UNTUNED POTENTIAL AMPLIFIERS

4-1. Basic Considerations. It is frequently necessary to achieve a
higher gain in an amplifier than is possible with a single amplifier stage.
In such cases, the amplifier stages are cascaded to achieve this higher
gain, the output potential from one stage serving as the input potential
to the next stage,

A number of factors influence the number and the characteristies of
the individual stages which must be used to meet certain previously spec-
ified requirements. Among the factors which must be taken into acconnt
in amplifier design are the total over-all gain required, the shape of the
frequency-response characteristic, and the over-all bandwidth. Certain
factors exist which-impose limits to the sensitivity which may be achieved,
among these heing the inherent noise generated in such devices. The
requirements for stability of operation impose severe practical restric-
tions on the techniques of construction. Because of the several factors
that play a part in amplifier design, gains in excess of ahout 108, or 120 dh
potentinl gain, are extremely difficult to achieve. Depending on the
handwidth considerations, amplifiers seldom exceed six to nine stages in
cascade for stable operation. FExtreme caution is required in the design
of such multistage amplifiers,

To caleulate the over-all gain and frequency response of a multistage
ampiifier, the equivalent cirenit of the amplifier must be drawn., The
riles for accomplishing this are given in Sec. 2-6.  The resultant equiva-
lent network is then analyzed as a conventional problem in a-c circuit
analysis.

A variety of coupling networks between the cascaded stages are pos-
sible, and a few have become very common, either beeause of their sim-
plicity or hecause of some especially desirable characteristic. A num-
her of the more common types will be considered in this chapter in some
detail.

4-2. Resistance-Capacitance (R(’) Coupled Amplifier. The resist-
ance-capacitanee (RC) coupled amplifier, illustrated in Fig. 4-1, is one
of the more common and more important amplifier cirenits.  This ampli-
fier circuit is used when a sensibly constant amplification over a wide

range of freqnencies is desired. By the use of tubes with high amplifica-
tion factors, it is possible to achieve a gain of 50 or more pér stage. It
will be found that high-gain triodes possess certain inherent disadvan-
tages, and it is frequently desirable to use pentodes instead.  If pentodes
are used, the sereen potential must remain constant; otherwise the follow-
ing analysis will no longer be valid.

The capacitors (), (s, and C; in this schematie diagram are known ag
coupling, or blocking, capacitors and serve to prevent any d-c potentials
that are present in one stage from appearing in another stage.  That is,
capacitor 'y serves to prevent any d-¢ potential in the input. from appear-
ing across the grid resistor R,y and thus changing the d-e operating
lovel of the amplificr. Capacitor O serves o similay funetion in coupling
stage | to stage 2. The valne of the colipling capacitors is determined
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Fra. 4-1. Schemntie disgram of a twvo-stage RC voupled nmplifier,

primarily by the I-f amplifieation. They ordinarily range from about
0.001 to 0.1 uf for conventional a-f stages. The resistor 2, which is
known as the grid resistor, furnishes a path by which the grid-bias supply
is applied to the grid. It also serves as a leak path through which any
electrons that may be collected by the grid from the eleetron stroam
within the tube may he returned to the cathode. If such a leak path
were not provided, the grid would acquire 2 negative potential with the
collection of the electrons, thus influencing the operation of the tube.
A negative-bias supply potentinl is ordinarily used, and the grid current
is usnally very small.  This permits the use of relatively large resistances
for Ry, say from 50 kilohms to 2 megohms, Large values of R, are desir-
able in achieving a wide frequency response. The load resistor Ry is
determined prineipaily hy the gain and the frequency bandwidth that
are desired, as will be shown below.

The equivalent circuit of the amplifier of Fig. 41 is shown in Pig. 4-2
This circuit is valid for triodes, tetrodes, or pentodes provided that fhf".
screen potential of the latter two is maintained constant, Tn this r:ir;
cuiit Ey denotes the a-c input potential applied to the grid of the ﬁ.rst
ftuge. This potential appears across the parallel combination consist-
g of the resistor R, in parallel with the input impedance to the nmp‘li-
fier. The interelectrode capacitances are not shown on the diagram, but



their effect is contained in the effective input capacitance C, to each
stage. ‘T'hat is, the input impedance of the stage is considered to com-
prise & resistance (assumed positive) in parallel with the input capaci-
tance. It is also supposed that the impedance of the driving source is
low, so that the loading by the total input impedance of the first stage
does not affect the input potential. The output eirenit of the first stage
consists of the load resistance, the coupling capacitance C,, output tube
and wiring capacitances, and the total input impedance of the second
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Fri. 1-2. The equivalent cireuit of the RC amplifier of Fig. 4-1,

rtage. This is denoted as B, and (7, for the total resistive and eapacei-
tive components. The output of the amplifier is the potential across the
output impedance, which is denoted by the symbol Z, This impedance
cannot be specified more completely until the nature of the oulput cir-
cuit is known,

The coupling between the grid and the plate of the tubes through the
interelectrode capacitances can be neglected over a wide frequency range
with pentodes and over the a-f range with triodes. Consequently each
stage may be considered as independent of the following stage, but the
output of one stage is the input to the next stage. As a result, it fol-
lows that since

K, = £2 _ output potentiel of lst stage
' E;  'input potential to st stage

and
K, = 2 output potentinl of 2d stage
? 7 E;  nput potential to 2 stage
output potential of 2d stage
output potential of 1st stage

then the resultant over-all gain is

_ E; _ output potential of 2d stage

K

T E;  input potential to Ist stage
It follows from these expressions that

K = KK, (4-1)

By taking twenty times the logarithm of the magnitude of this
expression T
20 loge £ = 20 logye Ky + 20 logie K, 4-2)

It follows from this that the total decibel potentisl gain of the multi-
stage amplifier is the sum of the decibel potential gains of the separate
stages. This fact is independent of the type of interstage coupling,

4-3. Analysis of RC Coupled Amplifier, A typical stage of the RC
coupled amplifier is considered in detail. This stage might represent any
of a group of similar stages of an amplifier chain, cxceptrperhaps the out-
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F16. 4-3. A typical siage of R e lad a ifi >otential-

- Aty equimlm:ts: an eoupled amplifier. (a) Potential-source and ()}
put st‘age. Representative subscripts have been omitted. The equiva-
lent circuit is given in its two forms in Fig. 4-3.

The typical stage will be analyzed by two methods in order to show the
features of the methods.  One method will employ the Millman theorem,
as u.pr.)hed to Fig. 4-3a. The second method will employ a straightfor-
ward junetion solution of Fig. 4-3b.

