance to r,
to increase this effective value,

For positive internal resistance, from Fq. (3-37), it is required that

Tm — By — 14

r"R.,+r.+h.>0

rc""

Write this as
Te(Bg + 1o + 15) + (B + 10) — 147 > 0
Divide by r.ry to get
RO + ru — rm Rn + Ty
T TloR >0
or

L+ (R, + 1) (r—‘b + rl) > (5-53)

To ensure a positive output resistance, r, should be small; also, R, + 7
should be large.

The conditions for stability of the other connections are given without
proof in Table 5-1. Qbserve from this table that the addition of resist-
ance in the base lead will ensure a positive input resistance from the
grounded-emitter and the grounded-collector circuits.  Also, for a posi-
tive internal impedance, R, + r, should be kept small, or r, should be
made large. The first of these conditions indicates that the cascading of
grounded-emitter or grounded-collector stages might prove troublesome.
It should perhaps be noted that this is one of several reasons why point-
contact transistors are never used in amplifier applications, Another

reason is to be found in the inherently higher noise figure of the point-
eontact transistor, heing roughly 60 db above theoretical, whereas the
junction transistor is roughly 20 db above theoretical.

TABLE 5-1
CONDITTONS OF STABILITY
. For pesitive input For positive internal
Connection resistance resistance
fo  Tm — To 1 1 Fon
Grounded-base. ... P40 ok 14 (R, 470 (;b +1) >
i Ta Te Te Ym
Grounded-emitter. .. .lr, > — ;_:;;L;i’}’ 14 o e > 7
;n + n
Te Jf‘ Rl Ty T ¥
- cotor. . .y o T le I'm
Grounded-collector > Te LR R T 1+ EFn T > P

8-9. The Cathode Follower.* The cathode follower is illustrated in
Fig. 5-26a, the equivalent circuit being given in Fig. 5-26b. This feed-
back circuit iz singled out for detailed consideration beeause of its exten-
sive use in a variety of applications, These applications stem from the

G
+
. e
a4
-E_', R9§'u + Zk Ez
P
(8) £:0

Fia. 5-26. 8chematic and equivalent eirenit of the cathode follower.

fact that the cathode follower possesses a high input impedance and a
low output impedance and may therefore be used as a coupling device
between a high impedance source and a low impedance load.

The cathode follower is similar to the single-tube paraphase amplifier
of Fig. 5-18, but with a zero plate load. The equivalent circuit is that
shown in Fig. 5-26b. The grid cireunit is isolated, since interelectrode
capacitances are neglected, and the input impedance is B,. The effec-
tive internal impedance is Z,; = r,/(x + 1), which is very low, In fact,
it 4> 1, then Z, = r,/u = 1/g,.. But since g,, for most tubes varies
from 1,000 to 10,000 pmhos, then Z,, is of the order of 1,000 to 100 ohms.
A double cathode-follower circuit has been devised which has a greatly
reduced effective internal impedance.b



The gain is obtained from an analysis of Tig. 5-260 and is given by

HZ; _ Lo r

T Wt U T GF D 607 (55
Clearly K approaches the limiting value u/(p + 1) as the ratio r,/Z;
approaches zero, or as Z, 3> r,.  For tubes with large value of u, and
with Zi 3> r,, the gain approaches unity. For values of Z, and r, found
in most normal cases, K is of the order of 0.9 or higher. In fact, it is
because of this unity-gain feature that the cireuit derives its name, since
the output potential is almost equal to the input potential, whence the

Cypi Eéj l

§ Zg Cﬂk Ez

v
Fra. 5-27. 8e hr-mnnf‘ nnd aquivalent eireuits of the eathode follower including the
intprr\lm-lrmle capacitances,

cathode and grid rise and fall together in potential by almost equal
amounts (or the cathode follows the grid).

The interelectrode and wiring capacitances have been neglected in the
above discussions, as the effects of these are usually negligible for fre-
fjuencies below about 1 Mc/see.  TFor purposes of our study, these will be
taken into account. The schematic and equivalent circuits are now given
in Fig. 5-27.

