TRIODES
5-1 The grid
The grid in a vacuum triode usually consists of a wire helix

surrounding the cathode, as sketched in Fig. 5-1. If the grid po-
tential is alwavs negative, electrons are repelled and the grid cur-

- Cathode

FIGURE 5-1 Vucuum trivde.

rent ts neghgible. This means that the power expended in the
grid circuit to control the anode current is very small. It is de-
sirabie to minimize the area of the grid, so the number of electrons
intercepied on their way to the anode is negligible. On the other
hand, if the wires are spaced too widely, the grid’s ability to control
the anode current is reduced. Practical triodes are designed to
strike a useful compromise between these conflicting requirements.
The anode i vacuum tubes is commonly termed the plate, because
of its shape in early tube designs. The conventional circuit symbol
for a triode 1s shown in Fig. 5-2,

FIGURE 5-2  Triode circuit symbol.

The grid potential alters the elecinic-field configuration in the
space between the cathode and plaie from that corresponding 10
the vacuum diode discussed in the previous chapter. The manner
in which this happens can be described in the following way.
According to the derivation of Child’s law, the plate voliage sets the
current so that the electric field near the cathode is very small.
The grid potendal has a similar effect. Under the combined
influence of the grid potential and the place potential, the tube
current is such that the electric field at the cathade remains small.



Since the grid is much closer to the cathode, its potential is rela-
tively more effective in controlling the current than is the plate
voltage. Therefore, using Child’s law, the current in the tube may
be written !

Iy=A{ul, + V) (5-1)

where 4 is a constant involving the wbe geometry, ¥, is the grid
voltage, ¥, is the plate voltage, and p is a constant called the
amplification factor. The amplification factor accounts for the
greater effect of the grid voltage compared with the plate voltage.
This equation agrees reasonably well with experimental current-
voltage characteristics of practical triodes. - It is difficult to evaluate
4 from first principles, however, and the exponent is often not
exactly ¥2. Therefore, it is common practice to display the
characteristics of practical tubes graphically, rather than attempt
an accurate mathematical representation.

The action of ¥, in Eq. (5-1) opposes that of the plate voltage
¥y since the grid potential is negative. An expression for the am-
plification factor is obtained by noting that these opposing actions
cancel out if the electric charge induced on the cathode by the grid
potential is equal and opposite to the charge produced by the plate
voliage, or

_-C!IkVL‘ + Cka.'J =0 (5'2)

where C,, is the capacitance between the grid and cathode. Solv-
ing for the amplification factor
Vy, Cu
po=_—= (5-3)
Ve Cu
According to Eq. (5-3) the amplification factor is increased if the
grid is close to the cathode since the grid-cathode capacitance is
Mcreased.  The place is further away, and is shielded from the
cathode by the grid, so that w is always greater than unity, Actu-
ally, triodes with amplification factors ranging from 10 to 100 are
Commercially available.

5-2  Plate characteristics

Of the several graphical ways to represent the current-voltage
characteristics of a triode, the most useful is a plot of the plute cur-
Tent as a function of plate voltage for fixed values of grid voltage.
Th_e curves for several grid potentials are called the plate charae-
tﬂtrl.th('s ot the tube. A typical set of plate characteristics. as pro-
Vicdled by the wbe manufacturer, is illustrated in Fig. 5-3. Nowe
YT b become commaonly accepled to associate the subscripts f and b with the plate

YRt and g and ¢ with the grid civcait of a vacuuny tabe, Similarly, the subseript
vefers 1 the cathode.



that each curve is similar to the current-voltage curve of a vacuum
diode. Furthermore, the current at a given plate voltage is re-
duced as the grid is made increasingly negative. The plate cur-
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FIGURE 5-3 Plate characteristics of iype
GSN7 triode.  Curve for zero grid voltage is
in approximate agreement with Child’s law.

rent-voltage curves are displaced to the right with little change in
shape for each negative increment in grid potential, in conformity
with Eq. (5-1). Comparing Eq. (5-1) with the experimental curves
shows why it is necessary to use graphical data: although Child’s
law represents the general behavior of the plate characteristics,
it is not sufficiently accurate to yield satisfactory quantitative re-
sults (see Exercise 5-1).

According to Fig. 5-3, the plate current is essentially zero at
sufficiently large negative grid potentials. The negative grid volt-
age necessary to put the tube in this cutoff condition depends upon
the plate voltage. In effect, the tube is an-open circuit when cut
off. If the grid is at a positive potential, there is appreciable grid
current. Then the grid is the anode of a diode biased in the for-
ward direction and represents a much lower resistance than is the
case for a negative grid voltage. In most circuits this effect pre-
vents the grid from ever becoming positive. Therefore, at zero
grid voltage the tube is said to be saturated since it is in its maximum
conducting condition. The range between cutoff and saturation
is the normal grid voltage range.
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The plute characteristics for any triode are obtained experi-
memtally with the aid of the circuit in Fig. 5-4. including suitable
meters o measure the actual plate current and voliage,  This cir-
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Y
FIGURE 5-4  Simple triodr amplifier /
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cuit also illustrates how a triode is used as a simple amplifier. First
it is necessary to plot the load line corresponding to the load re-
sistance R on the plate characteristics. This is done just as for
the vacuum dicde considered in Chap. 4, by noting that the cur-
rent 15 given by

A 74
_}Mr I[J

=g,

(5-4)
As explained previously. this is the equation of a straight line with
slope —1/R, with intercepts at (", =0; I, = Vyu/R,) and (¥, =T,
[,=0). Fig. 5-3. The intersection of the load line with each curve
of the plate characieristic gives the plate current for the given
grid voltage.

The plate current and voltage corresponding to the dc grid
bias I"... found by this procedure. is called the aperating point. As
the grid voltage varies in accordance with an applied ac input sig-
nal v;, the plate-current excursions move back and forth along the
load line, so Eq. (5-4) is satisfied at every instant. The correspond-
ing changes in plate curvent give rise 1o an output signal across the
load resistor, Suppose, for example, that the input signal is sinus-
oidal, as in Fig. 5-5. The output voltage is then also nearly sinus-
oidal but of much greater amplitude. indicating thac the circuit
amplibes the inpur signal.

