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VACUUM TUBE AMPLIFIERS 

INTRODUCT ION 

Since amplifiers consist of 

tubes and associated circuits, a 

discussion of amplifiers must deal 

with the behavior of the tubes 
and with the behavior of their 
associated circuits. As regards 

the tube, it can be operated funda- 

mentally in one of three ways: 
1. Class A.--In this mode of 

operation the output voltage is a 

faithful copy of the input grid 
signal voltage, and in general a 

modest amount of power output is 

obtained. Class A operation is 

primarily used for audio and tele- 

vision amplifiers because any ap- 

preciable distortion will immedi- 

ately be noticeable to the ear or 

eye, and it is also employed in 
small r.f. and i.f. amplifiers 
used in radio receivers because 
it, in general, gives_tbe mast 
voltage amplification of all three 

ways of operations. 

2. Class B.--In this mode of 

operation the tube is operated 
over a greater part of its char- 
acteristic, including cutoff. Much 

greater power output is possible 

than in the Class A mode of opera- 

tion, but the distortion is very 
much greater. This can be mini- 

mized, however, by employing two 

tubes in push -pull whereupon ac- 

ceptable performance, even from 
audio amplifiers, is obtained. 
However, satisfactory performance 

is obtained in r.f. work, using 
but a single tube, by having a 

tuned circuit as the plate load. 

The tuned circuit, often called a 

tank circuit, filters out the dis- 

tortion products generated by the 

tube, and gives an r.f. output 

essentially of the same wave - 
shape (and frequency) as the in- 

put signal. Such an amplifier 
is often called a linear ampli- 
fier, for reasons to appear. As 

such, it is employed in many tele- 

vision transmitters; notably those 

manufactured by General Electric 
and DuMont. 

3. Class C.--In this mode 
of operation the tube is oper- 
ated over an extremely large part 

of its characteristic. The plate 

current flows in narrow pulses, 
which shock -excite a plate tank 
circuit. The tank circuit there- 

upon furnishes an essentially pure 

sine wave of the same frequency 
as the grid input signal, in spite 

of the high distortion in the 

plate current. If, on the other 

hand, the tank circuit is tuned 
to a multiple of the input signal 
frequency, then its output will 
be a sine wave of a frequency that 
is the same multiple of the input 
frequency. The amplifier stage 
in this case is known as a fre- 
quency -multiplier stage; frequency 

doubling, tripling, and even quadru- 

pling, is often employed. 

A Class C amplifier can fur- 
nish much greater power output 
than either a Class B or Class A 
and at a higher efficiency, but 
as indicated above, it can ampli- 
fy only a single frequency (car- 

rier frequency). It is particu- 
larly suited for transmitter in- 

stallations, although it must be 
noted that the local oscillator in 
a superheterodyne receiver is es- 
sentially a Class C amplifier with 

the addition of regenerative feed- 
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2 VACUUM TUBE 

back. FM transmitters are an im- 

portant example of the use of fte- 

quency doubling and Class C stages 

in general. 
There is a fourth mode of 

operation known as Class AB. In 

this mode the tube is operated 
over a range of its characteristic 

that is intermediate between Class 

A and Class B operation. Inter- 

mediate results in practically 
all respects are obtained: the 

power output and plate effici- 

ency is intermediate between that 
obtained in Class A and that ob- 

tained in Class B; the distortion 

is intermediate in amount, etc. 

The circuit associated with 

the tube is an important considera- 

tion because of the two basic types 

of amplifiers used, as regarded 

from a frequency viewpoint: 

1. Broad -frequency -band ampli- 

fiers. Ordinary audio (speech) 

and video (television) amplifiers 

are called upon to amplify simul- 

taneously a number of frequencies. 

The complex wave representing 
the audio or video signal can be re- 

solved into a series of sine waves 

of the proper amplitude and phase 

(relative to a particular moment 

of time chosen). In the case of 

an audio amplifier, the relative am- 

plitudes must be preserved, although 

the phase shifts are not important 

unless excessive. In the case 

of a video amplifier both the ampli- 

tude and phase relations must be 

Preserved. 
Since the tube, at these rel- 

atively low frequencies, can be 

assumed to amplify almost instan- 

taneously, and also may be re- 

garded as having an internal im- 

pedance that is practically re- 

sistive in nature, any frequency 

discrimination as to phase and 

AMPLIFIERS 

amplitude must be owing to the 

plate load impedance rather than 
to the tube itself. Hence, the 

load impedance must be correctly 

designed to function properly over 
the frequency band desired. 

2. Narrow -frequency -band 
amplifiers. Reference is here 

made to amplifiers that are called 

upon to amplify but one frequency -- 

such as a carrier wave --; or at 

most, a narrow band of frequencies, 

such as a carrier and its side 
bands. In this case a tuned cir- 
cuit of some sort can be employed 
as the plate load, since the lat- 
ter need have the correct or op- 
timum impedance only over the 
narrow band to be amplified. 

It is clear, however,that 
the mode of operation of the tube 
is also involved. In broad -band 

amplifiers, the tube must be oper- 
ated Class A, or at most, Class 
B in a push -pull arrangement, in 

order that the tube does not gen- 
erate spurious frequencies with- 
in the frequency band that will 
appear in the output circuit. Such 
spurious frequencies (not present 
in the input signal) are considered 
distortion products, and are highly 

undesirable. 
On the other hand, in the 

case of a narrow -band amplifier, 
the distortion products generated 
by the tube will be filtered out 
by the tuned plate load circuit 
(as mentioned previously) and 
hence will not affect the output 

wave -shape. As a result, Class B 
and C operation (for one tube, or 

two in push -pull) are feasible and 
desirable for narrow -band opera- 
tion because of the greater oper- 
ating efficiency and the greater 
output possible from a given size 
tube. 
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VOLTAGE AMPLIFICATION 3 

VOLTAGE AMPLIFICATION 

Vacuum -tube amplifiers are 
employed to amplify weak signal 

powers to a magnitude sufficient 
to actuate the final equipment, 

such as a loudspeaker or picture 

tube. In most cases the source 

generates a signal of but a frac- 

tion of a volt. This is far too 

small to produce any appreciable 

output power even when applied to 

a vacuum -tube per amplifier; it 

is first necessary to amplify the 

voltage until it is finally strong 

enough to actuate a vacuum -tube 

power amplifier and furnish the re- 

quired paver output. 

There is, therefore, a need 

for amplifiers that amplify pri- 

marily the voltage, and a need 

for amplifiers that furnish the re- 

quired power output. These are 

known respectively as voltage and 

power amplifiers, and will be dis- 

cussed in turn in this assignment. 

FUNDAMENTAL CONSIDERATIONS. 
In Fig. 1 is shown a voltage ampli- 

fier in perfectly general form. 

IP 

Fig. 1.-- Voltage amplifier in 

general form. 

The input signal e, is applied to 

tube grid of the ube in series 

with the bias source E (Grid 

bias will be discussed in greater 

detail farther on.) In the plate 

circuit is interposed a plate load 

impedance Z This may be of any 

form desires; resistance, induc- 

tance, tuned circuit, etc., but 
must fulfill one requirement: it 

must be able to pass direct cur- 

rent. Hence, a purely capacitive 

circuit cannot be employed as a 

plate load. 

The signal es on the grid 
causes corresponding variations 
in the plate current I , i.e., 

cause the plate current to pulsate. 
These pulsations, or a.c. com- 

ponent, as they are called, pro- 

duce an a.c. voltage e across 

Z . The voltage e is, in gener- 
at, many times the amplitude of 

e', but of the same wave -shape, 

and is therefore an amplified copy 

of e . It can be used to actuate 

the grid of a following tube, from 

which a still larger voltage of the 

same wave -shape can be obtained, 
and so on until a magnitude of 

voltage is obtained sufficient to 

actuate a power tube and furnish 

the power output required. 
Each stage except the last 

is known as a voltage amplifier 
stage, and differs fror a power 
output stage in that the load im- 
pedance ZL is chosen of a magni- 

tude and type best suited to ob- 
tain maximum voltage output eL, 

whereas in the case of a power 
output stage ZL is suitably chosen 

to furnish maximum power output. 

GENERAL VOLTAGE AMPLIFICATION 

FORMULAS. -In evaluating the mag- 
nitude of eL for a given eg, tube, 

and ZL, advantage is taken of a 
certain fundamental theorem known 
as the Equivalent Plate Circuit 
Theorem. This states that as far 

as the external plate load resistor 

is concerned, the tube acts as if 

it were a generator whose genera, 
ted voltage is u times the input 
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4 VACUUM TUBE 

signal d.lee) , and whose internal 

impedance is a resistance of a value 

R (plate resistance) depending 
upon the tube. This is illustrated 

in Fig. 2. 

Actually the tube is a kind 

of variable resistance whose mag- 

nitude is electrically controlled 

by a signal voltage applied to its 

Fig. 2.- Equivalent plate circuit 
and plate load impedance. 

grid, in series with a source of 

d.c. and the plate load resistance. 

The Equivalent Plate Circuit Theo- 

rem states that such a device can 

be equally well represented by the 

more conventional form of circuit 

shown in Fig. 2, which is more 
amenable to analysis and calcula- 

tion. As sham, only the a.c. can - 

ponent i of the current and the 

voltage eL can be calculated, but 

since these are the only components 

of interest, the circuit is satis- 

factorily general in its appli- 
cation. Thus, by Ohm's Law: 

and 

i - 
p Rp + 

"L 

µe, 

eL = irZL - 
!e. ZL 

Rp + ZL 

(1) 

(2) 

For a given tube, tl and R are 

known, and if ZL and e, are given, 

e 
t 
can be fond from Eq. 02). Usu- 

ally, the item of interest is the 

amblification factor of the stage, 

or the stage gain, «. This is the 

ratio of the output to the input 

AMPLIFIERS 

voltage, eL /e.. From Eq. (2) it 

is seen that 

« = eL/ee = 4ZL/(R + ZL) (3) 

An inspection of this equa- 

tion reveals many important prac- 

tical facts: 

1. The higher the 4 of the 

tube, the greater is the stage gain 

Cl. 

2. The higher Rp is, the 
larger is the denominator, and 
the lower is the fraction denoting 
«. 

3. On the other hand, the 
greater ZL is, the greater ©twill 
be. This can be seen more clear- 
ly by dividing the numerator and 

denominator of the right -hand 
side of Eq. (3) by ZL, and ob- 
taining 

oc = W{ + 1] (3a) 
LL 

L 

If ZL is increased, Rp /ZL is de- 
creased, as is also true for 
([Rp /ZL] + 1). Since this is the 

denominator, a decrease in this 

factor increases a; hence, Qtin- 

creases with ZL. 