A direct application of the Millman theorem hetween the points G, and
K yields the expression
= o ..._-_Ey,%XL__

Yo + Yg, + Ye,
where Yo = jw(7, Ye, = 1/R,, Ye, = jul¥,. An application of this theo-
rem between the points 1, and K yields the expression

—uEnY, + E,¥
B, = bretly T Bade
"NV F Y. (4-4)
where Y,: = 1/r,and Y, = 1/R,, By combining Eq. (4-3) with Eq. (4-4)
and solving for the gain K = E:/E,y, since E,, = E,, there results

K= oo —uYYc e
Vo & Yo, ¥ Y)Y, £ ¥) ¥ ¥ai¥e, + 75 4D
This is the complete expression for the potential gain of such an amplifier

sts'\ge. [f the constants of the cirenit are known, the gain and phase-
shift characteristics as a function of frequency may be caleulated.

E, (4-3)



Now refer to Fig. 4-3b, and apply the standard techniques of junction
analysis. The controlling equations, obtained from considerations of the
Kirchhoff current law, are

(Yp + Y.+ YC‘)Epl — YcE, = _ngal (4'6)
~YeEu + (Yo + Ye, + Yg,)E2 = 0

By determinantal methods, it follows that

Y, + Y.+ Yo —gnm
_ Ez _ —YC' 0

T E Y.+ Y+ Y —Ye
—Yc Y(‘.' + YC, + YR,

The expansion of these determinants by Cramer’s rule yields Eq. (4-5),
as it must.

K (4-7)
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Fra. 4-4. The mid-frequency equivalent circuits of the R(" amplifier.

It will be found convenient to analyze the response of the amplifier for
limiting regions of frequency instead of attempting an interpretation of
Fip. (4-5) direetly.  In fact, in many eases it is more convenient to ana-
lyze the appropriate equivalent circuit, rather than attempt the anal-
vsis from Feg. (4-5).

Intermediate Frequencies. The intermediate fremquencies, or mid-fre-
quencies, are those for which Y¢ is large and Y, is small.  Subject to
these conditions, the equivalent cireunits of Fig. 4-3 reduce to those shown
in Fig. 44,

For the range of frequencies aver which this equivalent cirvenit is valid.
the expression for the gain becomes

(4-8)

This expression for the gain is independent of the frequency, since no
reactive elements appear i the cirenit.  Each parameter in the equation
is & conductance, and hecanse of the negative sign the relative phase
angle between the input and output potentials is constant and equal to
180 deg.

L-F Region. At the low frequencies the effect of C, is negligible, and
Ye, may be made zero. The effect of the coupling capacitor ¢ becomes
very important. The equivalent circuit under these conditions has the
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Fra. 4-5. The 1-f equivalent eireuit of the RQ amplifier.

form shown in Fig. 4-5. The general expression for the gain [Eq. (4-5))
reduces to 7
-nY, Yo

K=K/ =4 5 g
'SR, LT Ya) 4 Ya Y (4-9)

It is found convenient to examine the 1-{ gain relative to the mid-fre-
quency gain. The ratio K,/K, becomes

K _ S

N (51 753 ON o
Yo(Y, + Y+ Ypg)
This may he written in the simple form, for any frequency f,

Ke 1
N )] D
where
= ﬁ“_y._{?.’_(x.’_’.._—'— Yz)
YT @, N Yy (412)

It the load is a pure resistance, then £, is a real number and the magni-
tude of the relative gain hecomes

LS
Ko U+ (f/f?
where fi= e 1
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This shows that the parameter f; represents the frequency at which the
gain falls to 1/4/2, or 70.7 per cent of its mid-frequency value, This
frequency is usually referred to as the [-f cutoff frequency of the amplifier.
The relative phase angle 8, is given by

tan ¢, =£j! (4-14)

This approaches 90 deg as the frequency approaches zero.

It should be noted that the 1-f cutoff value [Eq. (4-12)] depends, among
other terms, on the size of the coupling capacitor C. Since the value of
C appears in the denominator of the expression for fy, then, for a decreased
- cutoff, larger values of ¢ must be chosen. Of course, the gain must
ultimately fall to zero at zero frequency.
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Fig. 4-6. The h- eguivalent cireuit of the R¢” amplifier.
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There are several practical limitations to the size of the coupling capaci-
tance that may be used. The capacitor must be of high quality so that
any leakage current will be small. Otherwise a conduction path from
the plate of one stage to the grid of the next stage may exist. But good-
quality capacitors in sizes greater than 0.1 uf are physically large and are
relatively expensive. Also, if the coupling capacitance is large, a phe-
nomenon known as blocking may result. This arises when the time con-
stant CR, is much larger than the period of the highest frequency to be
passed by the amplifier. Thus, if an appreciable charge flows into the
capacitor with the application of the input signal and if this cannot leak
off quickly enough, a charge will build up. This may bias the tube
highly negatively, perhaps even beyond cutoff. The amplifier then
becomes inoperative until the eapacitor discharges. This condition is
sometimes desirable in special electron-tube cireuits and will be the sub-
ject of a detailed discussion in Chap. 9. However, it is a condition that
must be avoided in an amplifier that is to reproduce the input signal in
an amplified form,

The grid resistance R, must be made high to keep the gain high, since
R, of one stage represents a loading across the plate resistance R of the
previous stage. The upper limit to this value is set by the grid current.
Ordinarily the grid current is small, particularly when the grid bias is
negative.  But if the grid resistanee is made too high, and several meg-
ohms is the usual limit, the potential across this resistance will act as #

spurious bias on t‘hn tube.  While special low-grid-current tubes are avail-
able, these are dekigned for special operations and would not ordinaril
be used in conventional circuits. Y
H-I" Region. At the high frequencies, the admittance of € js very
lm:ge, and the admittance of €, beeomes important. The equivalent, cir-
cutt corresponding to these conditions becomes that shown in Fig J4—6
The general expression for the gain reduces to - '

K=Ky=o__—#Yp
TY Y F Yr, + Yo, (1-18)
The gain ratio Ky/K, becomes
.‘g—z = e l
7 ¥ {4-16)
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This expression may be written in imi
35 A ? a form similar to . (4-
case. It becomes B () for the L

Ky
K =TT/ (4-17)

where

fstﬂ—’"Yl“}'Yﬂ,
S (4-18)

In dthis exp.ression C.'v denotes the total capacitance from grid to cathode
and comprises the input capacitance of the following stage, the output
wiring, and the output tube capacitance. . , ?