The expression for the gain of the amplifier is deduced by analyzing
the circuit. It is noted that

E YC + }LE Y
E, = o -
: Cot Y, o+ Yeron + Y?,. (5-55)
But it follows that

EV = E] - Ex
and Eq. (5-55) hecomes

E JuCuEy + pY,(E, — E»)
2

J“’(Cak + Opk + Cp) + 1/1 + 1/Z,
Solving for the gain K, which is given by K, = E,/E;, there results

(5-56)

(]wT Cpk + I-'-)Zk _
K = T F e T O+ ¥ G DZ (5-57)

For those values of Z, which are normally used, the effect of the inter-
electrode and wiring capacitances on the potential amplification is neg-

ligible for frequencies helow about 1 Me, as already noted. That this is
80 is seen by writing Fq. (5 57) in the form

K, =  OntjeCwZe (5-58)

I+ (Emjﬁ— + ]w(V )Zk

where Cr = Cp + Cpi + (. But the effect of the capacitances will
become important only for those frequencies for which wCy becomes com-
parable with (u + 1)/r, = q,,. If Cr is taken a8 30 upf and g = 1,000
pmhos, then f = g,./2xCr = 5 Me.

To find an expression for the input capacitance of the cathode follower,
refer to Fig. 5-27h. 1t is aeen that the current flowing through the source
comprises two components. One of these is the current through the
capacitance (', and 1s

I, = jwC,,Ey (5-59)
The second is the current through the capacitance Cou. This is
I, = JuCLE, (5-60)
But as E, = Ey — E; and K, = E./E,, then
I, = juCn(l — K)E, (5-61)

The total current is

F=1 4+ 1, = ju[C,,E, + (1 — K)C By
end the effective input capacitance is
C = Cop + (1 — f)(vvk (6-62)
Since in many ciretits K, is approximately 0.9, then C; has the approxi-
mate value
Oy = Cpp 4+ 010, (5-63)
A comparison of this expression with the corresponding form given by
Eq. (3-16) for the conventional ampli-

fier stage shows a roughly similar —Ip
dependence on the tube eapacitances,

although the numerical value for J_ y
the cathode follower is considerably pEy CT % Fo
smaller than that for the conven-

tional amplifier stage. G.Fo

The effective internal impedance f‘ﬁ o?-tzfe ;’;ﬁo':’gﬂfl(‘)’ll;:‘?:routput oir-
Zy can be determined by finding the
current Iy as a consequence of the application of an a-c potential E, to
the output terminals of Fig. 5-27. The grid exciting potential is made
tero. The equivalent circuit is that drawn as Fig, 5-28, if the internal



impedance of the grid driving source is low. The effective internal
admittance of the tube alone is found from

In = Eo¥r + Ey :p"‘Eﬂ (5-64)
But under the conditions specified
E, = —E,
Then
Y, = g = Yr + Y, + gn (5-65)

where Yr = juCyp. It is of interest to compare this result with that
which applies without capacitances being considered, viz.,
P_wdtl

Yy =5 =

z, - = gm + Y,

The effect of the interelectrode capacitances is the addition of the term
Yr to the terms Y, + ¢». Here, as for the gain, Yr does not become com-
parable with the other terms except at the
higher video frequencies.

+ . 6-10. Graphical Analysis of the Cathode
®bn 4_} Eop Follower. Suppose that the cathode im-

-+ ibn,

pedance is a resistance R, and this is the
usual situation. A graphical solution of
the operation of the circuit is possible on
Fta. 5-29. The cathode follower  the plate characteristics of the tube. This
with 8 cathode resistor. necessitates drawing the dynamie char-
acteristic of the circuit from the known plate characteristics. Refer to
Fig. 5-29 for notation. The controlling equations of the grid and plate
circuits are

€n =3 2, 4 iban (5'66)
and
By = eyn -+ tpnlis (5-67)

Equation (5-67) is the equation of the load line for the plate supply Ey, and
the load resistance R.. The procedure for constructing the dynamic
characteristic follows:

1. On the plate characteristics draw the load line specified by Eq.
(6-67). This ig illustrated in Fig. 5-30.

2. Note the plate current at each point of intersection of the load line
with the plate characteristics. For example, the current at the intersec-
tion of the load line with E.; is labeled 4.