Nete that the input power is very small, because the grid current
is negligible. In contrast, the output power, which is equal to the
square of the ac plate current times the load resistance, may be
appreciable. This power 1s derived from the plate voltage supply
Vi, and is controlled by the vaivelike action of the grid. The out-
put voltage waveform is not an exact amplified replica of the input
signal. hecause of curvature of the plate characteristics. This dis-
tortion is mintmized by proper circuit design and by suitable choice
of the operating point. Note also in Fig. 5-5 that as the grid volt-
age increases, the output voltage is reduced. This means that the



triode amplifier introduces a 180° phase shift between the input
and output signals, [t is often convenient o account for this
phase shift by writing the amplification factor as —p. The minus
sign signifies that the output signal lags the input by a phase dif-
ference of 180°,
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FIGURE 5-5 Analysis of triode amplifier of

Fig. 5-4 using load line. Note Z-volt peak-to-pech
input signal results m a 40-volt peak-to-peak
output signal.

It is easter to determine the output waveform corresponding to
a given input signal by using the fransfer characteristics of a triode.
These are curves of plate current as a functon of grid voltage for
fixed values of plate voltage, Fig. 5-6. Careful comparison of
Figs. 5-5 and 5-6 reveals that the transfer characteristics contam
the same basic information as the plate characteristics, so that one
set of curves may be determined from the other. Actually, the
dynamic transfer characteristic must be used to study the input-



output properties because of the voltage drop across the load re-
sistance. This is found by the same procedure developed for the
vacuim diode in the previous chapter (see Exercises 5-2 and 5-3).

FIGURE 5-6 Transfer characteristics of tvpe 65N7
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5.3 Small signal parameters

Very frequently the signal amplitudes applied to a vacuum tube
are small compared with the full range of voltages covered by the
plate characteristics, In this situation graphical analysis of tube
performance is inaccurate because the plate characteristics are
not given with sufficient precision. It is possible to represent the
tube characteristics using an approximaton to Child’s law which
is quite accurate for small signals. Once the operating point is
established graphically, small departures about the operating point
caused by small ac signals are-treated by assuming the triode is
linear. This approach may be illustrated in the following way.
According o Child's law, Eq. (5-1), the plate current is a function
of two vanables, the plate voltage and the grid voltage,

Iy=flV V)

The change in plate current resulting from changes in grid volt-
age may be determined from the Taylor expansion of this equa-
tion about the operating point. Retaining only the first two terms,
the change in plate current Af, is written

- (L)ar+ (22)
Al = (aVﬂ)AV” + I AV (5-5)
The first partial derivative in Eq. (5-5} is the slope of the transfer
characteristic, Fig. 5-6, at the operating point and is called the
mutual fransconductance g,. The meaning of this terminology is

Piate current, ma



that g,, has the dimensions of conductance but relates the mutual
changes between current in one circuit and voltage changes in
another circuit.  The second partial derivative in Eq. (5-5) is the
slope of the plate characteristics, Fig. 5-3, at the operating point.
The reciprocal of this slope is called the plate resistance r,, since it
represents the change in voltage associated with 4 change in cur-
rent in the plate circuit. Introducing these definitions

al,,
gm av.
and
1 a1, .
Tp - I/b (0_6)
Eq. (5-3) mav be written
A]h = 8m AV(' + ;L AVI) (5'7)

»
A useful relation between r, and g, is obtained by noting that if
the net change in plate current is zero, Eq. (5-7) becomes

0= gm AV + '_’l AV,

Al
g m Tﬂ =

SN (5-8)

The ratio —AV,/AV, is just the definition of ‘the amplification
factor. The minus sign signifies that the plate voltage decreases
when the grid potential increases, as discussed previously. There-
fore, Eq. (5-8) is written

H = Tp8nm (5'9)

This relation is useful in obtaining one of the three parameters
if the other two are known.

If the variations AV, and AV, in Eq. (5-5) are sufficiently small,
the partial derivatives may be regarded as constants and higher
terms in the expansion safely ignored. The magnitudes of these
small signal parameters, w, 1,, and gy, can be derived from the slopes
of the characteristic curves at the operating point, as described
above. So long as the quiescent operating point remains constant,
the operation of the tube for small voltage signals around the
operating point is adequately described by Eq. (5-7). Typical
values of the small signal parameters for several triodes are given
in Table 5-1.

The magnitudes of the small signal parameters depend upon the
quiescent operating point. For this reason it is usually necessary



TABLE 5-1

TRIODE SMALL SIGNAL PARAMETERS

Type I T, 103 Q) G 107 mho
6C4 20 6.3 3.1
6CW4 68 | 54 12.5
GSL7 70 44 1.6
12AT7 55 5.5 10
12AU7 17 7.7 2.2
12AX7 100 62 1.6
78405 74 7.3 10.9

to evaluate u, 7, and g, graphically at the point determined by
the dc¢ potentials and tube characteristics. To a first approxima-
tion, the amplification factor is independent of the operating point,
since it depends only upon the ratio of the interelectr ode capaci-
tances, kq. (5-3). The plate resistance depends upon the plate
current, as may be shown with the aid of Child’s law. Differenti-
ating Eq. (5-1) with respect to V,

1 al

= = (4 V)R (5-10)
Tp aVb

Substituting for the quantity in parentheses from Eq. (5-1),

1 Ib 1/3 .

— =324 (2) = 3o 4232 (5-11)
Ty 4

Ty = 2/3A—2131b—113 (5_12)

According to Eq. (5-12), the plate resistance decreases slowly as the
plate current increases. The variation of the mutual transconduct-
ance is also determined by differentiating Child’s law with respect
to V. or, more simply, by using Eq. (5-9). Inserting Eq. (5-12)
into Eq. (5-9) and solving for g,,,

gm = Y2 A*Pul, 13 (5-13)

which indicates that the mutual transconductance increases with
plate current.

Since Child’s law is not useful as a quantitative description of
triode behavior, it is not expected that Eqs. (5-12) and (5-13)
exactly represent the variation of the small signal parameters with
tube current. Nevertheless, experimental data for a practical
triode, Fig. 5-7, are in surprisingly good agreement with the
analytical results. Note that the amplification factor is sensibly
constant, except at the smallest plate currents, while g, and 7,

respectively increase and decrease with increasing plate current.
~ According to Fig. 5-7, it is possible to obtain considerable variation



in the small signal parameters by selecting different operating
pomts. This is important in the design of vacuum-tube circuits
for specific applications.
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FIGURE 5-7 Variation of triode small signal
parameters with plate current.