4. As ZL increases, Rp /ZL 
approaches zero, and Eq. (3a) re- 

duces to 

or a approaches the tube 4 as a 

maximum or limit value as ZL in- 
creases to infinity. This indi- 
cates, in general, the value of- 
vj kin Z as high as poss e 

particu arly re a ive tom); 
and also in íc`i,te tTi°at`tfie 3 agé 
gain in normal practice is lower 
than the tube 4. 

Referring to items (1) and 
(2), it is clear that the tube 
best suited for voltage amplifi- 
cation is one having a high 4 and 
a low R. This can be alternative- 
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VOLTAGE AMPLIFICATION 5 

ly expressed as follows: the best 

tube is one having the maximum 
atio of µ/R , since as this ratio 

is larger, the greater µ is, 

and/or the smaller R is. However, 

µ/R = G , the transconductance 
of the tube, hence for voltage 
amplification a high transcon- 
ductance tube is desirable. 

It will be seen later that 

a high transconductance is also 

desirable for high power output 
from a tube, hence this property 
is not unique to voltage ampli- 
fier tubes. Indeed, in the lat- 

ter case, it is really based on 
the assumption that ZL is a given 

fixed quantity, so that the smal- 

ler R is, the more nearly will a 

equal µ, the maximum value. 

However, in normal practice 
ZL can be chosen as high as de- 

sired, within reasonable limits. 

AllEq. (3a) shows that if ZL is made 

II/large enough, R /Z and hence 
(R /Z + 1) , can be made small 

L 
enough even if R is large, so 

that Eq. (3b) obtains. In other 

words, for voltage amplification 
the major requirement of a tube 
is that it have a high µ. If 

it also has a high R , so that 
µ/R = G is but anormal value 
(2,800 µmhos), then all one need 
do is to choose a relatively high 

ZL compared to R, and a value of 

a approaching the value of µ will 

be obtained. 
Thus, for voltage amplifica- 

tion, a pentode (which has an in- 

herently high µ) or at least a 

high-4 triode tube is preferred. 
In this way a value of a between 
50 and 100 is easily obtained. 

OThe only limitation to the value 

of R (which is normally high if 
µ isphigh), and hence to the cor- 

responding value of ZL, is the 

band width over which the gain must 

be uniform. In audio work, the 

band width is at most from 30 to 

20,000 c.p.s., and is sufficiently 

narrow so that it imposes no prac- 

tical limitation on the magnitude 

of ZL and hence of Rp. 

On the other hand, a video 

amplifier used in television may 

be called upon to have a band width 

of from 30 c.p.s. to 4.5 me or 

possibly higher. Such an enormous 

band requires correspondingly 
low values of ZL, whereupon the 

lower R is, the higher a will 

be. Hence, in such broad -band am- 

plifiers a tube with as high a 

G as possible is desirable, just 

as in the case of power tubes. 
However, even here R can be high, 

provided µ is sufficiently large 

so that the ratio µ /Rp = G is 

large. 
This will be discussed in 

greater detail when specific types 

of voltage amplifiers are con- 

sidered. At this point it is de- 

sirable to discuss another formu- 

la for voltage amplification that 

is used possibly more often than 

Eq. (3). It is very easily derived 

from the latter: 

a = µ ZL/ (Rp + ZL) (3) 

Thus, multiply numerator and denom- 

inator by R , and separate the 

factors so as to bring out the 

physical significance of the re- 

sulting expression. There is ob- 

tained: 

a= 
R 
p 

= Ga 

ZL 

+ Z 
P 

Rp 
ZL (4) 

+ Z 
p 

Note that this states that the 
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6 VACUUM TUBE 

stage gain is equal to the product 

of the transcorriuctance of the tube 

by an impedance consisting of R and 

ZL in Parallel. This formula 

is based on a theorem sometimes 

called Norton's Theorem, and which 

applies to all circuits, even those 

that do not contain vacuum tubes. 
Norton's Theorem states that 

a circuit having a generator of 

internal impedance ZG and a con- 

stant- generated voltage EG, in 

series with a load impedance ZL, 
is equivalent to a constant -cur- 

rent generator which feeds its 

current into Z and ZG in parallel, 

and whose current is of a magni- 
tude EG /ZG. This is illustrated 

Fig. 3. -- Constant -voltage and con- 

stant- current equivalent circuits. 

in Fig. 3. Notice that in the 

right -hand circuit the constant - 

current is EG /ZG, i.e., the cur- 

rent that would floh if the gen- 

erator terminals were directly 

short -circuited. 

The concept of a constant - 

current generator may require 
some discussion. Ordinarily, if 

a source generates say, 10 volts, 

and has an internal resistance 
of 5 ohms, then if it be short - 

circuited, 10/5 = 2 amperes flow. 

If it be connected to a load of 5 

ohms, then 10/(5 + 5) = 1 ampere 

flows; if the load is 20 ohms, 

AMPLIFIERS 

then 10/(5 + 20) = 0.4 ampere flows, 
and so on. Thus, the current de- 
creases from its short- circuit value 

as the load impedance is increased. 

Suppose, however, that the 

source generated 10,000,000 volts, 

and had an internal resistance of 

5,000,000 ohms. Then, upon short - 

circuit, 10,000,000/5,000,000=2 
amperes would flow, just as in the 

above case. If now 5 ohms be placed 

in series with the generator, the 

current that flows is 

10,000,000/(5,000,000 + 5) 

or practically 2 amperes, the same 

as on short circuit. Indeed, even 
if 100,000 ohms is placed in series 

with the generator, the current is 

reduced to 10,000,000/5,100,000 = 
1.961 ampere or only by about 2 

per cent. Thus, the current is prac- 

tically constant for a range of 
load impedances from 0 to 100,000 
ohms, which is a range sufficient 
to cover practically most load imped- 

ances encountered in vacuum -tube 
work. 

Such a source can be considered 

a constant- current generator. Theo- 

retically, the source impedance and 

generated voltage would have to be 
infinite in the same ratio to ful- 
fill the constant -current require- 
ment exactly, but in practice a high - 

impedance source, such as a Pentode 

tube, can be considered a constant- 
current generator. 

Returning to Fig. 3, it is to 

be noted that the left -hand source 
generates a constant voltage EG; 
It is equivalent to a constant -cur- 

rent generator that generates a cur- 

rent EG /ZG. The series internal 
impedance of the left -hand source 
becomes a parallel impedance Z 

G 
in 

the right -hand circuit; the current 

www.americanradiohistory.com

www.americanradiohistory.com


 

VOLTAGE AMPLIFICATION 7 

Ea/Z flowing through Z and Z in 

parallel, sets up the same voltage 
EL across ZL as is produced in the 

left -hand circuit. Thus, as far 

as the external load ZL is con- 

cerned, the two generators, or 

rather circuits, produce equivalent 

results. 

As an illustration, suppose 

Ea = 36 volts, ZG = 6 ohms, and 

Z = 12 ohms, both resistive. From 

the left -hand constant -voltage cir- 

cuit, the current flow IL is, by 

Otm's law, 

I =36/(6 + 12) = 2 amperes 

Then the voltage across ZL is 

EL= IL Z 
L 

= 2x 12= 24 volts 

Now use the right -hand constant - 

current circuit. The constant 

current is 

I = EG /Z0 = 36/6 = 6 amperes 

This current flows through Z0 and 

ZL in parallel, a joint impedance of 

Z = Za ZL/ (ZG + ZL) 

= 6x12/(6 +12) 

= 4 ohms 

Then 
E = IZ= 6x4= 24 volts 

L 

Which is exactly the same value as 

Obtained from the left -hand circuit. 

When this theorem is applied 

to a vacuum -tube circuit, the short - 

circuit (a.c.) current of the tube 

is that which flows when its plate 

is connected directly to B +, and a 

certain signal voltage e is applied 

to the grid. It will be recalled 

from the Equivalent Plate Circuit 

Theorem that the apparent genera- 

ted voltage is .tee. Hence the short - 

circuit current is 

iB = lje /R = e Ga (5) 

On a per volt basis (e = 1 volt) , 

the short- circuit current is G 

amperes, milliamperes, or micro- 

amperes, depending upon whether G 

itself is expressed in mhos, milli - 

mhos, or--as is more usually the 

case --in micromhos. 

Eq. (4) is then easy to in- 

terpret. For a grid signal e of 

1 volt, the short- circuit current 

is G in magnitude, and the output 

voltage is that developed across 

R and ZL ih parallel when the cur- 

rant of magnitude G flows through 

it. It is therefore 

e= G R Z/(R +Z) (6) 
L s p L p L 

But since the circuit gain a = eL /es, 

if e is chosen as 1 volt, then 

= e /1 = e L. Hence, in the above 

Eq. (6), eL represents a since it 

is the output for 1 -volt input. 

Thus, the gain may be writtin in 

cne of two forms: 

or 

a = ZL/ (kp + ZL) 

G 
( R 

p 

Z 
a = L /J 

Rp +ZL 
(4) 

As an example, suppose R = 

10,000 ohms, ZL = 40,000 ohms (pe- 

sistive), and µ = 20. Then, by 

definition, G = W,/Rp = 20/10,000 
= . 002 mhos = 2, 000 umhos . The 

gain, by Eq. (3), is 

20x 40000 - 16 
10000 + 40000 
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8 VACUUM TUBE AMPLIFIERS 

and by Eq. (4) , is 

.002 1000 0 x 400001 

C10000 + 40000 

_ .002 x 8000 = 16 

Thus, either equation and circuit 

gives the same value for the cir- 

cuit gain. The constant- current 

form [Eq. (4) 1 is particularly 
valuable when pentode tubes are 

employed. These tubes have a very 

high -plate resistance R , usually 

1 megohm or more. The load im- 
pedance ZL is usually consider- 
ably less, normally not more than 

250,000 ohms at the most. In such 

a case the shunting effect of R 

on ZL is practically negligible, 
so that R and Z in parallel is 

essentially equal to ZL alone. Eq. 

(4) then reduces to the relatively 

simple form of 

a3 Gs ZL (4a) 

This formula is particularly useful 

in the case of television (video) 

amplifiers, where ZL is on the order 

of 1,000 ohms and is very low com- 

pared to R . 

Thus,pif G = 2,000 pmhos, R 

= 1,000,000 ohms, and ZL = 100,008 

ohms (resistive), then Rp and ZL 

in parallel are 

R Z 108 + 105 
Z - v 

R + 
L 

106 + 105 
A 

= 90,909 ohms 

and the gain, by Eq. (1), is 

a = .002 x 90,909 = 181.818 or 182 

By the more approximate method of Eq. 

(4a) , 

a = .002 x 108 = 200 

The error is approximately 10 per 

cent. If ZL were 50,000 ohms, 
then the corresponding values would 

be 

a=(.002) r10° x 5 x 10'1 

108+5x10*J 

and 

_ (.002) (47,619) = 95.2 

a = (.002) (5 x 10*) = 100 

or an error of 5 per cent. Usually 

G is not known to any greater ac- 
mi 

curacy than this, particularly since 

it varies more than this from one 

tube to another, and also varies 

with the tube voltages for any 
given tube by more than 5 per cent. 