If the load is a pure resistance, th i
. st , then fs is a real numl i
tude of the relative gain beoome; rerand the magni-

L \/ ]
K. = NTF 777 (4-19)

It.follows from this that f, represents that frequency at which the h-f
;mm falls t.o 1/4/2, or 70.7 per cent, of its mid-frequency value. This
requency is usually referred to as the h-f entoff of the amplifi ' Th

relative phase angle 4, is given by . prer e

tan 8, = — f
1 ] fQ (4-20)
This angle approaches —90 d
8 -~ leg as the fre

e i £ ¢ irequency becomes very large
PNote from Er. (4-18) that the h-f entoff vahie depends on the value of
o Bmong other factors.  Sinee the value of Oy appearsin the d; n;m:'c:l:
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for of the expression, then clearly a high h-f cutoff requires a small value



T

of Cp.  Moreover, siner the input capacitance of a pentode is appreciably
less than that of a triode, the pentode possesses inherently better possi-
bilities for a broad frequeney response than does the triode. It will be
found in See. 5-11, in the discussion of the eathode-follower amplifier,
that triodes with cathode-follower conpling stages also possess broad-
band capabilities, although this is accomplished at the expense of a tube,
Note above that the h-f cutoff is improved by the use of large Y,, Y;, and

2104 38 10
£ 3]0
g |
v 180} §05 [ Nm——mmm e |
g2 ! N
& |3 ! A
901lx ¢ f} f! »f
¥ 2
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Fic. 4-8. Unjversal gain and phase-shift curves for an R€ coupled amplifier.

Yz, which implies the use of small values of resistance &), R, and a tube
with a small plate resistance.

4-4. Universal Amplification Curves for R Amplifiers.! The fore-
going analysis shows that the gain of an R(' coupled amplifier is sub-
s'tantinlly ronstant over a range of frequencies and falls off at both the
high and the low frequencies. A typical frequency-response curve has
the form sketched in Fig. 4-7.

Since the velative gain and the relative phase-shift characteristics
depend only upon the two parameters fy and fy, it is possible to construct
eurves which are applicable to any such amplifier.  Such universal curves
are given in Fig. 4-8.

The frequency-response characteristics of any RC coupled amplifiet
can easily be obtained with the aid of these curves. The first step in the

analysis ig to calenlate the values of the parameters f; and f, from Fqs.
(4-12) and (4-18). Then the values of the relative gain and the relative
phase angle are obtained from the curves for a number of values of the
ratio fi/f and. f/fs. These ave plotted as o function of J. It must be
remembered in using Fig. 4-8 that the ordinate is K1/K, or 8, when the
abscissa is fi/f.  Also, the ordinate is K2/ Ko or 6; when the abscissa is f/f,.

4.6, Cascaded Amplifiers. A junction-transistor amplifier will ordi-
narily consist of several stages in cascade coupled by passive networks.
Care must be exercised in the choice of stages so that one stage does not
load the previous stage. Several representative forms will be discussed
inorder to bring into focus important
operating features of each,

The eircutt. of Fig. 4-9 illustrates a
typical stage of an RC coupled tran- —{Z
sistor amplifier in a grounded-emitter
connection.  As already noted, this R
connection corresponds ronghly to "T
the gronnded-cathode triode cireuit, —~—--—
In this diagram resistors Ry, R, nnd
Ry provide the raquiré“f‘hias to the
collector and hase. Resistor R, is employed to reduce the variation
of the collector current with temperature. Capacitors 'y are coupling
eapacitors between stages, and (/5 serves to bypass resistor B,. Without,
Crin the eireuit, the presence of R, would result in a reduced amplification.

If the stage is properly designed, resistances R, and i, are large com-
pared with the input resistance of the stage. Also, the capacitors €y and
Cy will have effectively zero impedance over the frequency range of
interest. Therefore, in so far as audio frequencies are concerned, the
approximate circuit does not require the external R’s and (’s. Conse-
quently, a representative multistage amplifier would have the form
iltustrated in Fig. 4-10.

The resistors R, are not required for circuits niilizing junction tran-
sistors. They may be required when point-contact transistors are used.
However, as noted before, point-contact transistors are generally not
used in such applications. The equivalent circuit for a single stage is
given in Fig. 4-10b, which is precisely of the form illustrated in Fig.
313. The pertinent information is contained in Table 3-2. If no
loading exists between stages, the over-all results follow from this table,
A complete circuit diagram of a cascaded amplifier is given in Fig, 4-11.

A grounded-hase cascaded amplifier may be sketched. In the light
of the analogy between this transistor cireuit and the grounded-grid
triode amplifier, the direct casrading of grounded-base amplifiers is to be
svoided, owing to the poor impedance-matching properties at both the

S 2 M
Fra. 49. A typical RC coupled ampli-
fier stage.



mput and output terminals.  The use of coupling transformers which are
degigned to match the output resistance of one stage to the input resist-
anece of the next stage permits the satisfactory operation of a cascaded
chain of grounded-base amplifiers. Tigure 4-12a shows such a trans-
former-coupled amplifier. The equivalent eireuit for a-c operation is

Fio. 4-10. (a) Schematic diagram of s cascaded grounded-emitier amplifier. ()
Equivalent circuit for a single stage.

given in Fig. 4-12b, and the simplified single-stage equivalent circuit
is illustrated in Fig. 4-12¢. This circuit is precigsely that illustrated in
Fig. 3-13, the results of importance being contained in Table 3-1.

As in vacuum-tube circuitry,
trangistor amplifiers of different
types may be cascaded. The cir-
cuit of Fig. 4-13 illustrates a
grounded-emitter  grounded-hase
cazeade. A grounded-eollector cas-
carde, which is analogous to a chain
of cathode-follower circuits, would
ordinarily not be used,

4-6. H-F Operation. A number
of transistor parameters are fre-
quency-dependent functions. In
addition to such external effects as ocenr through eapacitances and feed-
back, the internal effeet resulting from the finite time for the electrons and
holes to diffuse through the transistor also becomes important at the high
frequencies. Because of this latter factor, it is anticipated that « will
vary with frequency. The character of the variation of a with frequency

Fia. 4-11. A gronnded-emiiter grounded-
emitier eascnde amplifier,

t Ry (©)

F_‘lc, 412, (a) A grounded-hase transformer-coupled amplifier, (5) an equivalent
single stage, (c) a simplified single stage.