5-4 Triode eguivalent circuit

The small signal parameters of a triode are used to calculate the
performance of the tube in any circuit, so long as the signal voltages
and currents are small compared with the quiescent dc values.
According to Eq. (5-7), the ac component of the plate current is a
function of the ac grid potential and the ac plate voltage so that
. 1
lp = EmUg T+ '7'; Up (5-14)
Henceforth the subscripts g and p signify the ac components of the
grid and plate voltages (and currents), respectively. It must be
kept in mind that the total electrode current or voltage has, in
addition, a dc component corresponding io the operating point.
After multiplying Eq. (5-14) by r, and using Eq. (5-9), the ac plate
voltage is given by

Up = —UU, + 1,7y (5-15)

Equation (5-15) may be interpreted as the series combination of a
generator —uv, in series with a resistor 7, as shown in Fig. 5-8.
This configuration is reminiscent of the Thévenin equivalent cir-
cuit discussed in Chap. 1. Its validity in representing the per-
formance of a triode rests on the concept of small signal parameters

mho

-3

Transconductance, 10



for a vacuum tube. Since Eq. (5-14) refers only to the ac com-
ponents of the tube currents and voltages, Fig. 5-8 is called the
triode ac equivalent circuit.

FIGURE 5-8 Triode ac equivalent circuit.

Consider the simple triode amplifier illustrated in Fig. 5-9a.
According to Fig. 5-8, the equivalent circuit of the amplifier is ob-
tained by replacing the triode with a generator and a resistor, as in
Fig. 5-9b. Note that the dc battery supplies are omitted since the

FIGURE 5-9 (a) Triode amplifier
and (b) its ac equivalent circuit.
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equivalent circuit refers only to ac quantities and the ac impedance
of a battery is negligible. All other circuit components are in-
cluded, however. According to Fig. 5-9b, there is no direct elec-
trical connection between the input circuit and the output circuit.
This illustrates the valve action of the grid in controlling the plate
current with essentially zero power expenditure. Note that the
minus sign associated with the generator accounts for the 180°
phase difference between the grid voltage and the plate voltage.
The output voltage of the amplifier circuit is calculated im-
mediately from the equivalent circuit, Fig. 5-96. The result is

!
|

1

o .2
m+R, T 1+ 1R,

Vo = i])RL =

(5-16)



The ratio of the output signal to the input signal is called the gain
of the amplifier. Suppressing the minus sign, since it represents
only a 180° phase shift, and noticing that v, = v;, the gain of the
amplifier is

Y, i
T = ———— 5'17
4 Ui 1+ Tp/RL ( )

According to Eq. (5-17), the maximum gain of the circuit is equal
to the amplification factor of the triode. This value is achieved
when the load resistance is much greater than the plate resistance.

It is not always desirable to make the load resistance much
larger than the wiode plate resistance in a practical amphfier. A
large load resistance introduces considerable dc power loss and
requires a large plate supply voltage Vy, to put the tube at its
optimum operating point. The amplification factor of most tubes
is sufficiently large to yvield appreciable gains with lower values of
load resistance. It is also possible to use a transformer in the
plate arcuit. The impedance-matching properties of a trans-
former reflect a large ac impedance from the secondary, as ex-
plained in Chap. 2. In this case the dc resistance corresponds to
the primary-winding resistance, which may be quite small. The
expense and Iimited frequency range of transformers restrict
their use to rather special applications.

The magnitude of the grid resistor R, in this circuit is limited
only by the voltage drop caused by residual grid current. The
corresponding IR drop across R, can change the grid bias from the
value set by the grid bias battery V... Since grid current is normally
an uncontrolled quantity and varies considerably even between
tubes of the same type, this is an undesirable condition. Grid
resistances in the 0.5- to 10-M{) range are satisfactory for most
triodes. These values are large enough that the loading effect of
the grid resistor on the input voltage source may be safely ignored
in most applications.

PENTODES

5-5 Screen and suppressor grids

The capacitance between the grid and plate in a vacuum triode
introduces serious difficulties when the tube is used as an amplifier
at high frequencies. The ac plate signal introduced into the grid
circuit through the grid-plate capacitance interferes with the
proper operation of the circuit. Another grid is interposed in the
space between the -grid and plate to circumvent this difficulty.
This screen grid is an effecuve electrostatic shield that reduces



- the grid-plate capacitance by a factor of 1000 or more. The screen
grid is at a positive potential with respect to the cathode, and the
current of electrons from cathode to plate is maintained. The
helical grid winding is much more open than is the case for the
control grid, so that the screen current is smaller than the plate
current.

Two-grid four-electrode tubes called tetrodes are virtually ob-
solete except for certain special-purpose types. The reason for
this is that electrons suriking the plate dislodge other electrons.
These may be attracted to the screen, particularly when the screen
voltage 1s greater than the instantaneous plate potential. This
introduces serious irregularities in the plate characteristics at low
plate voltages. A suppressor grid is introduced between the screen
and plate to eliminate this effect. The suppressor is held at
cathode potential and effectively prevents all electrons dislodged
from the plate from reaching the screen. The pitch of the sup-
pressor grid helix is even larger than that of the screen grid.
Therefore, the suppressor does not interfere with electrons passing
from cathode to plate.

A tube with three grids is called a pentode because there are a
total of five active electrodes. The conventional circuit symbol of a
pentode is shown in Fig. 5-10. In normal operation the screen and

Suppressor ___

grid

FIGURE 5-10 Curcuit symbol for pentode. Control ___|
grid

Cathode

suppressor grids are maintained at fixed dc potentials. There-
fore the same small signal parameters used to describe the opera-
tion of a triode are suitable for pentodes as well. Addition of the
screen and suppressor grids introduces major changes in the
current-voltage characteristics, however, which are reflected in the
magnitudes of the small signal parameters.

‘The influence of the plate potential on the electric field near the
cathode is practically zero in-pentodes, because of the shielding
action of the screen and suppressor. This means that plate-volt-
age changes cause little or no change in the plate current, and,
according to Eq. (5-6), the plate resistance is very large. Since
the plate current is almost independent of the plate voltage, the
plate characteristics are nearly straight lines parallel to the voltage
axis. The action of the control grid is essentially the same as in a
triode, however, so that their mutual transconductances are com-
parable. Therefore the amplification factor of a pentode is very



large. according to Eq. (5-9). Tvpical values of plate resistance lie
in the range 0.1 to 2 MQ. Since g, is of the order of 500 to
10,000 umhos. the amplification factor may be as high as 10,000.