RESISTANCE -COUPLED AMPLI- 
FIERS. -The preceding discussion 
has been very general; no particu- 

lar type of load impedance was spec- 

ified. The requirement that ZL af- 

ford a d.c. path for the plate cur- 

rent eliminates the use of a capac- 

itor alone, but such a circuit ele- 

ment can be used in parallel with 

an inductance or resistance to fur- 

Fig. 4.-- Elementary resistance - 
coupled circuit. 

nish a suitable plate load imped- 

ance. 

One of the simplest load im- 

pedances empolyed in a resistance 

RL, as indicated in Fig. 4. The 

circuit is known as a resistance- 
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VOLTAGE AMPLIFICATION 9 

coupled amplifier stage, although 

the complete circuit contains an 

additional R-C branch to couple the 

grid of the next stage to the 

plate of this stage. This type 

of coupling circuit will be ana- 

lyzèd here from a graphical view- 

point. In a later assignment the 

frequency response will be de- 

rived for this circuit, as well 

as that for several other types of 

circuits. 

The resistance -coupled stage 

is almost universally employed 

today for voltage amplification 

because of its ability to ampli- 

fy uniformly a wide range of fre- 

quencies, its economy, simpli- 

city, and compactness, and its 

relative freedom from hum pickup. 

In a modified form it is employed 

in the wide -range video circuits 

used in television, and hence 

merits detailed study. 

METHOD OF GRID COUPLING. -The 

voltage developed across the plate 

load resistance, has both the pos- 

itive d.c. component from the plate 

supply and the a.c. signal com- 

ponent owing to the action of the 

grid of the tube. If the follow- 

ing grid is connected to the plate 

load impedance, it will receive 

not only the signal voltage, but 

the d.c. component as well, and 

will be tositive with respect to 

ground. Since the cathode of the 

following tube (as well as all 

other tubes) is preferably oper- 

ated at ground potential (since 

it must be negative with respect 

to its plate, which is connected 

to the B supply) it is clear that 

the grid will have a positive bias 

with respect to the cathode. 

Grid current will flow, and 

besides overheating the grid and 

causing excessive plate current 

to flow in the tube, this current 

will present an appreciable shunt 

load to the previous tube. To 

prevent these effects, the grid 

is normally operated at a negative 

bias with respect to its cathode. 

Some sort of network must be em- 

ployed that will permit the a.c. 

signal voltage of the plate load 

resistor to be impressed upon the 

following grid, but will block 
the positive d.c. voltage, thus 

permitting a separate d.c. nega- 

tive source to bias the grid nega- 

tive with respect to its cathode. 

The type of network employed 

is ordinarily an R -C combination, 

Fig. 5.-- Method of coupling grid 

of one stage to plate load impedance 

of preceding stage. 

and is shown in Fig. 5 as R C . 

Across RL is developed the signal 
output voltage eL, and point A is 

positive to ground by an amount 
equal to the B supply voltage Ebb 

minus the d.c. voltage drop in t. 
For example, if Ebb = 300 volts, 

and 120 volts is lost across RL, 

then the potential of A with re- 

spect to ground is 

300 - 120 = 180 volts positive 

If the grid were directly connected 
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10 VACUUM TUBE AMPLIFIERS 

to A, it would be 180 volts posi- 
tive to ground and hence to its 
grounded cathode. By employing 
Ct, however, this positive d.c. 
voltage is blocked from the grid, 
so that the latter may be biased 
negative to its cathode by means 
of the C -bias battery shown ap- 
plied to the bottom end of R . 

The design of this part of 
the circuit will be developed in 

a later assignment also, but some 
remarks are pertinent at this 
point. Ordinarily, the larger 
C and R are, the flatter is 

tie low -frequency response of 
the stage. Hence, it would be 
thought that as large a value of 
C and R as possible should be 
employed. However, there are 
certain practical considerations 
that limit the size of R and C. 
These are: 

1. A flat frequency response 
down to very low frequencies, par- 
ticularly 1 or 2 c.p.s. is un- 
desirable because a certain amount 

of coupling exists between stages 
via the impedance of the B supply, 

which is common to the several 
stages. As a result, motor-boat - 
ing (low- frequency oscillation) 
can occur in a multi -stage ampli- 
fier. 

2. A large coupling con- 
denser C generally has appre- 
ciable leakage, which acts as a 

resistance R. shunting C. Sup- 
pose this shunt resistance is 100 
megohms, and Rg is 1 megohm. The 
two resistors Will as a volt- 

age divider for d.c., and the 
voltage across Rg, instead of be- 
ing zero, will be 

R 
E' =E g (7) dc dc R + 

ö g 

For the value of Edo = +180 volts 

previously calculated, and for 
the values of 100 and 1 megohms, 

+180, 
Ed _ +180:1755L17_ 

1 101 

_ +1.78 volts 

This means that the grid, in the 
absence of any other bias, will 
be 1.78 volts positive with respect 
to its cathode and will draw grid 

current. If the bias source is 

made sufficiently negative this 
initial positive bias can be count- 
eracted, but unfortunately Rs is 

generally quite variable, so that 
the positive bias developed tends 
to vary in an erratic manner with 

ime. It is therefore important 
-;to choose as small a value of C 
1,as is feasible, and to use as 
high grade a condenser as is con- 
sistent with expense and bulk of 
the unit. 

3. A 1árge value of R is 
e generally inadvisa le. This-is 

because of grid current considera- 
tions. The close proximity of the 
grid to the cathode tends to raise 
its temperature, and also to coat 
it with some of the cathode materi- 
al, whereupon it may emit elec- 
trons. This represents a flow 
of electrons from ground up through 

Rg to the grid, thence across the 
interelectrode space to the plate 
and around through the B supply 
back to ground once more, thus 
completing the circuit. The flow 
of electrons from ground up through 
R to the grid makes the grid 
Positive with respect to ground 
and the grounded cathode, and 
therefore develops a positive 
grid bias. 

Another source of electron 
flow up through R 

6 
, with the re- 
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METHODS OF OBTAINING GRID BIAS 11 

sultant production of a positive 
bias, is gas current. No tube is 

pumped to a complete vacuum, and 
the residual gas is ionized to 

some extent by the passage of 
electrons en route to the plate. 
The positive ions formed travel 
to the most negative electrode 
in the tube, namely, the grid, 
and extract electrons from it, 

thereby neutralizing themselves 
into normal gas atoms once more. 

The electrons extracted from the 
grid make it go relatively posi- 
tive, whereupon new electrons travel 

up from ground through Rg to get 

to the grid, thus forming a gas 

current flow. If R is high in 

magnitude, these electrons cause 

an appreciable voltage drop in 

R such that the grid is appre- 
ciably positive to ground and hence 

to its cathode. 

Thus, once again a positive 
bias is developed and the plate 
current increases, whereupon the 

ionization may increase, thereby 
making the grid more positive, and 

the cumulative effect, particu- 
larly in a larger power tube, may 
raise the plate current to danger- 

ously high values and wreck the 
tube. For this reason R is lim- 
ited by the manufacturer to a 

safe value, generally around 1 
megohm, or even as low as 0.1 meg- 
ohm in a large or high- transcon- 
ductance tube. Where cathode bias 
is employed, larger values of R 
may be safely emplcyed, as will 
be explained subsequently. 

METHODS OF OBTAINING. 

GRID BIAS 

D.C. BIAS SUPPLY. - AR im- 

portant feature of any amplifier 
system is the biasing of the con- 

trol grid negative in order to 

prevent it from drawing current, 
at least in Class A operation. 
It is therefore important to study 

the various methods of obtaining 
grid bias in practical ampli- 
fiers. 

Bias Battery.--This is shown 
in Fig. G. The battery is con- 

nected in such polarity as to make 

Tube I Tube 2 

Fig. 6. -Use of C battery for ob- 

taining grid bias. 

the grid negative with respect to 
the cathode by an amount equal 
to the generated voltage of the 
battery. If the grid is thus made 
negative with respect to the cath- 
ode, and the signal voltage does 
not exceed the bias voltage, so 
that at no time is the grid driven 
positive with respect to the cath- 
ode, then the grid will not draw 
electrons (current) from the cath- 
ode, and therefore will not impose 

an electrical load on the signal 
source. This in turn means that 
there will not be a voltage drop 
in the signal source during any 
part of the signal cycle, and hence 
the full, undistorted signal volt- 
age will appear between the grid 
and cathode. 
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12 VACUUM TUBE AMPLIFIERS 

At present, bias batteries 

are not used to any great extent 

because of other methods of ob- 

taining bias. In special cases, 

as in video (television) ampli- 

fiers, it may be desirable to use 

this source of bias. For the 

purpose Mallory manufactures a 

bias cell that is very compact 

and produces about 1.25 volts. The 

cell is acorn shaped, has a diameter 

of 5/8 ", a height of 11/32 ", and 

fits into clips like a small fuse. 

It is not designed to furnish any 

current, but as explained above, 

the grid does not draw any cur- 

rent when it is negative with 
respect to the cathode, and hence 

the cell should last for years 

under such no -load operating con- 

ditions. 

Another method is to employ 

a separate power supply for bias 

purposes. In television ampli- 

fiers it is generally of the regu- 

lated type and develops about 

150 volts. Individual grids ob- 

tain their 3 or 4 volts bias from 

this supply through individual 

voltage dividers. 

Filament Voltage Drop. --An- 

other method of obtaining bias 

that was employed to a great ex- 

tent in the early days when fila- 

ment batteries were used is that 

of filament voltage drop. This 

is illustrated by Fig. 7. Re- 

sistor R is connected in series 

with the negative terminal of 

the filament battery and the fil- 

ament. The top end of R will 

therefore be positive with re- 

spect to ground, and since the 

grid circuit is grounded, it will 

be negative with respect to the 

top end of R, and hence With re- 

spect to the filament. 

The actual bias is approxi- 

mately the voltage drop in R plus 

half of the filament voltage drop. 

For example, if the filament bat- 

tery develops four volts, and the 

Fig.7.- -Use of filament dropping 

resistor for grid bias. 

filament voltage is 2.0, then the 

drop in R will be ER = 4 - 2.0 

= 2.0 volts, and the bias will be 

2.0 + (2.0/2) = 3 volts. Suppose 
that the filament current Ir is 

.06 ampere. Then the value of 
R is simply 

R = ER/If = 2/.06 = 33.3 otms 

While it is true that the plate 

current also flows through R, 

this current is normally so small 

compared to If that its effect 
can be neglected. 