3. Now relabel the plate characteristics with the appropriate symbol ¢,

according to Eq. (5-66). Thus

Foq— ex(= Ey =+ fbek)
By s 632(E Fo + l.MRk)
ete,
4. The dynamie characteristic is g plot of the {(iy.,e,) characteristic
where 45, is the current corresponding to the input e.. This requires ca.l:
culating the value of ¢, for each value of E.n, and its corresponding 4y,

ty
E yreyf E,, +igs Rl
E.grep
Ec3->ey
Eog—+eq
E.5-req
Epp-+eg

l’&z —————

l‘ Trepp -

Fia. 5-30. Graphienl construetion for finding the dynamic characteristio of & cathode
follower with cathode resistor 22;.

Eps €0
- ’:‘"*ek'ibsz~*’ o

iy,

21y
Ry

Iy

you S-ey,

Fra. 5-31. Graphical i ini o

p;g;nt.-i:ﬂ ,E:mp teal construetion for ohtaining the value of [y for a specified input
Often the complete dynamic curve is not required, but only the eur-

rent /, for a specified value of ¢, say §. By Eq. (5-66) this is

. E-F,
I, = = B

For several values of ¢, (and the available E. values are used), the value
of 4 is caleulated, and noted on the plate characteristics, as shown in
Fig. 5-31. The intersection of the load line and the line connecting the
ealculated points is the appropriate current I, for the specified E.

It should be specifically noted that the value of the input signal £ will
be quite large before F,, the actual grid-cathode potential, becomes posi-



tive with the consequent grid current. That is, since the cathode poten-
tial follows the grid potential rather closely (for a gain almost equal to
unity), the input signal may swing considerably positive before the onset
of gridl current. The larger the value of Ry, the larger will be the allow-
ahle positive swing. When cutoff oceurs, no potential difference appears
across K. Consequently, the applied signal required to reach cutoff is
independent of ..

Example. Consider a 6J5 tube with Ey = 300 volts and B, = 10,000 ohms.
Find the maximum positive and negative input swings for positive grid-cathode
potential and cutoff, respectively,

Solution. TFrom the plate charaeteristics of the 8J5 (see Appendix B-8) and the
specified Ey and R, the following data are found:

For E, = : Iy = 157 ma
For B, = —18: Iy =10

This shows that the eathode follower may swing from +157 volts to —18 volts
without drawing grid current or driving the tube beyond cutoff.

Clearly, the operation of the eathade-follower cirenit of Fig. 5-29 is
unsymmetrical. For small potential excursions, this causes no difficulty.

: .
E; J]: $ Rk }EZ

Fia. 5-32. Two ways of achieving more symmetrical operation of a eathode follower.

Also, if only positive signels are to be used, no difficulty exists. How-
ever, if large negative signals are to be applied, it is necessary to estab-
lish the grid at a large positive potential with respect to the bottom end
of R: (ordinarily ground), although the actual tube bias K, will still be
negative, This bias may be achieved in several ways, as illustrated in
Fig. 5-32. For symmetrical operation, the bias will be established to set
the d-c level across Ry at about half of the peak-peak potential swing,
6-11. The Anode Follower. A circuit which possesses roughly the
same gain and impedance properties as the cathode follower, but which
also provides phase reversal between the output and input potentials, is
often called an anode follower. This i3 perhaps an unfortunate choice of
name, since, unlike the cathode follower in which the ecathode-potentiai
variations follow the grid-potential variations rather closely, i.e., these
potential variations are in the same phase, the anode of the anode fol-
lower falla when the grid potential rises. Clearly, no **following”

aceurs. Because of the almost equal potential changes in the grid and
plate potentials, but with the reverse phase, the circuit has been called
the seesaw eircuit. Whatrver the most suitable choice of name, the eir-
euit is of value and importance, '
The circuit of the anode follower is given in Fig. 5-33.  Actually, this
is one adaptation of a gencral operational feedback amplifier, other appli-
cations being examined in considerable detail in Chap. 8. It isa simple