Tvpical plate characteristics of a pentode for a given positive
screen potential and for the suppressor connected to the cathode
are illustrated in Fig. 5-11. Note that the plate current is rela-
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FIGURE 5-11 Plate characteristics of
type 6AU6 pentode.

uvely independent of plate voltage, as anticipated above. The
plate characteristics can be used to determine the operating point
and circuit performance, much as in the case of a triode. Actually,
however, the plate characteristics also depend upon the fixed
screen potential. Higher screen voltages shift the curves in Fig.
5-11 upward to higher current values with little change in shape.

It is common practice to specify pentode characteristics at two or

three specific values of screen potential.

The screen voltage is maintained below the plate potential in
most circuits. It turns out that the screen current is about 0.2 to
0.4 of the plate current at the recommended operating point. As
mentioned above, it 1s almost universal to connect the suppressor
gnd to the cathode; in many tubes this connection is made inter-
nally.

The pentode is extensively used in amplifier circuits because of
its very high amplification factor. It surpasses the triode as a high-
frequency amplifier where small grid-plate capacitance is im-
portant. Plate-voltage excursions can be nearly as large as the
plate supply voltage without introducing excessive distortion, so
high-power operation is possible. Finally, the pentode is a useful
constant-current source, because the plate current is essentially
independent of the plate voltage.
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5-6 Norton equivalent circuit

Pentodes may be represented by the same equivalent circuit as
triodes so long as appropriate values of the small signal param-
eters are used. These parameters depend upon the operating

oint and therefore vary with the screen and suppressor poten-
tials, in addition to the grid bias and plate voltage. Because of the
high plate resistance and constant-current properties of pentodes,
it is generally most useful to use the Norton representation in
preference to the Thévenin circuit. According to Eq. (1-85), the
equivalent current generator is given by the ratio of the Thévenin
equivalent voltage generator divided by the equivalent internal
resistance. ‘Therefore, using Fig. 5-8,

qu'::’.ﬂg:_gmvy (5‘18)

Y

The Norton equivalent circuit for a pentode is shown in Fig. 5-12.

FIGURE 5-12  Norion equivalent circuit of pentode. —8,Y

A pentode amplifier stage, Fig. 5-13a, is represented by the
equivalent circuit shown in Fig. 5-13b. The output voltage 1is
simply the constant-current source times the parallel combination
of the plate resistance and load resistance,

= g -
Vo = ~8mVi T, + RL (3-19)
Neglecting the minus sign, the gain is

=g, L 5-20
T TR, (5-20)

In most cases, the plate resistance is much greater than the load
resistance so that a satisfactory approximation to Eq. (5-20) is just

a= ngL (5'21 )

Plate load resistors much in excess of 0.1 MQ or so are incon-
venient, because the excessive dc-voltage drop caused by the plate
current requires a very large plate-voltage source. Nevertheless,
amplifications as great as (10,000 X 107%) x (0.1 X 10%) = 1000 are
obtainable from a single pentode amplifier stage.
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5-7 Other multigrid tubes

Many other vacuum-tube designs suitable for special circuit
applications have been developed. A pentode having a control
grid wound with a helix of varying pitch has an amplification
factor that depends markedly upon the grid bias. This is so be-
cause electrons are controlled best in the region of the grid where
the spacing is small. At sufficiently large values of negative grid
bias the electron stream is cut off at this portion of the grid.
Therefore, the amplification factor of the tube corresponds to
that of a vacuum tube whose grid wires are widely spaced. At less
negauve biases the amplification factor is that of a tube with
narrow grid spacing and the amplification factor is larger. These
variable-p tubes are used in automatic volume-control circuits
where the amplification of the tube is automatically adjusted by
controlling the grid bias. The bias is adjusted to maintain the
output signal constant against variations in input signal. These
designs are also called remote-cutoff tubes, since a very large negative
grid voltage is required to reduce the plate current to a small
value.

More than one electrode structure may be included within a
single envelope when two tube types are often used together in
circuits.  An example of this is the dual vacuum diode for full-
wave rectifier circuits discussed in the previous chapter. Other
common structures are the dual triode and the dual diode-triode.



Many other combinations are possible and have been constructed.
The symbol for a dual wiode is indicated in Fig. 5-14a. This
symbol also illustrates the method commonly employed to indi-

.8,

Contro! grid g,
(a) (b)

FIGURE 5-14 (a) Base diagram of 12AX7 dual
triode, (b) base diagram of 6BE6 pentagrid
converter.

cate the tube base pin connections to various electrodes. The base
pins are numbered clockwise when viewed from the bottom. This
convention facilitates identification of the various electrodes when
the tube socket 1s examined in an actual circuit.

Vacuum tubes with more than three grids have been designed
for special purposes. An example is the pentagrid converter, Fig.
5-14b. This tube has two control grids, g, and g,, shielded from
each other by two screen grids, g» and g,. The fifth grid is the
suppressor, g;. This tube is used in frequency-converter circuits
where two signals of different frequencies are applied to the two
control grids. Nonlinearities of the tube characteristics result in
sum and difference frequencies analogous to the diode first de-
tector described in Chap. 4. Actually, the pentagrid converter
can be used also to generate one of the signals within the tube
itself, so only the input signal need be supplied externally.

In certain beam power tubes, most notably the type 6L6, the screen-
grid wires are aligned with wires of the control grid.. This forms
the electron stream into sheets and reduces the screen current by a
factor of five or so below that of conventional pentodes. There
is no suppressor grid as such, but beam-forming plates at cathode
potential further shape the electron stream. This specific elec-
trode design causes the electron charges in the beam to produce an
effecuve suppressor action. The result is that the plate charac-
teristics are straight nearer to the ¥, = 0 axis than is the case for a
standard pentode. Accordingly, the beam power tube is useful as
a power amplifier since the allowable plate-voltage range is nearly
as large as the plate supply voltage. In addition, such tubes are
often constructed with sturdy cathodes and anodes, so high-
current operation is possible.