Cathode Resistor.- -The two 

methods described above give an 

essentially fixed bias. Another 
method that is widely used today 

is that of utilizing the voltage 

drop produced in a cathode re- 
sistor by the plate current. This 

is illustrated by Fig. 8 In (A) 

an indirectly heated cathode is 

shown, and in (B) a filament type 

of cathode. In the latter case 

the cathode bias resistor R is 
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connected between the center tap 

of the filament secondary and 
ground, as shown. 

In either form of circuit 

the plate current of the tube 

flows through R and produces a 

voltage drop such that the cathode 

or filament is Positive to ground. 

Since the source of a.c. grid sig- 

nal is connected to ground, the 

grid is at ground potential as 

far as d.c. is concerned; i.e., 

in the absence of a.c. signal the 

grid is exactly at ground potenti- 

al. It is therefore negative with 

(Al 

net signal voltage is that be- 

tween the grid and cathode, hence 

it is equal to the difference 
between the signal voltage of 

the source and the signal volt - 

age developed across R. 

This means that the net sig- 

nal voltage is less than that 
produced by the signal source. 
For example, if 2 volts are gen- 

erated by the signal source, and 

1.5 volts are developed across 

the bias resistor R by the a.c. 

signal component of the plate 

current, then the effective or 

BI 

Fig. 8.-- Methods of obtaining self -bias by means of a cathode resistor. 

respect to the cathode or fila- 
ment, and thus negative bias is 

obtained. 

One difficulty encountered 

is that the plate current flow -,/ 

ing through R has both a d.c. and 
a.c. signal component. The d.c. 

component furnishes the desired 
d.c. bias; the a.c. component in- 

troduces a signal voltage between 

cathode and ground that is opposite 

in polarity to that produced be- 

tween the grid and ground by the 

signal source. The effective or 

net signal voltage applied to the 

tube is 2 - 1.5 or 0.5 volt. This 

represents an inverse or de enera- 

tive feedback e ec , and re uces 

the stage gain a. This is clear 

from the fact that a is the ratio 

of output signal voltage (across 

the plate -load impedance) to the 

applied signal'voltage, bùt since 

the output signal voltage is de- 

termined by the net input signal, 
it is lower than the value that 

would be obtained if no inverse 
feedback were present. 
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14 VACUUM TUBE AMPLIFIERS 

Considering further the above 

example, suppose that the stage 

gain in the absence of feedback 

is 15. Then the output voltage 

for a net input voltage of 0.5 is 

15 X .5 = 7.5 volts. But the 

actual voltage of the source is 

2 volts, even though the net volt- 

age is only 0.5 volt owing to the 

feedback effect of the cathode 

bias resistor R. The gain of the 

stage in the presence of such feed- 

back is therefore 

a= 7.5/2 = 3.75 

whereas in the absence of feed- 

back it is 15, or 4 times as great. 

In some applications such 

inverse feedback is desirable, 
in spite of the large reduction 

in stage gain, because of certain 

beneficial effects, such as re- 

duction in distortion of the out- 

put signal, stabilization of the 

gain in spite of B supply and tube 

variations, etc. Sometimes, in 

a video amplifier, a stage is re- 

quired to give the necessary po- 

larity to the signal, yet no par- 

ticular voltage amplification is 

required. In such a case an un- 

by- passed cathode bias resistor 

is desirable to hold the gain down 

to a reasonable value in spite of 

the need for the additional stage 

to give the correct polarity to 

the signal. 

In other applications, how- 

ever, such marked reduction in 

gain is undesirable, and means 

must be employed to obviate this 

effect. One means would be to 

connect the bottom end of the sig- 

nal source to the cathode instead 

of to ground. This is indicated 

in Fig. 8 by the dotted line con- 

nections. Unfortunately this is 

possible only where the signal 
source is a generator like a micro- 

phone, phonograph pickup, trans- 

former, or similar device, neither 

of whose terminals are inherently 

at ground potential. 
Where, however, the signal 

source is a preceding vacuum tube 

or iconoscope directly coupled 
to this stage, such connections 
are not possible, because the or- 

dinary vacuum tube is a source 
one of whose terminals is inherent- 

ly at (a.c.) ground potential. 
This is apparent from the fact 
that the plate -load resistor, which 

is the source of signal for the 

following stage, has one end con- 

nected to Bt, which is at a.c. 

ground potential. Hence, if feed- 

back is to be eliminated in such 
a case, other means than recon- 
necting the signal source between 
the grid and cathode must be em- 
ployed. 

The usual method is to con- 

nect a large by -pass condenser 
across the cathode bias resistor 
R. This is chosen sufficiently 
large so that its reactance at the 

lowest signal frequency is negli- 

gibly small compared to the re- 

sistance of R, whereupon it sub- 
stantially short -circuits R as 
far as the signal component is 

concerned. As a result, the sig- 
nal component does not develop any 

appreciable voltage across the com- 

bination, so that there is no feed- 
back voltage produced. 

At the same time the condenser 

is essentially an open circuit or 

infinite impedance for d.c., so that 

the d.c. component of the plate 
current is constrained to flow 
through R alone. It therefore pro- 

duces the desired d.c. voltage drop 

or bias across R, while the a.c. 
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component, as explained above, 

is unable to produce the undesired 

feedback voltage. 

The size of the resistor R 

is determined by the magnitude 

of the d.c. component of the tube 

and the required bias voltage. 

For example, from the manufacturer's 

Tube Manual it is found that a 

6J5 triode requires -8 volts grid 

bias for a plate potential of 

250 volts, and that the plate 

current is 9 ma. The value of 

R is therefore 

R 8 
- 889 

.009 

or approximately 900 ohms. 

The size of the by -pass con- 

denser to minimize feedback with 

resulting reduction in gain, can 

be found by the use of a formula 

which takes into account the per- 

missible reduction in gain at the 

lowest frequency to be encountered, 

th, permissible phase shift in 

the case of a video amplifier, 

the w and R of the tube, and the 

value of R. However, at this 

point a simple, rough rule will 

be sufficient: 

The reactance of the by-pass'. 

condenser C should be 0.1 R at the 
lowest signal frequency to be am- 

plified. For example, if R = 9(0 
ohms, as calculated above, and 
the lowest frequency to be ampli- 

fied is 30 c.p.s., then 

1 /2RfC = 0.1 R (8) 

or 

OA 3D C = (0.1) (900) = 90 

from which 

C 1 

2n 30 x 90 

= 59 pf 

_ . 000059 farad 

a condenser of this size will un- 

doubtedly be of the electrolytic 
type, and while it is of large 

capacity, its voltage rating can 

be very low, since there will be 

only 8 volts d.c. drop across it, 

(see Fig. 9). It is customary 

e5 

Fig. 9. -Use of cathode by -pass 

condenser to minimize feedback. 

to employ a condenser of 25 -volt 
rating for this purpose, and where 

bias voltages exceeding 25 volts 
are required, as in the case of 
many power tubes, condensers of 
50 -volt rating are employed. 

In passing it is to be noted 
that the power supply voltage 
must equal the plate voltage plus 
the bias voltage. In the above 
problem, the plate voltage, which 
is the voltage between plate and 

cathode, is 250. Since the cathode., 

however, is 8 volts positive to 
ground, as shown in Fig. 9, the 
total B supply voltage must be 
250 + 8 = 258 volts, as shown. 

In short, the bias voltage 
is not obtained free; provision 
for it must be made in the de- 
sign of the B supply. While 8 

volts additional in the above 
example is not of any great conse- 
quence, in the case of power tubes 
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16 VACUUM TUBE 

the additional bias voltage may 

be appreciable. For example, a 

pair of 2A3 tubes in push -pull re- 

quire 300 volts on their plates, 

and 60 volts bias, so that the 

power supply must develop 360 
rather than 300 volts, or a 20 
per cent increase. Nevertheless, 

cathode resistors are one of the 

most convenient sources of grid 

bias. 

One advantage of cathode 
bias, when the cathode resistor 
is by- passed, is that while de- 

generative feedback of the signal 

component is obviated, such feed- 

back of the d.c. component still 

exists. Thus, if the d.c. com- 

ponent of the plate current tends 

to increase for any reason, more 

counteracting bias is obtained. 

In such a case the resistance of 

the grid circuit ciiitiggfénr 
crease rri the - egohm value 

pre iouslÿ given, because any 
tendency of the grid gas current 

to increase the plate current will 

be counteracted by the increase 

in cathode bias thereby produced. 

The manufacturer's specifications 
for any particular tube should be 

consulted where a high value of 

grid circuit resistance is re- 

quired. The use of an extremely 

high -grid resistor may occasion- 

ally be encountered in some special 

industrial electronic application. 

Bias.Obtained From Power Sub - 

bly Resistor. -- Another method of 

obtaining bias for several tubes 

is to employ a resistor between 

ground and the negative terminal 

of the power supply. The arrange- 

ment is shown in Fig. 10. Two 

transformer -coupled stages are 
shown for convenience. The plate 

current for the first stage is 

i,; that for the second stage, ie, 

AMPLIFIERS 

and the direction of flow shown 

is that for electron motion. Thus, 

a total electron flow of i + is 
flows into the B+ or positive 

Fig. 10.- Method of obtaining grid 

bias by voltage drop in resistor 

between ground and B -. 

terminal of the B supply, and 
emerges from the B- terminal. 
It thereupon flows through a 

common bias resistor R, adequate- 

ly by- passed by a condenser C, 
and then splits into its component 

values i and i as shown to flow 

to the respective cathodes of the 

tubes. The total current i + iz, 

in flowing through R, makes its 

grounded end positive with respect 

to the B- end (since electrons 
flow from minus to plus in the 

external circuit, such as R). 

There is thus available in 

R a source of negative potential 

with respect to the grounded cath- 

odes of the tubes. Hence, the 

grid of the second tube can be 

returned to the B- side of R, where- 

upon it is at a maximum negative 

potential with respect to its 

cathode, and if less bias is re- 

quired for the first stage, its 

grid may be returned to a tap A 
on R, which is less negative with 
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respect to ground. 

If other stages are connected 

to the power supply, their plate 

currents will flow through R, thus 

adding to the voltage drop in it. 

Thus, suppose a total of 100 ma. 

flows through R, and the maximum 
amount of bias required is 25 volts. 

Then R must have a value of 

R .31= 250 ohms 
.1 

The by -pass condenser C must then 

be chosen as in the previous case; 

i.e., its reactance at the lowest 
frequency to be amplified should be 

about 0.1 R, in order that no 
appreciable signal voltage appears 

across R. 

This indicates one disadvantage 

of the system. Where many stages 
are employed, connecting the 
various grids to a common bias 
resistor invites the danger of 
feedback. In particular, the plate 

current of the last stage has the 

greatest (amplified) signal com- 
ponent, and the grid of the first 

stage is most susceptible to the 

signal voltage set up across R by 
the above component of current. 
Depending upon the number of stages, 

the signal IR drop produced across 

R by the a.c. component of the last 

stage may act on the first grid so 

as to increase the same plate cur- 

rent component, whereupon regener- 

ation and possible oscillation 
occurs; or, the voltage may be of 

such phase as to produce the op- 

posite effect on the plate cur- 
rent producing it, whereupon de- 

generative feedback may occur. 
In a multi -stage amplifier regener- 

ative feedback and oscillation may 
occur between any two stages--not 
necessarily the first and last 
stages -and it is always desirable 

to eliminate such an effect unless 

it is desired and deliberately in- 
troduced in controlled amounts. 