Fra. 5-33. A general potentinl feedhack amplifier and its equivalent cirenit.

amplifier which is provided with potential feedback through the imped-
ance Z,._ A.n analysis of the equivalent eircuit is readily earried out,
An application of the Millman network theorem hetween the points K
and ¢ yields
E.Y, + E.,Y
E = ___...,*,_? _{, 3
T I Y, Y (6-68)

.When applied between K and P, the network theorem vields

E, = Ele — uE Y, - _E'V(Y! ~ gm)

BRED S Al A A ¢ (6-69)
By combining these expressions, there results
Y, — E\Y, + E.Y
Eo = o— o 9m_ Zaly T EBoXy
LAY IR R EY, (5-70)
By solving for the gain, the result is
K, - B _ Yi(Y, ~ gn)

KR AR Ol Ea S s e
which may be written in the form

= XYy — g
SERER IR BV ARES SIS 71t A A S G )
To obtain an expression for the output impedance of this general feed-

hack circuit, the procedure followed is substantially that used in Sec. 5-9.
In the present case the equivalent eircuit for this calculation becomes

K,



L ] . . .
Fro. 5-34. The equivalent circuit for calculating the effective internal impedance
of the feedback circuit of Fig. 5-33,

that shown in Fig. 5-34. The output admittance is given by

~L _L+L 572

This may be written in the form

Yy, = 1 [E_" fi;p,",E? + E (Y, + Y.)]

E
which is
YU = Ei (Y, + Yn + gm)Eq + YPE“] (5'73)
n
But from the dingram v
= g B 5-74)
E =y 5y, 7% (
Hence the expression for the effective internal admittance becomes
Yi+ Y, + gm 5-75
Yo=Y, + Y, . FY, TV, (5-75)

An expression for the input admittance is readily obtained. It fol-
lows directly from Fig. 5-33b that

S Tl ('—EQ 5-76
Yo = -E—I - Z.E, & E, ( )
But by Eqs. (5-68) and (5-71)
- BV A+ KEY, o Yt KY, 5-77)
E, = Y. +Y, +Y, ElYl + Y, + Yy (

Ih(’,'n
.Y 1’, Yj " Kfo )
( Y‘- Yﬂ I Yf

which may be written in the form

Y,

Yy = _Y—:T——Y_;,4TT; Y, + (1 — K)Y/] (6-78)

A numerical comparison of the cathode follower, the anode follower, a
conventional amplifier cirenit under normal operating conditions, and a
conventional amplifier with the plate resistance so chosen as to give the
same gain as the cathode follower is very interesting. These data are
given in Table 5-2, which assumes the use of a 6J5 tube, with y = 20,
rp = 7,700 obms, R; or I’y = 10,000 ohms, and R, = 1 megohm in all
cases.

TABLE 5-2

COMPARISON OF OPERATING FEATURES OF 6J5 TUBE IN
VARIOUS CIRCUIT CONFIGURATIONS

N . C., Ry, Zyy, Zoy,

Circuit Gain ppf. | megohma| ohms | ohms

1. Cathode follower 0.918 | 3.7 1 3668 a65
2. Anode follower (Z, = 7%, =05

megohm) -~ G.818( 9.6 0538 853 785

3. Conventional amplifier —11.3 45 .2 1 7,700 | 4,350

4. Conventional amplifier (low.gnin) | — 0.018 | 9.9 T 7,700 353

It is first noted, hy comparing the eathode follower with the anode
follower, that the gain of each is roughly the same, and approximately
equal to unity; the eathode follower effective internal impedance and out-
put-terminal impedances are approximately one-half those of the anode
follower; the input impedance of the eathode follower is approximately
twice that of the anorde follower,