18 represented with good approximation? by the expression

[0.4)] s

R I

where ao is the I-f value of & and f, is the frequency at which the magni-
tude of « is 3 db down from its I-f
value. Experimental curves show-
ing the variation with frequency of
a are given in Fig. 4-14,

Consider, for example, the simple
grounded-base transistor amplifier,
the equivalent cireuit of which is il-
lustrated in Fig. 3-13.  Owing to the
relatively low inputimpedance of this
circuit, the eurrent I, is almost a con- =
stant.  Alsoin this circuit E, denotes  F16. 4-13. A grounded-emitter
the potential across the input im- grounded-base eascaded amplifier,

pedance of the amplifier. The cireuit equations thus follow directly as

(4-21)




(rs + r)I, — nl. =K, = LZ;
—mF+ i+ (re+ 1+ R =0

The first of these equations reduces to the second, as may be shown by
including the appropriate value for Z; from Table 3-1. ‘Therefore the

(4-22)

I

o
o g ¢
1.0

09 —- / -90°

08} -—— : \\ / ~80°
0.7 ——mv 700

/
| A

05{--

o —/\e A
o i e

00
o0l 0.l | o
/€,
Fra. 4-14. The varintion of & with frequencey for a typieal junction transistor,  (From
R. T Shea ot al., “Principles of Transisfor Cirenils,” John Wiley & Sons, Inc., New
York, 1953, with permission.)
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ratio I./I, from the second of these equations is

I To + Tm
= e 4-23)
L Te +'H'+ R! ( ’
But from the definition of o and Fq. (2-42b)
s+ m
- ™ 4-24
« ™+ 7. ( )
Combine this expression with Eq. (4-23) to find
I o
R e e T E— 4-25
I, 1 + 1\)1/(1"5 + 1',) ( )
Now combine this with Eq. (4-21) to get
L il L (4:26)

L7 U R/GF ) TF /R

This expression shows that the toad cutoff characteristic varies directly
with the variations in a.

The situation is actually more complicated* than that specified in Eq.

(4-26}) for I, since the capacitive component of the collector imped-

ance becomes important at the higher frequencies. Thus at the higher
frequencies r. must be replaced by the parallel combination of r, and C.,
both of which are functions of the frequency, as shown in Fig. 4-15.
Because of the several effects at the higher frequencies, the input
impedance to the junction-transistor circuit will be complex, in general.t
For the grounded-base circuit, the input impedance is inductive. For

Tc Cc
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TO0Okn 70
600kn Nc\ 60
500kn T P 50
400kn \"i AN 40
300kn \ 30
200kn \ 20
100 kn ——t ~ lo

Q961 0.l I —1o ©
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Fia, 4-15. The variation of r. and €, with frequency.  (From R.F. Shea ei al., "' Pringi-
vles of Transistor Cireusts,” John W tley & Sons, Inc., New YVork, 1953, with permission.)

the grounded-emitter cireuit, the input impedance is capacitive. Rep-
resentative values of input impedance nt fo/2 are

(irounded-base stage: Z; = 80 4 750 ohms
Grounded-emitter stage: Z; = 400 — 150 ohms

Ik

I

§-7. Gain-Bandwidth Product. Suppose that it is desired to extend
the h-f response of an RC coupled amplifier. According to the universal
gain characteristic, this requires that the quantity f, be increased. By
Eq. (4-18) this increase in f, may be accomplished by increasing any of
the terms Y, Y,, or Yz, or by decreasing C,. It is desired to examine the
eflect of varying these parameters.

Consider the factor Y,. An increase in Y, implies that the plate resist-
wce ry is reduced. This would seem to favor the use of triodes with low
values of r,. However, tubes of this type are power triodes, which are
iow-u tubes, Consequer‘ly, in addition to the low gain inherent in such
tuhes, and the corresponding high grid driving signal that would be
rquired for reasonable output potential, the use of a triode is inadvis-
whle because of the relatively farge total input capacitance which such a
"age would possess [see Fiq. (3-16)], so that the influence of the incrense
1, would more than overcome the gain possible by increasing Y,.

An increase in Yy, which implies a reduction in the load resistance Ry
*ill also be accompanied by an inereased value of Jo. Thus while there
# a0 increase in the bandwidth of the amplifier, the gain is thereby



reduced. Suppose that the tube that is used is & pentode, and this is
generally ihe case for a broad-band amplifier, since, as just discussed, the
triode is subject to serious limitations for this service and is not used.
For the pentode, since r,, is large (and of the order of 1 megohm) and R,
may also be made large, the h-f cutoff value is given with good approxi-
mation by

i 1
fo= o = S, (#-27)
Morcover, for the pentode, the gain of the stage is given with good

approximation by
K! = ngl (4"28)

If it is assumed that the 1-f cutoff iz small, so that f, denotes the total
bhandwidth of the amplifier, then the gain-haudwidth product is

g
Observe from this expression that the gain-handwidth produet of the RC
coupled amplifier is a constant. This means that, by changing a circuit
parameter to increase the gain, the bandwidth of the system is reduced;
one is obtained at the expense of the other for a given tube and a given
eireuit configuration.

Binee the gain of the stage is propartional to g, of the tube, and since
the handwidth, for a given gain, is proportional to 1/€, in a given cir-
cuit configuration, the limit to the bandwidth is dictated fundamentally
Ly the interelectrode capacitances of the tube. Thus even if the wiring
and socket caparitances were reduced to zero, an impossible practical sit-
natiom, the sum of the output capacitance of the one tube and the input
capacitance to the following stage would provide the ultimate limitation.
That ie, the ultimate limit is impnsed by an effective capacitance C,,
whieh is the output capacitance of one tube and the input capacitance to
the next tube. For a chain of similar pentodes in cascade, the limiting
gain-bandwidth product is given by

- m _ m §
KoB = @ 0 = 2aC, (4-30)
I'rom this expression, a quantity A is defined as

M In (4-31)

o
M s known as the figure of merit of the tube.
Ior sevviee requiring a large gain-bandwidth product, the tube should
pussess a large transconductance in proportion to the input plus output

electrode capacitances. The 6AK5 and the 6ACT are both highly satis-
factory in this respect, the 6AK5 being slightly superior to the 6ACT.
When allowanee is made for socket and wiring ecapacitances, an averhge
SAKS has a gain-bandwidth product of approximately 55 Mc (for the
tube capacitances alone this figure is approximately 117 Mec) and an
average BACY has a corresponding value of 50 Me.

4-8, Cascaded Stages. When identical stages are connected in
easeade, a higher gain is provided, as required by Eq. (4-1). However,
this higher gain is accompanied by a narrower bandwidth. It is desired
to obtain expressions which show the effect of rascading identical ampli-
fiers. This is done piecewise for the important frequeney regions.