The condenser C tends to re- 
duce such a feedback voltage, but 
in a high -gain amplifier exceeding- 

ly minute amounts of feedback can 
produce undesired effects, such as 

oscillation, because of the high 
forward gain of the amplifying 
system. One way to cut down such 

Fig. 11.--Use of R -C filter to de- 

couple a grid from the bias re- 

sistor R. 

feedback effects is to use simple 

R -C filter circuits between each 
grid and the resistor R. Consider 
tap A in Fig. 10. Suppose that 
instead of the grid of the first 
stage connecting directly to A, 
it connects through an &-C filter 
as shown in Fig. 11 by RF and CF. 

The feedback voltage that 
acts upon the grid in question is 

between ground and tap A and is de- 
noted by er. This acts upon RF 
and CF in series. The two form a 
special kind of voltage divider: 
if CF and RF are sufficiently large, 
most of of is consumed across RF 
and very little is available across 
the low reactance of CF. Thus but a 

small fraction of of is fed to the 
grid as ef. 
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On the other hand, with re- 
gard to the d.c. bias voltage, CF 

has infinite reactance, so that 
no d.c. flows through RF and CF in 

series, there is no d.c. voltage 
drop in RF, and hence all of the 
d.c. bias voltage appears across 
CF. This is the voltage between 
the grid and cathode of the tube, 

as is clear from an inspection of 

Fig. 11. Hence, the final result 

is that RF CF divides down a.c. 
voltages such as the signal volt- 
age, er, to a negligibly small 
value e;, particularly at the high- 
er frequencies, whereas it applies 

the full desired d.c. bias voltage 

to the grid without any reduction. 

This type of filter is very 
effective, and is employed in many 

other places in an amplifier cir- 
cuit. Representative values are 
CF = 0.1 µf and Fir = 100,000 ohms. 

Each grid may be connected to an c) 

appropriate tap of R through an 

individual R -C filter, and in ad- 
) 

dition, a by -pass condenser across / 

R is usually employed to reduce ) 

the initial magnitude of the 

feedback voltage. 

GRAPHICAL CONSTRUCT IONS 

It will be shown in a later 
assignment that the frequency 
response of an amplifier can be 
expressed in terms of the gain at 
some mid -frequency point, such 
as 1,000 c.p.s. for an audio ampli- 
fier. However, the determination 
of the gain at the mid-frequency 
point by means of a formula may be 
inaccurate owing to variations in 
the tube parameters, such as µ, R 
and G., from the values given by 
the manufacturer for a certain 
power supply and bias voltage. 

It is therefore preferable to 

determine the mid -frequency gain 
by some more accurate method,and 
in addition --if possible --to cal- 
culate the distortion character- 
istics of the tube and the maxi- 
mum signal that it can handle. 
This can be done graphically, as 
will be explained in the follow- 
ing section. 

TEE LOAD LINE.--In a previous 
technical assignment the tube 
characteristics were exhibited in 
the form of a family of curves; 
in the case of the plate family, 
the plate current ip was plotted 
against plate voltage e for dif- 
ferent values of grid voltage. 
Each e - ip curve was for a fixed 
value of grid voltage; the latter 
is known as the parameter of the 
family of curves. 

In Fig. 12 is shown the 
characteristic curves for a 6J5 
triode. Suppose it is connected 
in series with a 50,000 -ohm plate 
resistor RL, and a 250 -volt supply 
as indicated in Fig. 13. The 
problem is to determine the proper 
bias, maximum signal swing e,, 
maximum voltage output eL, and the 
gain in the mid- frequency portion 
of the spectrum, by means of a 
graphical construction. 

First some remarks must be 
made concerning the action of the 
circuit. Suppose the grid were 
biased so negative that no plate 
current flowed. Then there would 
be. no voltage drop in RL, and all 
of the applied 250 volts would be 
developed between the plate (A in 
Fig. 13) and ground. 

On the other hand, suppose 
it were possible to drive the grid 
so positive that no plate voltage 
were required to draw plate cur- 
rent through the tube. (In an 
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actual tube a very positive grid 
would tend to divert electrons 
from the plate, thus decreasing the 

/6 

0 to 5 ma. 

Refer now to Fig. 12. If the 

tube is biased to cutoff, the 
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Fig. 12. -Plate family of characteristic curves for a 6J5 triode tube. 

plate current.) If, however, it 

were possible to arrange to pass 
plate current through the tube 
without any voltage drop, then the 

current in the plate circuit would 

still be limited by RL, across 
which all of the 250 volts sup- 
plied would appear. The plate 
current would be 

2 
1 
b max 

= 250 
= 

5 ma 
50000 

Thus, the maximum possible varia- 
tion in plate current is from 

plate voltage will be 250 volts, 

Fig. 13.-Resistance- coupled stage 
employing a BJ5. tube. 
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and the plate current equal to 
zero. This locates point A on 

the figure. It As also to be ob- 

served that the grid curve pass- 
ing through A appears to be -16 
volts when prolonged. This means 

that if the tube is biased to -16 

volts, the tube witll be at cutoff, 

whereupon it, = 0 and eu = 250 volts. 

On the other hand, for 5 ma. 

through the tube, eu = 0 volts. 

Hence go up along the current axis 

to 5 ma; this is point B in the 

figure. While now the plate volt- 

age eu is clearly zero, and the 
plate current is 5 ma., it is ta 

be noted at the same time that the 

voltage across RL is now the full 

250 volts. This can be interpret- 

ed from the figure as follows: 
all voltage measurements to the 

right from the origin represent 
voltages between the cathode and 

plate of the tube, or plate volt- 

age as measured at the tube socket. 

A:1 voltages measured from the 
supply voltage point, such as 

point A in Fig. 12 (to the left), 

represent voltages across RL. 
To check these statements, take 

points A and B themselves. Thus, 

for point A, the plate voltage is 

O& = 250 volts, and the voltage a- 

cross RL must therefore be zero. 

On the other hand, for point B, 

the plate voltage measured from 0 

is clearly zero, while the voltage 

across RL is from A to B, or 250 

volts. This is apparent from 
physical considerations in that the 

total voltage across both the tube 

and RL must equal Ebb, the supply 

voltage. If the tube requires a 

certain amount of this voltage for 

its operation, then the difference 

between this required amount and 

the total supplied must be what is 

left for RL. This fact will be 

further employed in the discussion 

that follows. 

Join A and B as shown. Line 

AB is called the load line or 

terminal characteristic for the 

resistor RL. Its superposition on 

the tube characteristics (or tube 

terminal characteristic) enables 
the current flow through the two in 

series to be determined for any 

value of plate and grid voltages. 

In this problem the supply voltage 

has been set at 250 volts, hence 

the load line for RL starts at 

point A. If a supply voltage of 
300 had been chosen instead, the 

load line would have started at the 

00 -volt point (C) , and similarly 

for any other supply voltage. 
For the 250 -volt value chosen, 

consider the conditions when the 

grid voltage is fixed at -lo volts. 

The plate voltage and plate current 

must be so related that they re- 
present one or other points on 

this tribe curve labelled -10 volts. 

At the same time the current must 

be such that it lies also on the 

load -line for RL. Therefore, the 
intersection of AB with the -10 
volt curve, or point D in the 

figure, locates the values of plate 

voltage, load- resistance voltage, 

and current flowing through the 
two in series. From Fig. 12, the 

current is found to be 1 ma.; the 

plate voltage (measured from the 
origin 0 to the right is 200 volts), 

and the voltage across RL, (measur- 

ed from A to the left)' 250 - 

200 = 50 volts. Clearly the sum 
of the two voltages is 200 + 50 = 

250 volts, that of the supply. 

As another example, suppose 

the grid voltage changes to-4 volts. 

The intersection of the -4 volt 
curve with the load line is point E 

in Fig. 12. The plate current 
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is now higher, namely, 2.7 ma.; the 

plate voltage is 115 volts; and the 
load- resistance voltage is 250 - 
115 = 135 volts. Thus, as the grid 

is made less negative, the plate 
current increases, the plate volt- 

age decreases (the conductivity 
of the tube is in effect increased), 

and the load voltage increases. 
If the grid voltage is made 

more negative than the cutoff value 

of -16 volts, the plate current 
remains zero, the plate voltage 
remains at 250 volts, and the load 

voltage at 0 volts. This is be- 
cause the plate current cannot be 

less than zero; i.e., it cannot 

be negative and hence a reverse 
current, because the tube conducts 

in one direction only. As a con- 

sequence, no change in output 
voltage (across RL) will be ob- 

tained for grid voltages more nega- 

tive than the cutoff value, or 

the output voltage will fail to 

follow in wave -shape the grid -volt- 

age wave -shape beyond the cutoff 
value. This can be expressed al- 
ternatively by saying that the 
plate current must be allowed to 
flow at all moments during the 
grid voltage cycle. Such operation 

is known as Class A, and the fol- 

lowing considerations relate to 
this mode of operation. 

QUIESCENT POINT. --It is there- 

fore clear that for the conditions 

illustrated in Fig. 12 the grid 
voltage cannot vary by more than 

16 volts: from 0 volts to -16 
volts, if the output voltage is 

to be a faithful copy of it. 

Suppose the grid signal voltage 
es is a sine wave. Then 16 volts 
is the peak -to -peak value, as is 

clear from Fig. 14. A d.c. bias 
of -8 volts is required so that 
on the positive excursion of the 

21 

grid signal voltage, the grid will 

just come up to 0 volts, and not 

actually go positive, whereas an the 

negative excursion the grid will 

Grid 
volts 

O 

Fig. 14.- Relation of bias and sig- 

nal voltage for 6J5 tube. 

not become more than 16 volts nega- 

tive (will not exceed cutoff). 
The reason why the grid 

should not go positive is that it 

thereupon draws grid current, and 
thus acts like a low- resistance 

Flattening of peaks 

Output voltage 

Flattening of peaks 

Grid signo/ vo / /oqe 
_ _ (output vo /lage of 

preceding stage) 

Fig. 15. -- Distortion produced both 

in grid signal voltage and in out- 

put voltage of a tube by driving 

the grid positive. 

load on the previous tube. If the 

latter is a high- resistance source, 

then the sudden dropping of the 
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load impedance, represented by the 

sudden conductivity of the grid at 

the peak of the cycle, will tend 

to flatten the output voltage wave 

of the preceding tube at its peak, 

as illustrated in Fig. 15. In 

short, the input signal voltage to 

the tube under consideration will 

be distorted, and in turn will 

produce a similar distortion in 

its output wave. 