By comparing the eathode follower with the conventional grounded
cathode circuit, the results bear out the statements made in Sec. 5-9,
namely, that the gain is reduced; the effective input capacitance is less;
the output-terminal impedance is less,

A comparison of the cathode follower with the conventional grounded-
cathode circuit, but with the plate resistance chosen to yield numerieally
the cathode-follower gain, gives a somewhat better comparison between
these two circnits.  The input eapacitance of the latter cirenit 18 more
than twice the former. However, this value of capacitance is hot exces-
sive.  Also, the output-terminal impedance is nearly the same in hoth
cases, although the effective internal impedance of the cathode follower
ig low, while that of the conventional amplifier cireuit i= high.

The question may then be raised whether there is any real advantage
to be gained from using the cathode follower rather than a eonventional
amplifier with such a low plate resistance that the gain is intentionally
made approximately equal to unity. The real adventage of the cathode
follower and the anode follower over the conventional grounded-cathode



, amplifier with adjusted gain lies principally in the advantages attendant
. to feedback amplifiers, as discussed in Sec. 5-2.

The cathode follower is extensively used. 1t is usually employed when
s high input impedance or low output impedance or both are required,
For example, it is used as the input stage to almost all good-quality
cathode-ray oscilloscopes. It is used when it is required to transmit a
gignal over a relatively long distance. The low output-terminal imped-
ance of the cathode follower tends to minimize the capacitive loading of
the long wires or shielded cable, i.e., a low RC time constant results, and
transient signals are not seriously distorted. Moreover, with the proper
choice of tube, an output-terminal impedance which provides a good
impedance match with the characteristic impedance of & coaxial cable is
possible.

It is worth noting that for the case of large amplitude signals with an
appreciable load capacitance neither the cathode follower nor the anode
follower provides the same positive and negative response characteristics.

. The c¢athode follower provides a

faster positive- than a negative-

%Rl output change, whereas the anode

+ follower provides a faster nega-

tive- than a positive-output

f change. The reasons for this ac-

1‘ tion are to be found in the fact that

i the circuits cannot be treated ac-

F1a. 5.35. The anode follower drawn in & oyrately as linear cirenits for large

manner 10 grphasize the summing-cireuit G umplitudes, The replaco.

ment of the single tube by a series-

connected push-pull pair overcomes this effect.  Such a cireuit is given®
in Fig. 5-37.

An interesting physical explanation of the operation of the anode fol-
lower is possible,® and this discussion ig examined analytically in some
detail in Sec. 8-2 in connection with summing cireuits and in Sec. 8-3 as
an approximate analysis of the general operational feedback amplifier.
If Ry, R,, and the tube circuit are considered as elements of a summing
network and the cireuit of the anode follower is drawn in Fig. 5-35 to
stress this summing-network character, then R, acts as a comparator, the
potential across it being the difference between the input and the output
potentials.  The action of the amplifier is to tend to make the difference
zero, higher amplifier gain bheing acrompanied by a smaller difference, or
closer equality.  In the extreme case when Ry = R, and with very high
amplificr gain, the difference between the input and output potentials is
zero, the resultant system gain being unity. The increased gain may be
included in the output stage (by using the high-gain tube of Fig 5-35),

Fra. 5-36. An anode-follower eircuit with

stage after amplification is given in Fig. 5-36. Considerable improve-
increase in Y, (a reduction in Z,)
terminal impedance. The sub-
an amplifier comparator.
in Fig. 5-37 and also in Prob. 5-34.

or it may be included to provide a more selective comparator. A cireuit
in which the difference signal is compared at the anode of the ¢omparator
ment is effected in this circuit.
Another fact to be noted from
Eqs. (5-75) and (5-78) is that an
+

results in an increase in the effec- @)'@
tive input impedance, and a E E;
decrease of the effective output- *
stitution of a tube impedance for
the shunt resistance R, of the feed-
back path improves these characteristics. A eireuit of this type is given

+ ‘ i ; ) +

E B,
F16. 5-37. A push-pull-connerted anode follower with amplifier comparator and tube
feedback path.