GRID BIAS

5-8 Cathode bias

A grid-bias battery is economically impractical in most circuits.
Instead, negative grid bias 1s obtained by inserting a resistor in
series with the cathode, Fig. 5-15. The IR drop across this re-
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o
FIGURE 5-15 Circutt diagram of
a practical triode amplifier using
cathode bias. R, R,
05 M 10k
oO——

sistor is I, X Ry, and the polarity makes the grid negative with
respect to the cathode. The quiescent operating point may be
found by first drawing the load line corresponding to

v

V} R
TS (5-22)

Lhy=——"7%
R, + R,

According to Eq. (5-22) the intercepts of the load line are at Iy,
and at V,/(R,+ R,), Fig. 5-16. By definition, the operating
point must be located somewhere along the load line. Since the
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FIGURE 5-16 Deiermination of operaling
point for 6C4 amplifier in Fig. 5-15.



grid bias depends upon the plate current, it is necessary to draw a
second line connecting the points I, =—V./R, on every plate-
characteristic curve. The intersection of this curve with the load
line 18 the operating point.

Capacitor C;. shunting the cathode-bias resistor R, mn Fig. 5-15
prevents ac signals caused by the ac plate current in the cathode
resistor from appearing in the grid circuit. This is illustrated

FIGURE 5-17 - The ac equivalent circuit of

cathode-bias amplifier. ,
U'- B
T
&

with the aid of the ac equivalent circuit, Fig. 5-17. The impedance
of Ry and Cy in parallel is

Zy = (5-23
E T+ jRwCy 5-23)
The ac signal current is given by
= (5-24)

zprp+RL+Zk

According to Fig. 5-15, the grid-cathode voltage is equal to the
input voltage plus the ac voltage across Z;., or

Uy = Ui -+ Tka (5'25)

Inserting Eq. (5-25) into Eq. (5-24) and calculating the gain of the
amplifier,

R,
o+ R+ (1 + w)Zs

Suppose now the capacitor is omitted, so Z; = R,. Comparing Eq.
(5-26) with Eq. (5-17) shows that the gain is reduced, because of
the factor (1 + w)R,, in the denominator. If, on the other hand,
the capacitor is large enough that (1 + u)Z, is small compared with
the plate resistance plus load resistance, the gain is restored to its
ongmnal value. In effect the capacitor provides an ac path around
Ry and, accordingly, it is called a cathode bypass capacitor. A con-
venient rule of thumb states that the capacitive reactance of the
bypass capacitor should equal ¥s of R, at the lowest frequency of
interest.

a= (5-26)



Determining the operating point for cathode-biased pentodes
is slightly more involved than for triodes because the bias voltage
depends upon the screen current as well as the plate current. Itis
usually satisfactory to assume the screen current is a fixed fraction
of the plate current and proceed as in the case of the triode. The
correct fraction to choose depends somewhat upon the tube type in
question and may be estimated from the tube’s screen-current
characteristics. For most pentodes the total cathode current is
approximately 1.3/, at the operating point. This approximation
usually yields a sufficiently accurate determination of the quiescent
condition.

In many cases it is simpler to resort to the following “cut-and
try” procedure for determining the operating point. Choose a
pomt on the load line corresponding to an arbitrary grid-bias
voltage and plate current. The screen current is then determined
from the screen characteristics for these values of V. and V,. The
product —({), + I )R, is compared with the chosen value of V.. If
these two values are equal, the original choice is satisfactory. If
they are not, the process is repeated until the desired accuracy is
obtained.

5-9 Screen bias

It 1s advantageous to eliminate the screen-grid-bias battery by
deriving the screen potential from the plate supply voltage. This
can be accomplished by means of a resistive voltage divider across
the plate supply voltage. A simple series dropping resistor, Fig.
5-18, is even more convenient, however. The value of R, is

(o™

Cs
0.1 uf

o

300v
Voo
FIGURE 5-18 Practical pentode amplifier

circuit.

selected to yield the desired screen voltage at the given screen
current and plate supply potential. Values in the range from 0.05
to 1.0 MQQ are typical.
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The screen resistor is bypassed with capacitor C, to maintain the
screen voltage constant independent of variations caused by signal
voltages. This means ‘that the reactance of C; must be small com-
pared with R, at the lowest frequency of interest. Modest values of
capacitance are sufficient because of the relatively large resistance
of the screen dropping resistor.

Aside from the obvious economy achieved by providing grid,
plate, and screen potentials from one voltage source, these bias
techniques also result in more stable quiescent operation than does
fixed bias. Suppose, for example, that the plate current tends to
increase because of tube aging. This increases the negative grid
bias and this, in turn, tends to lower the plate current. The net
change in operating point is much less than is the case for fixed
bias. The same situation exists with regard to the screen voltage.

It 1s inconventent to measure electrode voltages with respect to
the cathode n circuits employing a cathode-bias resistor. This is
particularly true when more than one tube is used in a circuit. The
usual practice is to refer all potentials to a common point called the
ground. The ground point is considered to be electrically neutral
so that, for example, the ground points of two different circuits
may be connected with no influence upon the operation of either
circuit. A typical use of the ground symbol, Fig. 5-19, is illustrated

FIGURE 5-19 Ground symbol.

in the pentode-amplifier diagram of Fig. 5-18. Practical electronic
circuits are often constructed on a metal base, or chassis, which
serves as the ground.

SPECIAL CIRCUITS

Many different vacuum-tube circuits are considered in subse-
quent chapters, but it is useful to analyze a few special circuits at
this point. These circuits have important applications and the
analysis illustrates the equivalent-circuit approach.

5-10 Cathode foilower

The cathode is common to the input and output terminals in the
simple amplifier circuit, insofar as ac signals are concerned. This
configuration is used most often and is sometimes referred to as
the grounded-cathode connection. Another configuration is the
grounded-plate amplifier, Fig. 5-20. The plate resistor is omitted,
and the output signal is developed across the cathode resistor.