The reason why the grid should 

not be driven beyond cutoff has 

been discussed previously. Hence, 

a bias of -8 volts is required. 

With no signal input, the grid 
voltage is -8 volts, and the plate 

current and other values can 

/6 

/2 

8 

4 

O 

be found from Fig. 12 just as 

described previously. Thus, where 

the -8 volt curve intersects the 

load line at F is the so- called 

"cxiescetit" point. i.e.,_the point 

determining tube current, etc., 

when no signal is impressed an the 

plate current is steady or d.c. in 

nature. For point F it is clear 

that the plate current is 1.5 ma. 

d.c.; the plate voltage is 173 volts 

d.c., and the d.c. voltage drop 
across RL is 250 - 173 = 77 volts. 

If a d.c. voltmeter were connected 

between the plate and cathode socket 

terminals, a reading of 173 volts 

would be had; if across RL, a 

reading of 77 volts would be noted. 

0 

. . e 

; / I I 
;/ l' 1 IlII, II I1 l/ I/III =II IInNII l /I11NII / IIIIIIN/II// II I///I /I II/ 

1111:1111111.1. I II .I.d//I rA/I/ AMIr/CII GIII!Í 
0 

ti 

100 200 300 400 
PLATE VOLTS 

S00 

(Courtesy RCA) 

Fig. 12. -Plate family of characteristic curves for a 6J triode tube. 
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DE? 2?NINATION OPS7' E GAIN. -I f 
now a sine -wave signal voltage of 
8 volts peak is introduced in the 
grid circuit, the plate current, 
plate voltage, and load voltage will 

all vary in essentially a sinusoidal 

marner. At the positive peak of the 

signal vcdtage, the actual grid 
voltage is 8 volts peak plus -8 
volts bias, or zero volts, as in- 

dicated previously in Fig. 14. 

Thus the 0-volt curve is used, and 
where it intersects the load line 
at G, is the point giving the peak 
current, minimum plate voltage, and 
maximum load voltage. These are, 

respeetively, 4 ma., 47 volts, and 
250 - 47 = 2O0 volts. 

On the negative peak excursion, 

point A is reached, for which the 
values are, respectively, 0 ma., 

250 volts, and 0 volts. Note that 

the so-called "path of operation" 
is along the load line. The re- 
lation between grid voltage, plate 

current, plate voltage, and load 
voltage is illustrated in Fig. 16. 

The plate current varies frail 1.5 

ma. (quiescent value) up to 4 ma. 

250 

/75 
Output 

volts 

47 

Grid 
volts 

Fig. 16.- Plate, load, and grid 
voltage relations, as weil as plate 

ourrent variations. 

23 

and dam to 0 ma. The plate volt- 

age varies from a quiescent value 

of 173 volts to a minumum of 47 
volts and a maximum of 250 volts; 

the load voltage varies simultaneous- 
ly from a quiescent value of 250 - 

173 = 77 volts to a maximum of 173 - 
47 = 126 volts. The peak to peak 

value is clearly eL = 77. + 126 = 

203 volts. 
This can be found very simply 

by subtracting the minimum value 
of plate voltage, 47 volts, from 
the maximum value, 250 volts, or 

Ft =250 -47= 200 volts 

In a similar m nner the peak -to -peak 
value of the plate ourrent varia- 
tion can be found, iD - ib = 

4- 0s4ma. 
Inspection of Fig. 16 shows, 

however, that the positive peak of 
eL is but 77 volts, and the nega- 
tive peak is 126 volts, or the wave 
is far from being sinusoidal in 
shape and hence a faithful copy of 
the input grid signal voltage. This 
is a result of the distortion pro- 
duced in the tube, and will be 
analyzed in greater detail farther 
on. For the moment assume that the 
wave is undistorted, and take its 

peak -to -peak value, namely, 203 
volts. The peak -to -peak value of 
the input signal voltage, from 
Fig. 14, is seen to be 16 volts. 
Hence, the stage gain can be cal 
culated simply as 

a = 20ß/16 = 12.7 

Thus, the graphical method can be 
employed to calculate the stage 
gain under actual operating con- 
ditions, wherein the actual G , R , 

and 4 of the tube are automatically 
employed rather than values taken 
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from a tube manual that are correct 

for one set of operating conditions 

only. 

As just stated, the output 
voltage wave eL, is asymmetrical 

in that the positive peak is less 

than the negative peak, as measured 

from the 173 -volt average or qui- 

escent value. An examination of 

Fig. 12 shows why this is so: the 

more negative grid curves draw 
together more rapidly near the 
plate- voltage axis, thus fore- 

shortening the positive peaks of 

e. This is a common occurrence 
in vacuum tube characteristics, and 

indicates that if excessive dis- 

tortion is to be obviated, the 

region near the plate -voltage axis 

must be avoided. 

In the case of the 6J5 tube, 

this means that plate- current 
values below about 1.5 ma., where 

the characteristic curves bend over 

sharply, had better not be used. 

This in tdrn means that instead of 

using the cutoff -16 volt grid 
curve as the maximum negative grid 

swing, a value of -8 volts had 

better be employed, since this 
intersects the load line at F where 

= 1.5 ma. The peak -to -peak 
grid swing will therefore be 
0 - ( -8) = 8 volts, and the bias 
will be half of this, or -4 volts. 

Hence, the peak grid swing will 
now be 4 volts, or half of its 
previous value. 

This locates the quiescent 

point as E in Fig. 12. The qui- 

escent plate voltage is 115 volts, 

the corresponding drop across RL 

is 250 - 115 = 135 volts, and the 

quiescent plate current is 2.7 ma. 

The maximum plate voltage occurs 

'here the grid swings to -8 volts 

(point F), and is equal to 173 

volts. The corresponding minimum 

AMPLIFIERS 

plate current is 1.5 ma., as stated 

previously. The minimum plate volt- 

age and corresponding maximum plate 

current are given, as before, by 

point G and are 47 volts and 4 ma 
respectively. 

The peak -to -peak output volt- 

age is now 

- eb min = 173 - 47 e = L eb max 

= 126 volts 

The negative peak is 

Eba - eb Aso = 115 - 
47 = 68 volts 

The positive peak is 

eb 
ma_ -E, = 173 - 115 = 58 volts 

Note that the negative peak but 
slightly exceeds the positive peak, 

or the distortion, while still in 

the same direction, is small. 
The stage gain under such re- 

duced bias and grid swing is 

a = 126 = 15.8 
8 

or appreciably higher than the pre- 

viously calculated value of 12.5. 
This is because the flattening of 

the positive peaks of the output 
voltage (distortion) has been re- 

duced; such flattening represented 

a limiting effect in the tube owing 

to a reduction in its G at high 
negative grid swings. 

It will be of interest to com- 

pare this value with that calculated 

from the values given by the manu- 

facturer. These are R = 7,700 ohms, 

4 = 20. If these be substituted in 
Eq. (7) , there is obtained 

a = 20 
50000 _ 17.31 

7700 + 50000 
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This is clearly too high. The 
reason is not hard to find. The 

tube manual states that the grid 

bias is -8 volts, and the plate 
current is 9 ma., at 250 volts sup- 

ply. These values are consistent 
with one another; they represent 
point H on the tube curves given in 

Fig. 12. Point H, however, is 

clearly off the 50,000 -ohm load 

line, and represents a mode of 
operation in which there is no 

voltage drop in the plate load im- 

pedance to the d.c. component of 

the plate current. This will be 

taken up under the discussion of 

power amplifiers. 
Hence, the values given in 

the tube manual do not often refer 

to the type of operation contem- 

plated in some particular appli- 
cation--here, resistance coupling. 

On the other hand, the data given 

in the Resistance Coupled Amplifier 

Chart of the RCA Tube Handbook checks 

the value found here quite close- 

ly. Thus, for a 6J5 tube, having 

a plate supply of 300 volts; a 

load resistance of 50,000 ohms; a 

grid resistance of 250,000 ohms 
(not considered here in the graph- 

ical construction), the output 
voltage is 60 volts peak, and the 
gain is 14. 

The average peak output 
voltage found graphically was 
(58 + 68)/2 = 63 volts, and the 
gain was 15.8. Since the con- 
struction did not take into ac- 
count the shunting effect of the 
grid resistor Rg on the plate 
load resistor RL, the agreement 

is satisfactory. The shunting 
effect of R is not serious, how- 

ever, if R is several times RL. 
Thus, for the values cited above, 

Rg and RL in parallel represents 
the following: 

a. 
- (50000) (,250000) =42,000 ohms 

50000 + 250000 

This is the impedance presented to 

the a.c. component of the plate 
current, and is not very much less 
than the 50,000 ohms resistance 
presented to the d.c. component. 

Correction, however, can be 
very simple for the effect of R . 

First note from Fig. 17 that the 

coupling condenser C blocks the 

d.c. component of the plate cur- 
rent from flowing through Rg, 

44flx-qlc 

Fig. 17. -Path for d.c. and a.c. 

components of plate current. 

whereas the a.c. component can 
readily flow through both RL and 
Rg in parallel, particularly at 

frequencies in the normal audio 
range (mid- frequency range) where 
the reactance of C is negligibly 
small compared to 

This means thatgthe load line 
for the d.c. component must cor- 
respond to RL (50,000 ohms in the 
above example), whereas the load 
line for the a.c. component must 
correspond to RL and Rg in parallel, 
or RL, equal to 42,000 ohms. To 
obtain this effect graphically, 
proceed as in Fig. 18. Here AB is 
the 50,000 -ohm load line for RL, 
just as in Fig. 12. It had been 
decided to employ a 4 -volt grid 
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26 VACUUM TUBE 

bias so as to minimize the dis- 
tortion in the output voltage as 
far as that was compatible with 
adequate voltage output. This lo- 

cates point E in the figure. 

/4 

AMPLIFIERS 

E and prolong to K, or as far as 

desired. 

The path of operation is now 
Pram E.(-4 volts bias) to J (0 volts 

bias) back to E, down to K ( -8 

"I I /2 I 
° ' 

6 ,-1,..,1 I,I,..® ,-.,1 I,..I,..,I.NE 
4 IN! 1 IIN5IIIWAII I/S 

EbAMI II II/II/II 
II / I 0: I MÌ M% % IN% W2 

AWAIIIII I %/I/I SIM// r I /III r/II%GMIIII!%I 
0 SO /00 /50 200 130 

PLATE VOLTS 

300 350 400 

ti 

(Courtesy RCA) 

Fig. 18.- Graphical construction for case where a.c. load impedance is 

lower than d.c. load impedance. 