Consider that n identical stages are connected in caseade. In the mid-
frequency range the resultant gain is constant and is given by

Kon = (Ko)* (4-32)

For the I-f region, the relative gain for the n stages is given hy

(1(1)" _ 1
K.) =~ 0¥ G (4-33)

The resuiting I-f cutoff value is defined as that value for which the rela-
tive gain is reduced by 1/4/2. This requires that

[ 1+ (fi)!]m = 2% (4-34)

from which

80 that

Lo e (4-35)
The relative h-f gain for the n-stage amplifier is obtained exactly as fol‘
the I-f region and is given by

Ko = TF G (430
The corresponding h-f cutoff value is then
b a1 (4-37)

Table 4-1 gives the values of the cutoff frequeney reduction function
V2 — 1. 1t is seen, for example, that the h-f cutoff value of two



identical stages in cascade is reduced by a factor 0.643. Correspond-
ingly, the -f cutofl value is increased by this same factor. This means,
of couree, that the total bandwidth of the amplifier decreases as the num-
ber of cascaded stages increases. To achieve specified over-all h-f and
I-f cutoff values, the single-stage cutoff values must be correspondingly
high and low, respectively.

TABLE 4-1

BANDWIDTH REDUCTION FACTOR /27 <1
n 21

1.0

0.643

0.510

0.435

0.387

0.350

U e OP N —

4-9. Direct-coupled Amplifier.® It is posgible to build a type of
cascaded amplifier without reactive elements and, in principle at least,
secure a very broad-band amplifier.  The potential gain of such an ampli-
fier does not depend on the frequency, at least to a first approximation.
owever, the effect of tube and
wiring capacitances imposes the
same limitations on the h-f cutoff of

3. I , - the amplifier as in the RC coupled
G Loy G P2 nmplifier. Tt might appear that
+ r 3 s sich amplifiers would find  very
bl R, R, .
' WE 3 widespreard use hecause of these
7 . . .
+ + desirable  characteristics. How-

F'IG. f'l—IG. Basir hattery-conpled amplifier ever, such amplifiers do possess
circuits. . . .

certain disadvantages, and their use
is limited, though they find extensive employment as d-¢c amplifiers and as
amplifiers for very slowly varying inputs.

A battery-coupled cascade-amplifier cireuit of basie design, together
with the equivalent plate cirenit for small changes in potential and cur-
rent, is shown in Fig. 4-16. The gain of such an amplifier stage is readily
found to be

K= = T (4-38)

It will be observed that the circuits are quite like the RC eoupled
araplifier exeept that the coupling (blocking) capacitors are ahsent.
Becanse of the fact that the grid of one stage is directly conneected to the
plate eircuit of the previous stage, it is necessary to include d-e sources
at the various critical points in the cireuit in order that the quiescent
conditions be those of class A operatinn,

The battery-coupled amplifier has the outstanding feature that it will
amplify a steady component in the input voltage, but it suffers from three
main disadvantages. The first is the cost of the relatively high-potential
grid-bias batteries. These are required when a eommon plate and a
common filament supply are used. In an alternative arrangement,
indirectly heated cathodes having different potentials are used, thus
obviating the necessity for large grid-bias potentials. However, sepa-
rate plate supplies are required in this case.

The second disadvantage of the direet-coupled amplifier is the inherent
instability nssociated with direct coupling. The characteristics of the

Fra. 4-17. A resistance-coupled amplifier.

tubes in. the cirenit ehange slightly with time; the battery potentials or
the a-c linc-operated rectified power supplies, likewise change with time.
Since such changes are amplifierd, the d-c amplifier is not feasible unless
precautions ean be taken whirh tend to overcome this instnhitify.  For
thig reason, halaneed cirenits aud cirenits with degencrative feedback
are used, sinee they tend to minimize this diftieulty,

The third disadvantage arises from the eapacitance hetween the grid-
biag batteries and the cathodes. This, plus the inierelectrode CAPACi-
tances, stray wiring capacitance, and stray inductance, influences the
transient-response time and wmaterially affects the rapidity with which
the amplifier output responds to rapid changes of input potential. In
consequence, even though the amplifier is direct-coupled, preeautions
must be taken to ensure a broad h-f response in order to provide a short
response time.

It is possible to build a direct-coupled amplifier that uses s positive
plate supply, a negative hins supply, and resistance coupling networks.
This overcomes the first disadvantage. The cireuit of such an amplifier
i illustrated in Fig. 4-17. The equivalent cireuit of a typical stage of
this amplifier is given in Fig. 1-18. The gain of such an amplifier is
readily found to be

s Ry
M B R R
RulBes + Ro)
Ry + Res + Ry

K= - (4-39)



For an appreciable potential gain, the parallel combination of Ry and
R.. + R,: should be large compared with r,, and R,» should be large
compared with R, This will necessitate the use of a large bias supply.
Direct-coupled amplifiers are used extensively as the amplifier in a cir-
cuit the grid exciting source of which has a very high internal resistance
or which is capable of supplying only a very small current. In this case,
the grid current must be very small. In particular, the grid current is
significant when the grid-cathode
resistance of the tube, though high,
E Re, might not be large in comparison
1 with the resistance of the circuit
S . }+ that supplies the grid signal volt-
> tg2 E; :
age. Special electrometer tubes
in which the grid current is of the
Fra, 4-18. The equivalent circuit of & grder of 10~ amp are available
;:fr']‘]';:pr“:)ﬁ‘lgOa_lt?P resistance-coupled g o\ 0h applicatiovs. The grid
current of the typical negative-
grid tube is of the order of 10—% amp with normal rated potential applied to
the tube clectrodes.  'With the electrode potentials at very low values, the
grid current may be reduced aslow as 10-2amp. More will be said about
the applications of such amplifiers in Chap. 20.
4-10. The Cathode-coupled Amplifier. A two-tube circuit which is
used extensively as a direct-coupled amplifier, owing to certain self-bal-
ancing features, and which is often used as an a-c¢ amplifier, is illustrated
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6. 4-19. A cathode-coupled amplifier and its equivalent circuit.

in Fig. 4-19. This circuit overcomes the first disadvantage of the pre-
vious section and permits the use of a common battery supply for all
stages,

To analyze the operation of the eireuit, the Kirchhoff potential law is
applied to the Inop circuits shown, The tubes are assumed to be iden-
tical. Hence, there follows

Ejn=E —E.=E — (I, - )R
Enz '“Ek = "_(Il - IZ)R.E (4-40)
Liry — uEp +Exe =0
Lry + Ri) + pEps — Er = 0

Write the equations in the form

Lirp, + (1 + DR — Ie(s + )Ry = uEy
—In(# + 1).Rk + I![rp + (ﬂ + I)Rk + Rl] = {)

The solution of these equations yields, for eurrent I,,

ulp + NRE,

Iy = —— B ‘ )
Pt ORI+ (n F OB R) = [ F DR (4-41)
The output potential E, is
Es = LR, = - _ plpe 4 ORRE,
fro+ ( F DRI, + (o F DR F BJ = (& F DR
(4-42)
Now write this as
RE
Ey, = — Londding: Y
2 2r, ro(rs + R1) +R (4-43)
U e+ DR, !