Note that in this circuit the plate is common to both input and out-
put terminals and is at ground potential so far as ac signals are con-
cerned. It is maintained at a high dc potential, however. The
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FIGURE 5-20 Elementary cathode-follower amplifier. o %
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battery ¥y, in the cathode lead counteracts the large dc voltage
across R caused by the quiescent tube current. The difference
between the cathode potential and the grid potential results in the
proper grid-bias value. This circuit 1s commonly called a cathode
follower because the cathode potential follows that of the grid.
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FIGURE 521 Equivalent circuit of a cathode b
Sfollower.
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The equivalent circuit of the cathode follower is given in Fig.
5-2]1. We proceed to find the output signal by first calculating the
current

_ _lu’ 'Ug (

= 5-27
» T + Rk )

The grid-cathode voltage 1s equal to the input voltage plus the
voltage across the cathode resistor, or

Uy = v; + iR, (5-28)
Inserting Eq. (5-28) into Eq. (5-27), the current in the circuit is

;= THY;

(5-29)

The drop across R, caused by this current represents the output
voltage. Note, however, that the output voltage is the negative of



- iRy because current always enters the positive terminal of a load.
Therefore

M'i'le‘. .
= 5-30
YT+ R+, (5-80)
The gain of the amplifier,
a="" . (5-31)

v (1+w) + /Ry

is always less than unity. In fact, if R, > 7, which is usually the
case,

— K
a= P’«—H- ~ ] (5~32)
The voltage gain of the cathode-follower circuit is essentially equal
to unity, and, according to Eq. (5-30), the output voltage is in phase
with the input signal. Therefore, the cathode voltage follows the
input voltage very closely.

The virtue of the cathode follower is that the cathode voltage
replicates the input signal in a much lower impedance circuit.
Therefore, the internal impedance of the circuit as a power source
is very low. This means the tube can deliver appreciable power to
low-impedance loads. The equivalent internal impedance is
determined using Thévenin’s theorem. The theorem cannot be
applied directly to Fig. 5-21, because the generator voltage —uu,
depends upon the load current through R,, according to Eq.
(5-28). To find a more suitable circuit, Eq. (5-29) is put in the form

— —v/ (1 + u)
" R+ p)
This expression is the ratio of an emf, —v;u/(1 + u), divided by a

resistance, R, + r,/(1 + @), which can be represented by the dia-
gram of Fig. 5-22. Applying Thévenin’s theorem to this circuit,

(5-33)

VW
rp
T+u
i
FIGURE 522 —v, 17— @ § R,
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the equivalent internal impedance is the parallel combination of
R; and /(1 + w),

— R,‘-'I”p/(l + /.L) — R_I;’rp
’ Ry+r/(1+u) (I+p)R,+1,

(5-34)

The output impedance of any circuit is the ratio of the output
voltage divided by the output current when the input signal is



zero. This i1s simply the internal impedance in the Thévenin
equivalent representation. According to Eq. (5-34), the output
impedance of the cathode follower is

r,, Tp Ty

BT R

R, (5-35)
This means that the output impedance 1s small. Note that the cir-
cuit results in an output impedance much smaller than Ry, since
R, > rpfu.

It is inconvenient to emplov two bias-voltage sources, so that a
different bias arrangement, Fig. 5-23, is commonly used. The size

FIGURE 5-23 Practical cathode-follower circuit.

of R, is selected to vield the proper grid bias at the quiescent
current, and the magnitude of R, is then determined by the desired
value of R, = R; + R,. The operating point is determined by the
same procedure used for the cathode-bias circuit, Fig. 5-16.

This circuit, Fig. 5-23, illustrates the second significant feature
of the cathode follower: its large input impedance. The input
mmpedance 1s the ratio of the input voltage to the current in the
Input circuit

i

Applving Kirchhoff’s voltage rule to the input circuit, the mput
current is

. Ui iR,

= 5-37
“TR,*R, (5-37)

The current i, is given by Eq. (5-29) with R, replaced by R; + R..
Substituting into Eq. (5-37),

. Ui [I . s ]
“TR, ¥R, (1+ ) (R, + Ra) + 1,

. N o =
~RtR [1 AT 2) (1 + RJRs) + rp/RJ (5-38)




Most often, R, > R, and R, > r,, so that

. i M U 1 .
= - = 5-39
f RU+R3‘(1 1+,u) R,+ R, 1+ p (5-39)

Comparing Eq. (5-39) with Eq. (5-36), the input impedance is
Ri = (1 + /*L) (Ry + R.!) (5-4())

which is quite large. This is an advantage since the cathode
follower presents a very light load to preceding circuits. The
reason for the high input impedance is, of course, the opposing
voltage introduced into the grid circuit from the cathode resistor.

The cathode follower is an impedance-matching device with a
very high input impedance and a very low output impedance.
Although the voltage gain is less than unity, the power gain may be
appreciable. This is so because the signal voltage is the same in
both the high-impedance input circuit and the low-impedance
output circuit. Since power is proportional to J?/R, the power
amplification is large. In addition, the circuit performance is
stable and relatively independent of changes in component values.
According to Eq. (5-32), the gain depends only on the amplifica-
tion factor, which is the most stable of the small signal parameters.

5-11 Difference amplifier

The circuit diagramed in Fig. 5-24 is often used as the input
stage of oscilloscope amplifiers and other laboratory instruments,
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FIGURE 5-24 D:ifference amplifier. Half-open tube
symbol signifies a dual triode.

because it yields a signal proportional to the difference between two
input voltages. This useful property may be illustrated by analyz-
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ing the equivalent circuit, Fig. 5-25. Kirchhoff's voltage rule
apphed to both loops results in

—uiy, = 1oty + Riy + Ry, (i) + 1)

b2, = ryia + Ria + Ryl + i) (-4
Similarly, the grid-cathode voltages are
vy, =y T Ry (1) + o)

(5-42)

Vg = Uy + Ry (iy + 13)

Equatons (5-42) are substituted into (5-41) and the result solved
for the two currents. The expression for the current in the upper
loop is

w0+ G R+ @R
{[1+ (r+ R)/(1+ p)R > — 1} (1 + p) Ry
Because of the circuit symmetry, the result for i, has the same form

with subscripts 1 and 2 interchanged. The plate-to-plate output
voltage is

(5-43)

h

0= Ri; — Riy = R (4, ~ i) (5-44)
Substituting for ¢; and 7, and simplifying, ‘

2+ (np+R)/(J+ Ry

v il v TR+ (r + R+ WIRS) (-43)
% =T, g (o) - (5-46)

which is similar to Eq. (5-17) for the amplification of a single
triode. According to Eq. (5-46), the output voltage is a constant
times the difference between the input signals. This result applies
only if the two halves of the circuit are strictly identical. In prac-
tical circuits (1 + u)R; ® r,, and this reduces the effects of any
asymmetry.