Through E draw a load line HK 
representing 42,000 ohms or R. 
This is done very simply as follows: 

point E represents a (d.c.) plate 

current of 2.7 ma. and a (d.c.) plate 

potential of 115 volts. If the 

voltage across RL changed by 115 
volts, the current through N. 

would charge by 

115 

42000 

Add this 2.74 ma. to the d.c. com- 

ponent of 2.7 ma. corresponding to 

point E, and obtain 5.44 ma. Lay 

off this distance along the current 

axis, obtaining point H. Join H to 

274ma. 

volts bias), and back to E once 
more, for one signal voltage cycle. 

The output voltage is (peak -to -peak) 

eb max - eb .io = 171 - 50 

= 121 volts 

The negative peak is 

Ebo - eb in' 115 - -50 = 65 volts 

and the positive peak is 

eb .ax - Ebo= 171 - 115 

= 56 Volts 

www.americanradiohistory.com

www.americanradiohistory.com


GRAPHICAL CONSTRUCTIONS 27 

The gain is 121 + 8 = 15.1 
Which checks the above -mentioned 
chart fairly we7.1. 

The discrepancy between the 
two peaks is not much different 
from that found previously (68 and 
58 volts). However, if RL is much 
lower than RL, then it will in 
general be found--at least for 
triodes -that the discrepancy be- 
tween the positive and negative 
peaks, and hence the distortion, is 

increased. Hence, if possible, R 
should be much greater than RL, soy 
that 

RWL will be as nearly equal to 

HL as possible, and the a.c. and 
d.c. load lines will differ from 
one another to a minumum degree. 

For highest gain and minimum 
distortion in the case of a triode, 

RL should be as many times greater 
than R as possible, and yet as 
mall compared to R as possible, 
in order that HL and R in parallel 

or RL, is not much less than RL 
itself. Where R equals about 
10,000 ohms and R5 can be made as 
high as 1 megohm, RL can be about 
5R or 50,000 ohms and yet be but 
a mall fraction of R , so that 
R¿ is not much less than RL. In 
such a case it makes little differ- 

ence whether RL or RL and Ri are 
used for the graphical construction. 

There is another factor, how- 
ever, indicated in Fig. 18, and 
that is that the greater slope of 
the a.c. load line for RI tends to 

reach cutoff sooner than the d.c. 
load line for RL, thus limiting 
the magnitude of the grid swing 
and hence signal voltage to a 
greater extent. This may be par- 
ticularly pronounced in the case 
of a pentode tube, for which RL is 

high and comparable to R . For 
example, suppose RL = 100,400 ohms 
and R = 100,000 ohms. The a.c. 

. 

resistance will then be obtained 
as follows: 

RL = 100,000/2 = 50,000 ohms 

or half of RL. The construction 
will thereupon yield results as 
indicated in Fig. 19. If the d.c. 

Fig. 19. -Case where RL is half of 
RL, showing limitation in grid 

swing. 

load line is used as the path of 
operation for the a.c. component, 
then a peak -to -peak grid swing of 
from 0 to about -8 volts, or 8 
volts, is permissible before the 
sharp lower bend in the tube 
characteristics is reached. 

On the other hand, if the a.c. 
load line is employed (which is the 
correct procedure), then the peak - 
to -peak grid swing is but from 0 to 
-6 volts, or G volts before the 
lower bend in the tube character- 
istics is encountered. Actually, 
for sine -wave or other symmetrical - 
wave excitation the grid swing 
would be from -4 to -G volts or 2 
volts negative peak, and correspond- 
ingly the positive swing would 
have to be from -4 to -2 volts, or 
a total of but -6 - (-2) = 4 volts 
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peak to peak. 
Some increase in grid swing 

could be obtained by reducing the 

bias somewhat, say to -3 volts, as 

indicated by Q' and the dotted 

line for R., but the increase in 

output level would be small. The 

considerations presented above are 

of importance where a small tube 

is required to furnish not only 

appreciable voltage gain, but also 

appreciable output voltage. This 

means that not only is the ratio 

of output voltage to input signal 

voltage required to be high, but 

the actual magnitude or level of 

the output voltage, and hence of 

the input signal voltage, is re- 

quired to be large. This occurs 

in the case of the voltage ampli- 

fier stage feeding the power ampli- 

fier stage of an amplifier, since 

the latter requires considerable 

grid swing to furnish the desired 

power output. ----- 

, 

SECOND HARMONIC DISTORTION.--In 

the previous example, it was found 

that the positive and negative peak 

values of the output voltage, as 

measured from the quiescent value, 

were unequal. For example, for 

the 50,000 -ohm load line and -4 
volts bias, the positive peak was 

68 volts, and the negative peak 

was 58 volts. This represents dis- 

tortion in that the wave departs 

from a sinusoid in shape, and hence 

is different from the input sine - 

wave signal voltage. In particular, 

as measured from the quiescent 
value of 115 volts, the plate volt- 

age dips too much compared to the 

amount by which it rises above the 

115 -volt value. 
Note that the dip in plate 

voltage is due to the grid swing- 

ing in the positive direction and 

increasing the plate current, thus 

increasing the voltage drop in RL 

and leaving less of the supply 

voltage for the plate. On the 

other hand, when the grid swing is 

in the negative direction, the 
plate current decreases, the drop 

in RL is decreased, and more of the 

250 -volt supply is available at 

the plate. Hence, the plate volt- 

age variations are 180° out of 
phase with the grid signal volt- 

age, as has already been indicated 

in Figs. 15 and 16. This con- 
sideration of reversal of phase, 

-ás well as amplification of the 
input voltage by a vacuum -tube 
stage, is of importance in feed- 

back connections and oscilloscope 

and television amplifiers, since 
in the latter case, for example, 

the polarity of the. signal output 
to the picture tube determines 
whether a positive or negative 
image will be obtained. 

Returning once more to the 
question of distortion, the reason 

for the disparity in the two peak 
amplitudes is that the plate cur- 

rent rise from the quiescent value 

is greater (for a positive grid 
swing) than the plate current fall 

(for a negative grid swing). This 

is chargeable to the tube; the lat- 

ter is the cause for the distortion. 

If the distortion is not ex- 

cessive, and is of the asymmetrical 

type, then it can be regarded as 
essentially second -harmonic in 

nature. This will be made clearer 
by reference to Fig. 20. In (A) 

is shown a sine wave of the same 

frequency as the input signal wave. 

If (A) were the output obtained, 
then the stage would exhibit dis - 

tortionless amplification. 
Now suppose a second -har- 

monic (double- frequency) wave, 
as shown in (B), is added to the 
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fundamental wave of W. The ob- 

ject is to obtain a final wave 
shape that is essentially identi- 

cal with the output wave actually 

Obtained. To add the two waves, 
add instantaneous values or or- 

dinates. Thus, at the start, wave 

(A) has zero amplitude (point A); 

I\ ' Ak Ilk / 
NV 

HI 

(A) 

(B) 

Fig. 20.- Analysis of a distorted 
wave showing fundamental, second - 
harmonic, and additional d.c. com- 

ponents. 

whereas wave (B) has the negative 
amplitude (point B). The sum is 

simply the negative instantaneous 

value of the second- harmonic, 
wave (B), and is shown as point 
G in the resultant wave (C). 

One- quarter of a fundamental 
cycle later, wave (A) has the 
amplitude C, wave (B) has the 
amplitude D, and their sum yields 

point H of wave (C). At the end 

of a half fundamental cycle, wave 

(C) has the same negative ampli- 
tude I as it had at the beginning 

(point G). 

At the end of three -quar- 
ters of a cycle fundamental wave 

(A) has peak negative amplitude 

E, but second -harmonic wave (B) 

has positive peak amplitude F 
once more, so that the algebraic 
sum is less than amplitude E, 
and is denoted by point J in 
wave (C) . 

In this manner the resultant 
wave (C) can be plotted for all 
instants of time, and has the 
shape shown. The positive half - 
cycles have a peaked form; the 
negative half -cycles have a flat- 

tened form, and the shape there- 
fore appears to resemble that of 
the plate current of a vacuum 
tube -at least a triode -very 
closely. 

There is, however, one dis- 
crepancy, as may be noted from 
an inspection of wave (C). For 
a sinusoidal grid signal wave, 
the time for each half cycle is 

the same. On the other hand, 
note that wave (C) has a posi- 
tive excursion during time KL, 
and a negative excursion during 
time LM, and clearly IM is great- 
er than KL. To make the wave 
fit the observed shape, it is 

necessary to lift it above the 
axis by an amount equal to the 

peak of the second -harmonic com- 
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ponent. This amount is denoted 
in (C) by id . 

When this is done, as shown 
in (0), then the crossing of the 
axis occurs in equal time inter- 

vals; i.e., GI = IN, etc., and 

wave (D) very closely resembles 
the actual output of an ampli- 
fier stage. However, wave (D) 

contains not only a fundamental 
and a second- harmonic component, 
but additional d.c. as well, over 

and above the normal d.c. plate 
current that flows even when no 

signal voltage is impressed. In- 

deed, a test for second harmonic 

distortion is to insert a d.c. 

milliammeter in series with the 

plate circuit, and observe the 
nurmal d.c. component that flows 

in the absence of a signal voltage. 

Then a signal voltage is impressed, 

preferably of maximum permissible 

amplitude. It will be found that 

the plate current reads somewhat 
higher; the increase is the ad- 

ditional d.c. component mentioned 

above, and its magnitude indicates 

the magnitude of the peak second - 

harmonic component. Since the out- 

component acts similarly and to 
equal degree. This means that 
the distance between the two peaks 
of waves (C) or (D) still remains 

equal to the peak -to -peak value 
of the fundamental. In short, 

a (peak) (9) in to iD stn Zlpr (peak) 

On the other hand, the average 

value of wave (D) is raised above the 

axis by an amount equal to twice the 

additional d.c. component or the peak 

second - harmonic wave. Hence, if the 

initial d.c. is subtracted from the 

average value, the difference repre- 

sents twice the additional d.c. can - 

ponent or twice the peak second -har- 
manic amplitude. In mathematical 
terms 

id, ' I2pm (2nd harmonic) 

[(ib max + 

2 

min 
ibo 

The percentage second- harmonic 

distortion is clearly 

= 2 (10) 

put voltage across the plate load 

resistor RI is directly proportion- 

al to the plate current, its wave - 

shape will be similarly distorted, 

although its phase (with respect 

to ground) will be opposite to 
that of the plate current and grid 

voltage, as mentioned previously. 

It is possible to compute the 

percentage of second harmonic dis- 

tortion from the graphical con- 
struction described previously. 

Referring first to Fig. 20, -note 

that the second -harmonic current 
lifts up both the positive and 
negative peaks of the fundamental 

by an amount equal to its peak 
amplitude. The additional d.c. 