If the parameters are so chosen that 7, + Ry & (u + 1) Ry, then approxi-
mately .
- MRE

2r, + Ity
which is a form quite like that for the ordinary single-tube amplifier,
except for the appearance of the factor 2r, in the denominator instead of
simply r,.  Note also that the ontput potential has the samne phase as the
input potential, A typical circuit showing a cascade cathode-coupled
amplifier is given in Iig. 4-20.

E, 4-14

Fra. 4-20. A multistnge d-c amplificr cmploying enthode-coupled winplifiers,



It may be shown that the h-f cutoff value, which results from the
effects of the interelectrode, wiring, and distributed capacitances, is con-
siderably higher than in a single-tube amplifier. However, such ampli-
fier stages are not used for broad-band or video amplifiers, since a pentode
proves to he superior, both as regards gain and bandwidth possibilities.
Morenver, pentodes are seldom used in this circuit from bandwidth eon-
siderations alone. Such cathode-coupled amplifiers are used for very 1-f
or d-c amplifier service.

4-11. H-F Compensation of Video Amplifiers. The untuned potential
amplifiers that are discussed in the foregoing sections possess flat fre-
queney-response characteristics over a range of frequencies.  Frequently,
however, the region of uniform amplification must be wider than is pos-
sible with the simple circuits. Also, the question of the phase response
becomes quite important in many broad-band amplifiers. Fxtending the
h-f range of an amplifier has received considerable attention, different
services requiring different salutions.  For example, radar receivers may
require a uniform response of 2 to 8 Me, depending upon the rervice,
althongh the I-f response in these js not too eritical.  Televisinn receivers
require a sensibly uniform amplification over the range from 30 e¢ps to
4.5 Me.  Such broad-band amplifiers may be achieved by compensating
the simple amplifier at hoth the I-f and the h-f ends of the frequency
geale; by the use of tubes as coupling devices, these being connected ordi-
narily as cathode followers; or by the use of circuits from which the pri-
mary cause of the frequency distortion has heen eliminated.

4-12. Compensated Broad-band Amplifiers.” It is possible to com-
pensate for the drooping of the frequency-response characteristic of &

C
. R, 4 ~_.|
y 7
E{qt ‘ Aq,
{
p—a

‘f t] :

it
F1a. 4-21. A shunt-peak video amplifier atage.

resistance-capacitance couplted amplifier at both the h-f and the 1-f ends
of the evrve. A number of methods exist for accomplishing these results,
and several of the more important of these will be ronsidered helow in some
detail.  However, it is advisabile to examine roughly what occurs in these
several raethods of compensation before undertaking a complete analysis.

In the shunt-peaked method of h-f compensation, an inductor is
inserted in series with the load resistor. The circuit has the form illus-
trated in Fig. 4-21.  The induetance I, is chosen of ruch a value that it
resonates with the tolal effective capacitance of the output of one tube

and the input of the following tube in the neighborhood of the frequency .
at which the response would otherwise begin to fall appreciably. In this |
way, the h-f end of the response curve can be appreciably extended.
The choice of the value of 7., is eritical; otherwise a peak in the response
curve may oceur, Such overcompensation must be avoided in most
applications, :

4-13. H-F Compensation. To study the gain characteristics of an
amplifier that is provided with a shunt compensating circuit, the equiva-
lent circuit of Fig. 4-22 is drawn.
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Fig. 4-22. The equivalent cirenit of an RC amplifier with an inductor in series with the
plate resistor for h-f compensation,
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Fia. 4.23. The approximate equivalent circuit of Fig. 4-22 at the mid- and high
frequencies.

As the series inductance L. is small (20 to 50 uh), its presence does not
affect the 1-f or the mid-frequency gains of the amplifier. Consequently
for this amplifier, Fy. (4-8) for the mid-frequency gain and Eqs. (4-3-’i)
and (4-14) for the 141 gain are still valid. These expressions are rewritten
here for convenienece,

Ko == . M Y?,____
Y, + Y+ ¥p,
Ky 1 i (4-45)

T = P~ P tan—
K Vvidigg/ ™7

Broad-band amplifiers usually employ pentodes with relatively amall
plate-load resistances, as discussed in Sec. 4-7.  Because of this, the dis-
cussion here will be confined to amplifiers of this type. But for pentodes,

o > Ity Rp>»> Ry (4-46)

Yand the equivalent eircuit of Fig. 4-22 reduces to the form of Fig. 4-23.
It follows directly from this that the mid-frequency gain is

Ko = —gnfti (4-47)



and the h-f gain hecomes

_ - ”YP = —fm 48
K = i Vn ¥, T F Yo (4-48)

The h-f- to mid-frequency-gain ratio is

K. 1
Ky, RuY,+ Ye,)

(4-49)

Tse is made of the quantity f., the half-power frequency without com-
pensation, which is, from Fq. (4-18),

- Y, + Y+ Yp . 1

f, Toxl, T T 2L, (4-50)
Also, it is convenient to define the quantity Q. as
Le . vale f (4-51)

YiZ e, T R

This is the  of the series Joad eirenit at the frequency f,.  Equation
(4-49) may then be written in the form
S IO S (4-52)
Ko 1 _ +42
T jw/wl@ o
This expression is expanded thus:

K, Vehilelenly
Ko [ — (w/we)Qs] + j(0/w)
which may be written as

Ko | Ut [0 g ol

Ko 7 VI = (w/we) QalF + (w/ws)? ws_ L (w/ws)’Q

(4-53)

The significanee of this equation is hest understood by examining curves
of gain and phase shift for various values of €,. A set of gain curves is
given in Fig. 4-24, ‘

1t js ordinarily desired that the potential gain be practically constant
up to a certain designated high frequency. An inspection of Fig. 4-24

shows that this is best achieved by choosing @ to have a value approxi--
mately 0.45. Actually the optimun value for @, is found to he 0.414,
under which condition dK/df = d*K/df? = 0 for the low frequencies,
For the optimum value of {); the response curve remains flat without !
overshoot over the greatest possible frequency range w/w, and is there--
fore known as the maximally flat response.  From Egs. (4-50) and (4-51))

this requires approximately that

Ry =L
w;(,, (A_ﬁj\
R, ’
(JJ-)I/C - '5

That is, approximately constant gain is achieved when the load resist-
ance iz approximately equal to the reactance of the effective shunt
capacitance and when the inductive reactance is equal approximately to
one-half the load resistance at the frequency w,.
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Frg. 4-24. Dimensionless relative-gain curves for the shunt-compensated amplificr.
[Adapted from A. V. Bedford and 6. L. Fredendall, Proc. IRE, 27, 277 (1939} ]

In order to preserve the waveform of the signal in an amplifier, not
only must the relative amplitudes of the various frequency components
be maintained, but also their phase relations must be held constant. 1§
this is not so, then phase distortion results.  The phase shift through the
amplifier is contained in Eq. (4-53), which is

§ = —tan-t [1 — Q@+ (QQJY} (4-55)

2L} w2

Bvidently, for the waveform to be preserved, either the phase shift of

the various components throngh the amplifier must be zero, or else the

phase of all the frequency components must be changed by the same

amount in time. In this way the relative phase relations among the

harmonies in the waveform will be preserved. A eriterion for zero phase
" distortion is that 8/w be a constant. A plot of the dimensionless or nor-
" malized time delny fuw./27w vs. w/ws i contained in Fig. 4-25.