The difference amplifier vejects any voltage signals that are com-
mon to both terminals, such that v; = v,. At the same time, signals
applied from terminal 1 to terminal 2 are amplified normally,
since 1n this case

U;

~t

= —2— and Uy = —? (5-47)
The output voltage is
M Vi U M
-U IS e - + ws—_— _ e ——————— i —_
"1+ /R (2 2) 0+ Ry * (5-48)

which means the circuit simply amplifies the input signal. The
same result holds if the input signal is connected between ground
and either gnid. so that, for example, v, = v; and v, = 0. Since the
circuit rejects common-mode signals, resulting from, say, stray
electrical fields caused by the 60-cps power mains, it is useful as the
input stage of a sensitive amplifier. In addition, the input may be
connected to voltage sources that have neither terminal grounded,
which is often very convenient.

The output of a difference amplifier is balanced with respect to
ground. A single-ended output (one terminal grounded) is ob-
tained by making one of the plate load resistors equal to zero, Fig.
5-26. The circuit has been drawn in this fashion to show that tube

0+150v

!l{

FIGURE 5-26 Dafference amplifier with single-ended
output.

V', may be considered as a cathode follower feeding the cathode of
tube V,. The output of ¥, is proportional to its cathode-to-grid
voltage and hence approximately proportional to v, — v,. The
circuit can therefore be analyzed in terms of a simple amplifier
preceded by a cathode follower. (See Exercise 5-18.)



Alternatively, the equivalent circuit of Fig. 5-25 can be used
with the upper-plate load resistor shorted out. The output signal
s

Uy ™ [1+ r,n/(l + l‘l’)Rfr:IUQ
IO+ 0+ WRAN + (r, + R/ (1 + mIR] — 131 + w)Ry/R

(5-49)

which may be simplified to

vy = vy = Uy (1 + w) Ry
L+ n/R[2+ (r, + R)/(1 + )R]

vy = (5-50)
Introducing the approximation (1 + w)R, > r,+ R, this expres-
sion reduces to

(vs — vy) (5-51)

= [
YT T T %R
Comparing Eq. (5-51) with Eq. (5-46) shows that the single-ended
difference amplifier is almost identical with the balanced-output
circuit.  Actually the approximations introduced in leading to
Egs. (5-46) and (5-51) are slightly more accurate in the case of the
balanced circuit. Therefore, the balanced amplifier’s ability to
reject common-mode signals is superior.

95-12 VIVM

The voltage and power amplification of a vacuum triode results
in a sensiuve dc vacuum-tube voltmeter (VTVM) when used in con-
Junction with a standard d’Arsonval milliammeter. This is possible
because of the very great input impedance of vacuum tubes. A
common VTVM carcuit, Fig. 5-27, is a cathode-follower difference

T+60v

12AU7

FIGURE 5-27 Simple VTVM.




- amplifier with the meter. connected between the cathodes. The
unknown voltage is applied to the grid of one of the triodes. The
grid of the other triode is unused and is returned to ground
through a grid resistor. Since a cathode follower presents a high
input impedance and a low output impedance, this circuit is
particularly useful in the VTVM application.

The balanced circuit provides a convenient connection for the
d’Arsonval meter which results in zero deflection with zero input
signal, even though the quiescent current in each tube is nonzero.
Furthermore, the symmetry of the circuit maintains performance
stability against component changes caused by aging. Actually
the circuit may be looked upon as a bridge comprising a triode in
each of two arms together with the cathode resistors in the other
two arms. A dc voltage applied to the grid of V', changes the tube’s
resistance and unbalances the bridge. The circuit may be analyzed
using vacuum-tube equivalent circuits in the usual fashion (Exer-
cise 5-20).

The adjustable resistor R, in series with the meter is a calibra-
tion resistor in the diagram of Fig. 5-27. The potentiometer R, is
a balance adjustment which corrects for minor asymmetries in the
triodes or other components. The circuit is balanced for zero
current in the meter by adjusting R, with zero voltage applied to
the grid. It is necessary to readjust the balance control period-
ically as the tube warms up or as circuit components age.

The grid of V', is connected to multiplier resistors in commercial
VTVM instruments to achieve multiple-range performance, much
as in the case of the VOM circuit. The resistor values are greater
in the vacuum-tube instrument, however, because of the much
greater sensitivity. An additional feature of interest is that the
VTVM may be designed so the maximum meter current, which
occurs when one of the tubes is completely cut off, does not
damage the meter. Therefore, the meter movement is unharmed,
even if the VI'VM is inadvertently connected to a voltage source
much larger than the full scale value.

Standard VTVM instruments provide for ac measurements by
using a diode rectifier circuit, as discussed in the previous chapter.
The high input impedance of the cathode-follower difference
amplifier is ideally suited to measure the output of the rectifier
circuit. In addition to ac and dc voltages, most VT'VM instruments
also measure resistance with an ohmmeter circuit similar to those
discussed in Chap. 1. Again, the difference amplifier is used as the
indicator. This permits a very wide range of operation. For
example, quite inexpensive instruments are capable of measuring

unknown resistances from 1 £} to 100 MQ.



5-13 Class A, B, and C amplifiers

The grid signal never exceeds the cutoff voltage, and never be-
comes positive in all of the circuits examined thus far. Under such
conditions, plate current exists at every instant of the input cycle.
This ts known as class-1 operation and is the situation in most
vacuum-tube applications. The transfer characteristics corres-
ponding to this case, Fig. 5-28a, show that the output waveform is
very similar to the input wavefornm. Some distortion may be intro-
duced by curvature of the tube characteristics, however.

(a)
|4
FIGURE 5-28 Output current
waveforms for (a) class-A, (b) class-B,
and (c) class-C operation of amplifiers.
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(b)
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- 1If the dc bias equals the cutoff bias of the tube, plate current
exists for only one-half of the input cycle, Fig. 5-285. The input
signal may be increased considerably without driving the grid posi-
tive. and this results in a greater power output. The increased
power output of such class-B operation is achieved at the expense
of the output waveform, for the plate current is a series of near-
half-sine waves.

Clearly, class-B operation introduces very large distortions, since
the output waveform is no longer a replica of the input signal. By
connecting two tubes in a faslnon somewhat analogous to the full-
wave rectification circuit, it can be arranged that each tube supplies
current on alternate half-cycles. Thus the output signal is re-
stored to a replica of the input waveform and the magnitude of the
amplified signal is much greater than is possible in class-A opera-
tion. This circuit is considered further in Chap. 7. An additdonal
advantage of class-B amplifiers is that the quiescent current is
zero, since the dc grid bias is at cutoff. This means that the
quiescent power is zero. For this reason, as well as the large plate-
current excursions, class-B circuits are very efficient power ampli-
frers.