6-12. The Cathode-follower Amplifier, Owing to the high input
impedance and low outpul-terminal impedance of the cathode follower,
it is anticipated that the use of such a deviee as the coupling amplifier
between stages will provide an amplifier with a broad frequency-response
range. This matter is examined analytically.

b S

"] e m Tolm

T, B-38. An RC conpled cathode-follower stage.

=

When used as n coupling amplifier between stages, the eathode-follower
circuit hecomes essentially that illustrated in Fig. 5-38.  In this circuit,
€y is the sum of the effective output capacitance of the eathode follower
and the effective input capacitance of the next stage,



The gain of this amplifier will be examined for the various frequency
ranges. These follow directly from Eq. (5-54) with the proper interpre-
tation of Zy. :

Mid-frequency Gain. The interelectrode capacitances are negligible
over the mid-frequency band, whence C, may be neglected. Also the

: T%% o

Fra. 539, The mid-frequency cathodedollower rireuit.

coupling capacitor (" is assumed sufficiently large so that its reactance is
negligible.  The resulting cireuit, becomes that of Fig, 5-39. The mid-
frequeney gain becomes

S/ S 79
K= TG rDE " s ¥ T ¥ 77T (5-79)
where
1 1 1
n-mtE (5-80)

H-I" Gain. At the h-f end of the response curve, the coupling capaci-
tor may be omitled, although the effect of (°, becomes important.  The

E, Rk% R% cg,-{; }Ez

Fi. 5-40. The h-f cirenit of the cathode-follower amplifier.

equivalent circuit has the form shown in Fig. 5-40. The gain equation
[Eq. (5-54)] now becomes

- 5
Kem CF Tz (5-81)
where
L N (5-82)
Z7 TR, TR, I '

The gain ratio K,/K4 becomes

LS SR
Ko g d9Cery

gt 1 /Zy

which is
K, 1 i

K = TFjerlC, ™ TF 776 (5-83)
where
U S -1 .
l‘» - " + 1 + r’/zlk fﬂ 2ﬂ;Cg (5 84)

It should be noted that this expression has substantially the same form
28 Eq. (4-17) for the conventional RC cireuit. However, since the prod-
uet r,C, for the eathode follower is much smaller than rol’ of the RC
amplifier, then the upper frequency limit of uniform response is much
greater for the cathode follower than for the conventional R(C stage.
Because of this, it is possible to achieve a high h-f limit even when the

¥ia. 5-41. The I-f cireuit of the cathode-follower amplifier.

cathode follower is followed hy a stage having a high input capacitance.
This means that a rather wide frequency response is possible under these
conditions even with a following triode rtage.

L-F Gain. At the low frequencies, (', may he neglected, and the effect
of the coupling capacitor becomes very important. Fquation (5-54)
appropriately modified becomes

&= # —— Rw
K T 2 B e (6-85)
This expression may be written in the form -
K e ” e = __jW(”Rn _
' b e T4 jeCR (5-86)
H Z, R, % joCR)
where use has heen made of the fact that
LRSS S B 1 :
zZy m+m+umf';fﬁ¢%ﬁﬁ (5-87)



The gain ratio becomes

K, _ 1 JeCR, Tp
Ko i+ T 1+jwcn,(“+1+z“7,
# Z,  R,(1 ¥ juCR,)

which reduces to the form

LS. |
Ko 1 -j(1/eCRy) 1 —jl/f)
where Ry= — ,,.!}77"?-&; f, = 2—1’%@: (5-88)
1 — e

wt U+ 7,2
This expression has substantially the same form as Eq. (4-11) for the 1-f
gain of the K#C-coupled amplifier, and under typical operating conditions
the value of fy is much the same for the cathode follower as for the RC
amplifier.