Figure 4-25 shows a family of dimensionless curves which apply to any
amplifier.  With «/w; and Q; given, the phase shift at any frequency is
readily determined. It will be observed that the curve for @, = 0.33
appears o show the least variation of 6/w and so would introduce the
least phase distortion or time delay. Actually, by taking the derivative
of # with respert to w and equating the coeflicients for constant delay in
the circuit, the optimum value of ¢, is found to be 0.32. On the other
hand, the curve for @ = 0.414 yields the least variation in gain. In
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Fra, 4-25. Dimensionless curves of 8/w as a function of w/w, for shunt-compensated
amplifiers,
general, therefore, it would appear that the value of @, should lie in the
range from 0.32 to 0.41. Frequently a value of @: of 0.5 is used, for
reasons now to be diseussed.

The curve for (}; = 0.5 vields a relatively uniform amplification over
ag wide a frequeney range as for any value of (J.  For this case, the
relative gain increases by about 3 per cent (= (1.3 db) at w/w, = 0.70.
This is frequently a tolerable inerease if only a few stages are used.
Moreover, the time-delay errors of the individual stages are additive and:
would be tolerable in many applications. If many stages are to he used,
then the situation changes. For example, a 10-stage amplifier designed!
with Q. = 0.50 would have a 3-db (41 per cent) bump in the gain curve,:
with a corresponding serious time-delay error. Such characteristies?
might not be tolerable, and a value of (}; of 0.41 or lower would then be?
used.

_ More elaborate h-f compensating net-

Clearly, therefore, the acceptable value of 4 will be determined by
the maximum allowable variation in gain and the tolerable time-delay
error. If one can tolerate the resulting variation in gain, then a given
number of stages with , = 0.50 will provide a given gain with a broader
bandwidth than is possible with 2, = 0.41.  This means that the require-
ment for maximum flatness sacrifices handwidth for a more uniform
amplification eurve and less time-delay or phase distortion,

It should perhaps be emphasized that the inclusion of an inductance
asacompensating network hasreaulted
in a rather remavkahle improvement 4 Pl
in response.  That such a simple cor-
recting network does not provide hoth Ry
ophmum. gain and  consi nnt--!))'mso preg
characteristica for the same conditions £
should not be surprising ornnexpeeted.

+

p

i

C‘g: e,

AAAAAA
WA~

€y

works that provide betier gain charac-
teristics have been devised. A num-
her of these are disenssed Infer,

4-14, Transient Response of Shunt-
peaked Amplifier. Some clirification
of the need for a broad frequenecy- _ezf
response characteristie is possible by
examining the transient-response char-
acteristic of sueh an amplifier. Tn
particular, suppase that the amplifier ra

is to amplify a narrow pulse. sav one  Fra. 4-26, The uncompensated am-
that lasta for a microsecond or less,  plifier and its transient response to

Pulses of this time duration ave found  *7 MPnt step-function potential.

in television recrivers and nlsoin radar receivers. 1t is desired to examine
and relate the transient-respanse charaeferistic with the h-f characteristics
of the amplifier.

Consider first the uncompensated amplifier to which a step function of
potential is applied.  The approximate equivalent ecireuit, the form of
the applied input potential and the form of the output potential are
given in Fig. 4-26.  If the potentinl step-funetion is applied at ¢ = Q
when the eapacitor is uncharged, the output is easily shown to be

ulkR . .
ey = — T_',, ~i-;?(l — (’,mUR'C’) = "_nglr”t(]. e e“”RlC") (4"56)

!

Ry

which shows that the ontpnt. will not follow the applied potential but will
approach the steadyv-state value in the eustomary exponential manner.
The rise time of such an amplitier is often taken as the time required for



the amplifier to change from 0.1 of its final value to 0.9 of this value. By
inserting these values into Eq. (4-56) and solving for the corresponding
value of ¢, it is found that, at the 0.1 point, the time is 0.1%,(, and, at the
0.9 point, the time is 2.3R,C,. The rise time is then given by

22 035
. p=—= . N C L — T e

tr:se 2 21?1 a 2‘”]-2 fﬂ
Thus £... is seen to be inversely proportional to the band pass of the
amplifier., Suppose, for example, that

(4-57)

¢ gl + f2is ¥ Me. It will then require 0.35

+ rp psee for the potential to rise from 0.1
e e; toD.9ofitsfinal value. A l-psec pulse
ey will be distorted, but it will retain some

+ semblance of its original form. How-

aver, a (0. 1-pusee pulse will be completely
distorted if f; is only 1 Me, a value of
10 Me being required if the same rela-
tive shape is required as with a I-psee pulse and a 1-Mec amplifier.

For the ease of the shunt-peaked amplifier, the network to be eval-
uated is that given in Fig. 4-27. The network equations have the
operational form

(rp + R 4 Lp)y — (7 + Lp)is
. 1 .
_(Rl -+ Lr'p)ﬁ + (Rl + an + m};) in

Fig. 4-27. The shunt-peak amplifier
cirenit,

]

ey

0 (4-58)

where p is the symbol for the time derivative operator d/dt. The result-
ing differential equation relating 7 with the applied potential e, and the
network parameters is

fg = e - el Lf!l),l e, (4-59)
(ry + R+ Lep) (Rz + Lep + F}') — (Ri+ Lep)?
on

The output potential is then related to the input potential by the dif-
ferential equation

T }
Cp [(r',, F R L) (Rl + Lp + Fl”') — (R + L,p)”]

ol

fq =

(4-60)

The solution of this equation is somewhat complicated,® the results are
hest given in graphieal form, This is done in Fig. 4-28, which gives
the step-function response for various values of s, for €, initially
_ uncharged.