Increasing the dc bias beyond cutoff is called class-C operation,
Fig. 5-28c. In this case plate current exists for less than one-half
of the input cycle and the input waveform cannot be recovered
even with a two-tube circuit. Class-C amplifiers are used ex-
clusively in connection with resonant circuits, where it is necessary
to amplify only a single frequency. If the plate load of a class-C
amplifier is a parallel resonant circuit having reasonable Q, it is
only necessary to excite the resonant circuit once each cycle. The
resonant circuit rings and supplies the remainder of the sine-wave
signal in the output circuit. The current pulses of the class-C
amplifier recur at the resonant frequency and keep the resonant
circuit ringing. Because plate current exists for only a portion of
the cycle, class-C ampilifiers are even more efficient than the class-B
circuits.
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EXERCISES

Plot Child's law, Eq. (5-1), for a type 12AU7 triode and compare
with experimental plate characteristics in Appendix 3. Do this by
evaluating the constant 4 using the experimental curve for V.= 0
and evaluating u for the V. = —10-volt curve.
Ans: 1.1 X 1077 17.2
Determine the dynamic transfer characteristic of the type 6SN7
triode amplifier of Fig. 5-4. Compare with the static transfer
characternistics of Fig. 5-06.
Using the results of Exercise 5-2, plot the output-current wave-
form corresponding to a sinusoidal input signal of 2 volts. Repeat
for a 6-volt signal. and note which output signal has greater distor-
ton. Repeat for sawtooth input waveforms having the same
peak-to-peak amplitude as the sinusoidal voltages.
Calculate the small signal parameters corresponding to Exercise
5-2 from the tube’s characteristic curves at the operating point.
Determine the variation in plate current using Eq. (5-7) for sinus-
oidal input signals of 2 and 6 volts. Compare with the graphical
results obtained in Exercise 5-3.
Ans.: 1560 umhos, 12.5 kQ, 19.5; 7.6 ma, 25 ma
Using the triode equivalent circuit corresponding to Fig. 5-4 and
the small signal parameters of Exercise 5-4, calculate the gain of the
amplifier. Compare the output signal for 2 volts input with the
results of Exercise 5-3. Ans.: 13.8; 27.6 volts
Plot the static transfer characteristics for a type 6AU6 pentode at
plate voltages of 100, 200, and 300 velts. Do this with the aid of
the plate characteristics given in Fig. 5-11.
Find the operating point of a type 12AXY7 triode amplifier in the
circuit of Fig. 5-15 if R; = 12,000 Q and R;, = 2000 ). Use plate
characteristics given in Appendix 3. Ans.: —3.1 volts, 1.6 ma
With the aid of Eq. (5-26) plot the gain of the type 6C4 triode
amplifier, Fig. 5-15, as a function of frequency. Use a logarithmic
frequency scale to cover the interval from 1 to 1000 cps. Assume
=100 and », = 60,000 .
Determine the operating point of a type 6SF7 pentode amplifier in
the circuit of Fig. 5-18. Use the plate characteristics given in
Appendix 3. Ans.: —6 volts, 1.8 ma
Determine the operating point Ofa type 12AU7 triode cathode-
follower amplifier, Fig. 5-23. Calculate the input impedance, out-
put impedance, and power gain using values of the small signal
parameters determined from the plate characteristics.
Ans.: =3 volts, 3 ma; 2.3 x 107 (3, 480 (2, 4.8 X 10¢
Suppose a type 12AX7 triode is inserted into the circuit of Fig.
5-23 with no other changes. Repeat Exercise 5-10 and note that
only minor changes result.
Ans.: —1.5 volts, 1.5 ma; 1650 umhos, 55 k{, 96; 9.7 X 107 (,
566 Q, 1.7 X 10°



5-12

5.14

5-19

Explain why the gain of a difference amplifier, Fig. 5-24, 1s'the same
as that of a single triode, even though the cathode resistor is not
bypassed. Do this by calculating the ac signal across R, resulung
from a sinusoidal input voltage applied to terminals 1 and 2. Re-
peat for a signal applied between terminal 1 and ground.

Analyze the circuit of Fig. 5-24 including a cathode bypass capac-
itor connected in parallel with R,. Assume the impedance of the
parallel combination is zero at the frequencies of interest. Com-
pare the operation of this circuit with that of a difference amplifier.
Draw the ac equivalent circuit of the summing amplifier in Fig. 5-29.
Show that the output voltage is the sum of the input signals.

FIGURE 5-29 4 ©

Sketch the output waveforms between terminal 3 and ground and
also between terminal 4 and ground of the difference amplifier,
Fig. 5-24, resulung from a sinusoidal input signal applied between
terminal 1 and ground. Pay particular attention to the phase of the
output signals. In this application the circuit is called a phase in-
verter.

Determine the operating point of the type 12AX7 dual-triode
difference amplifier, Fig. 5-24. Use plate characteristic curves

given in Apgendix 3. Ans.: —1.5 volts, 0.22 ma
Repeat Exercise 5-16 for the single-ended difference amplifier, Fig.
5-26. Ans.: —1.5 volts, 0.5 ma, 0.4 ma

Analyze the single-ended difference amplifier, Fig. 5-26, by con-
sidering the circuit to be a cathode-follower amplifier feeding a
triode amplifier with an unbypassed cathode resistor. Do this by
using the expressions for each stage found in the text. Compare
the result with Eq. (5-51) when the same approximations are mtro-
duced.

With the aid of Eq. (5-46) calculate the output signal of the differ-
ence amplifier studied in Exercise 5-16. Use values of small signal
parameters given in Table 5-1. Repeat for the single-ended dif-

i ¥



5-20

ference amplifier. Fig. 5-26. and compare Eq. (5-50) with Eq. (5-51).
Ans: 61.7: 285wy — o) — 177 X 107%0y; 29.7 (0, — v))
Analvze the VVTVM circuit, Fig. 5-27, by deriving an expression
for the meter current I as a function of the dc input voltage V.
Insert numerical values given on the circuit diagram, assuming
the meter resistance is negligible and the small signal parameters
of the tube given in Table 5-1. What is the ohms/volt rating of
this meter on the I-volt scale? Compare with the sensitivity of a
VOM using the same 100-pa d’Arsonval meter.
Ans.: 9.2 X 1075y, 10* Q/volt; 107 /volt