The foregoing analvsis ean he extended to the case of such amplifier
stages in eascade. The procedure is straightforward, though the result-
ing equations are complicated.  The results for two identical stages in
cascade are given in Fig. 4-29, and fhe results for three identical stages in
cascade are given in Fig. 4-30. It is observed from these sets of curves
that the rise time of the amplifier decreases with higher values of Q,.
However, the fastest rise time with negligible overshoot oecurs for the
value of @, which gives the most linear-phase characteristic.

The foregoing eonsiderations suggest a simple direct experimental
method of obtaining the band pass of an amplifier. The input to the
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Fra. 4-28. The step-funection response of the shunt-penked amplifier.

amplifier is n square wave, and the output is observed on an oseilloscope.
The rise time as herein defined is then measured and is related to the
band pass through Fir. (4-57).  The square wave is used as a repeating
transient source in order to permit sufficient intensity for divect observa-
tion on the face of the oscilloscope.  Of course, the square wave must
have a very small rise time, snd the oscilloscope must possess a suffi-
ciently high frequency response compared with the amplifier under test
not to influence the results.  An accurate sweep calibrator would be used
for measuring the rise time,

A number of other methods of compensating the h-f vesponse character
‘of an amplifier exist, some of which arve superior to the simple shunt-
teompensated amplifier diseussd in detail.  Some of these are iliustrated
linFig. 4-31.  The transient response of these more elaborate networks js
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Fic. 4-29. The step-function response of two identical shunt-peaked amplifiers in
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Fra. 4-30. The step-function response of three identical shunt-peaked amplifiers in
cascade,

generally not markedly superior to that of the simple shunt-peaking com-
pensation.  This results from the fact that the amplification and phase-
shift characteristics do not deteriorate so rapidly in the shunt-peaked cir-
cuit as in other h-f compensating systems having the same h-f limit.
Consequently the apparent advantage of these circuits is largely elimi-
nated. Specifically,® the rise time for the simple shunt-compensated

amplifier of Fig. 4-31a with L = 1{OR? is 1.57RC; for the series-com-
pensated amplifier (Fig. 4-310), withCy 4+ C, = C,C, = (/9,3 = 8C/9,
In = 3CR*/8, the rice time is 1.40RC; for the series-shunt compensation
of Fig. 4-31¢, with 'y 4+ "2 = (1, Cy = /5, Cy.= 4C/b, L, = CR?/16,
Ly = 25CR?/64, the rise time is 1,24RC,
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Fi¢. 4-31. Variona h-f compensating coupling circuits.  (D. L. Jaffee, Electronies,
April, 1942.)
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4-16. L-F Compensation. The I-f end of the frequency-response curve
may be extended by the use of a eapaeitanee across a portion of the load
resistance, as iHusivated in Fig, 4232, Tn this method, the load resist-
ance is effeetively /7 at the high frequencies, owing to the shunting
action of the capacitance €', across R.. At the low frequencies, the
shunting effect of (. is negligible, and the load resistance is effectively
ft; + R.. The increased gain of the stage resulting from the increased
effective lond impedance thus compensates for the loss of gain resulting
from the potential-divider action of the coupling eapacitor and the grid
resistor,  In this case, ag for the h-f compensation, care must be exercised
in the choice of circuit constants.

The equivalent eircuit, given in Fig. 4-33, is to be analyzed. Use is
again made of the fact that pentodes are generally used in video ampli-
fiers, whence r,, is greater than the combined output load impedance Z.



Also, in general, the grid reststance of the following stage I, is large com-

pared with the load resistance .
The mid-frequeney gain assumes that the reactances of (', and C are

small compared with B, and R,, respectively. The gain expression is

Fia. 4-32. Low-frequency compensation by use of a eapacitor across a portion of the

load.

then simply

Ko = —gnl: (4-61)

The I gain is readily obtained from an examination of Fig. 4-33.
The expression is
I
Ki= ~gnl 5 = 162
! P& Ry ¥ 17700 (+-62)

where Z is the total effective impedance of the output network at the
By inserting the known value of Z in Eq. (4-62) and

— T

low frequencies.
G 72

¥ie

R jg"
51

Fra. 4-33. The equivalent cirenit of an |-f-compensated RC amplifier.

By +Fy

rombining with Tq. (4-61}, there results

g! - _ = ! R TR _.R” i (4-A3)
YR R T LR
R+ - R, + o Jut
1 . jul
I + jef,
ar
Ki 1 1
K, T U TjeCRy T
g Prkeer, ' T geer,

V¥ BT Gl R,

or
K. _ 1 1
K, {\’1 + jul' R 4 JwCR,; 1+ JwCR,

R+ R+ foC R T T juCR,  joCR,

which is
K1 1

X R Rt joCRR 1+ joCR, (4-64)
R, " R+ R+ juC.RR, ™ juCR,
But ordinarily the ratio Ri/R, « 1, and Eq. (4-64) becomes
E_._ I
K~ R THjuCR. T T wiCE, (-6
Rt R, 7 RE jaCR
|4 jut, el GoCR,
+ J Rr + RI
Three time constants appear in this expression, viz.,
v RCRI v
& (4-66)
By choosing the parameters such that
, R.R
CR, = ¢, =
‘K : (4-867)
Eq. (4-65) becomes -+
Kol 1
Ko ™ R T julR, 1T jaCR,
e e ST I T
which is AT guCRy - juCTRy
Ko 1 1
Ko ™ U F ful RITRCR) ~ T jijutiRy 469
This may be written in the form
_IEI — ,,_A,,,,,__i_m_____ tan—! Xe,
N S G A e

It is noted that this choice of parameters yields exactly the same form
for the I-f response for the rompensated ease as that of thé uncnmpm‘wqtml
amp!iﬁer, and the universal amplification curves may be used if t‘h;((l'(’)‘r-
rect interpretations arve made.  1n the present case the |-{ responsé i.‘; con-
trolled by the time constant R.¢”. rather than by the output time cbnﬂtént
R,C. The I-f cutofl value now occurs at the \.'alue o

R
R, Ry

Hence, the higher the value of %.. the better the compensation

[= I (4-70)



If the circuit parameters are not chosen according to Er. (4-67), over-
compensation or undercompensation

ﬂ may occur, a rise or a fall oceurring
{ } I 4 in the frequency-response characters
U L_J istic at the low frequencies. The

(a) (5} effect of overcompensation is readily

F1a. 4-34. The transient response of an manifest in the transient response,
(@) 1-f-overcompensated, (b) l-f-under- the output waveshape for a square-
compensated video amplifier, wave input having the rounded out-
put shown in Fig. 4-34a. The corresponding effect for undercompensa-
tion has the waveform shown in Iig. 4-34h.