'III 
I 
pe 

a lL\ 

2 

a 

x 100 

i + 

i 
max min b b i i X 100 

(11) 

100 

useful 
in 

Con- 
the 

I 

ib 
min ib 

max 

2 

b n 
ib 

min - 21Do X 
2 `ib max - ib min) 

This formula is quite 
as a measure of the distortion 
the ordinary triode tube. 
sider the 6J5 tube used for 
graphical construction. Referring 
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back to Fig. 18, the 

current was 2.7 ma 
50,000 -alm load line, 

and ib 
p 

= 1.5 ma. 

in Eq. (11) gives 
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quiescent plate 

., and for the 

lb . = 4 ma., 

Substitution 

(Percentage 2nd harmonic distortion) 

4.0 +1.5 -2X2.7 x 100 
2(4.0 - ].5) 

5.5 - 5.4 
,x 100 

5 

0 ̂1 100 = 2 per cent 
5 

Whether this percentage dis- 
tortion is excessive depends upon 
several factors: 

1. The band width; i.e., 
whether the system is one of average 

or of high fidelity. For telephone 
conversation, where merely intelli- 
gibility of speech rather than natu- 

ralness of reproduction is desired, 
an audio band width of from about 
250 to 3,500 c.p.s. is sufficient. 
In that case possibly as high as 7 

to 8% distortion is permissible al- 
though not desirable. For the aver- 

age radio or phonograph reproduction 
a band width of at most 100 to 5,000 

c.p.s. is employed, in which case 
the distortion should not exceed 
possibly 5 per cent. Less distor- 
tion is permissible for wider fre- 

quency bands. 

2. The quality of the system. 
Usually this is tied up with the 

band width; a high -quality or high - 

fidelity system should have a band 
width of from 50 to 10,000 c.p.s. 
or wider and should also have a 

minimum of distortion, background 
noise, etc. A possible limit to 
the distortion is 2% 

3. The nature of the service. 

Since a few hundred broadcast star 
tions or phonograph recording studios 

furnish the signal for millions of 
radios or phonographs, it is clear 

from economic considerations that 
for agiven maximum permissible over- 

all distortion, more of it should be 

allotted to the large number of re- 

ceivers or phonographs, and less of 

it to the broadcast stations or re- 

cording studios. For example, if 6% 

overall distortion is not excessive, 

then possibly 5% should be permit- 

ted in each receiver, making it 
less expensive to build, and only 1% 

in the broadcast system.* 

The value of 2% calculated above 

may therefore seem reasonable, but is 

actually rather high. Usually most 

of the distortion occurs in the last 

or power output stage, and the pre- 

ceding voltage amplifier stages are 

generally free of appreciable dis- 

tortion. The high value obtained 
hereisowing to the large grid swing 

employed and the correspondingly 
large output voltage obtained, namely 

around 60 volts. If the power tube 

does not require so large a voltage 

as this for its grid swing, then the 

input to this stage can be decreased, 

say, to 3 volts peak, whereupon both 

the voltage output and particularly 

the distortion will be less. 

If the grid swing on the 
6J5 is only 3 volts peak, then 
ib ..: is about 3.7 ma. (inter- 

polating by eye between the -2 
and 0 -volt curves shown in Fig. 

12) ; eb = 65 volts; ib s10 
= 1.75 ma.; and 

eb..: = 160 volts. 

It is interesting to note 
that in video applications the 
above distortion is not as im- 
portant as that of phase dis- 
tortion (non- uniform time de- 
lay;. 
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Substitution of the current values 

in Eq. (11) yields 

(Percentage 2nd harmonic distortion) 

_ 3. 7 + 1.75 - 2 x 2.7 x 100 
2(3.7 - 1.75) 

= 1.28% 

or roughly 1.3 per cent. A slight 

error in reading can easily change 

the results appreciably; i.e., the 

accuracy is not very good unless a 

large drawing is employed. How- 

ever, the decrease from 2 per cent 

to 1.3 per cent is noticeable 
and indicates that the dis- 

tortion goes down when the tube 

is not forced to deliver a large 

output. The a.c. output is now 

e _ e 
Dme: Dmin - 160 - 65 

= 95 v. peak -to -peak 

or 96/2 = 47.5 volts peak, which is, 

in general, sufficient to drive 

the grid of the ordinary small 
power tube. 

If 60 volts output is desired, 

a higher supply voltage, such as 

300 volts should be employed. This 

shifts the load line parallel to 

itself to the right, thereby re -1 

quiring a greater grid cutoff volt- 

age, and hence permitting a greater 

grid swing with a corresponding 
greater voltage output. 

At this point it is of inter- 

est to note that the graphical 
method reveals a great deal of 

information concerning the oper- 

ation of the tube. Provided actual 

tubes do not deviate too greatly 

from the curves published, it is 

possible to predict the gain, maxi- 

maw output voltage, percentage 
distortion, required supply volt- 

age, optimum bias, and the plate 

current drawn. The results thus 

Obtained will be found to check 
very closely those experimentally 

determined in an actual setup. 
THIRD HARMONIC DISTORTION.-The 

distortion in the output voltage 

is not exclusively second -harmonic. 

In the case of a triode this is a 

fàirly good approximation, but 
measurements show some appreciable 

third, fourth, and even higher 
harmonic content. Often the higher 

harmonics, even though weak, are 

more objectionable to the ear than 

the second harmonic. 

In the case of a pentode tube, 

wider certain load conditions the 

second- harmonic distortion may be 
very low, but the third- harmonic 
distortion may be considerable. 
Hence, a method for calculating 
this from the graphical construc- 
tion will be of value. Before 
presenting the method, however, 
it will be desirable to discuss 
wave -shape distortion in some 
greater detail. 

Two simple rules are the 
following: 

1. If the wave has mirror 
symmetry about the axis, then 
only odd harmonics are present. 
This is illustrated in Fig. 21. 
In (A) and (B) are shown two waves 
having mirror symmetry. The test 
is that if a mirror be imagined 
placed below the positive half - 
cycle, for example, the reflec- 
tion in the mirror (shown by the 
dotted line) will be an exact 
duplicate of the negative half - 
cycle. Below (A) and (B) are shown 

the components of the waves. The 
components consist of a fundamental 

and a third harmonic; the waves 
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differ in shape because the third 

(A) (b) 

Fig. 21.- Examples of third - 
harmonic distortion showing mirror 

symmetry. 

harmonic of (B) is 180° out of 
phase with that of (A). 

2. If the wave does not have 

mirror symmetry, then even harmon- 
ics are present,. This is illustra- 

ted in Fig. 22. In (A) the wave is 

Fig. 22.- Presence of even har- 
monics owing to lack of mirror 

symmetry. 

clearly lacking in mirror sym- 
metry, it therefore has even har- 
monics. Indeed, it will be recog- 

nized as the wave discussed in con- 

nection with Fig. 20, and repre- 

sents the typical output wave - 

shape of an overdriven triode 
amplifier. 

In (B) the wave has symmetry 
about the axis, but it is not of 

the mirror tyfre. This is seen by 

comparing the mirror image of the 

positive half- cycle, shown in dot- 

ted lines, with the negative half - 

cycle itself. The two shapes 
differ in exactly the same manner 
as the right and left hands. Hence 

this wave has even harmonics too. 

In general, if the wave lacks 

mirror symmetry, then even har- 
monics are present, but this does 

not mean that odd harmonics may 
not be present, too. The even 
harmonics counteract the tendency 

of the odd harmonics to produce 
mirror symmetry and thus mask 
their presence as regards this 
method. On the other hand, if 
the wave has mirror symmetry, 
then only odd harmonics, and no 
even harmonics are present. 

With this in mind, consider 
the pentode characteristics illus- 
trated in Fig. 23. Although 
pentode tubes will be discussed 
in a subsequent assignment, the 
tube characteristics can be studied 
here without it being necessary to 
know why the curves have the shape 
shown. Suppose the tube has a 

load resistance HI in its plate 
circuit in series with a supply 
voltage Ebb, and assume further 
that R can be varied as desired. 

Tne graphical construction 
is exactly the'same as that des- 
cribed for the triode tube. The 
length Ebb is laid off on the volt- 
age axis. From Ebb a line is drawn 
at the proper slope to represent 
the plate load resistance. Two 
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lines are shown: one for a low 

Knee of the characteristic 

RLi o 
ib rnax 

lb max 

Plate volts Ebb 

Fig. 23.= -- Pentode tube characteris- 

tics, showing how variation of the 
load line can produce even or odd 

harmonics, or both. 

value of load resistance R and one for a higher value 
Rï.2 

Let the bias be -2 volts, as 

shown. Referring to RL1, it is 

Time 

(A) 

swing from -2 to 0 volts, the rise 

in plate current from the quiescent 

value Ibo to the peak .t max is 

much greater than the decrease for 
a negative grid swing from -2 to 

-4 volts, for which the plate cur- 
rent varies from I' 

bo 
to ib yin I f 

the current variations be plotted 
against time, they will appear as 

in Fig. 24(A), and clearly the 
lack of mirror symmetry indicates 
the presence of even harmonics 
(principally the second). 

On the other hand, for a 
higher load resistance RL2, the 
corresponding maximum and minimum 
values ib 

mai 
and ib 

min 
are about 

equally spaced from the average 
value Ibo, and therefore can give 
rise to a practically symmetrical 
wave -shape as shown in Fig. 24(B). 
Such a wave will have pronounced 
odd harmonics, principally the 
third, as indicated in Fig. 24(C), 
where the third harmonic is of 
such phase relative to the funda- 
mental that the resultant wave 
(shown in dotted lines) is flatten- 
ed on both positive and negative 

Time 

(B) 

Fundamental 

Time 

(C) 

Fig. 24.- Pentode current wave -shapes for high and low plate load 

resistance. 

clear from an inspection of the peaks. 
figure that for a positive grid The reason for the flattening 
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on the negative peaks is the same 

as that for Fig. 24(A) produced by 

Wt. of Fig. 19; namely, the grid 

curves draw together more and 
more as one goes to more nega- 
tive grid voltages. The reason 
for the flattening of the posi- 
tive peaks is also apparent from 

Fig. 23; namely, RL2 cuts into 
the so- called "knee" of the tube 

characteristic, a peculiarity of 
pentode and similar tubes at low 

ib max 

Lbz 

Ibo 

Lby 

ibmin 

ous current values are required. 

These are found as indicated in 
Fig. 25. The load line is drawn 

through the supply -voltage point 
Ebb, as described previously. 
Since maximum Class A operation 
is intended, the peak grid sig- 
nal swing E. is equal to the bias 

voltage E,. In the figure to the 

right is shown the sinusoidal sig- 

nal- voltage wave superimposed on 

the bias. 

Plate vo /toge 

(Courtesy RCA) 

Fig. 25.--Required instantaneous current values to furnish information 

as to distortion content. 

plate voltages. In short, as the 

grid swings in a positive direc- 
tion from the -2 volt bias value, 

the plate current rises less and 

less rapidly, producing the flat- 

tening of the positive peaks. 
The amount of third - harmonic 

distortion can be calculated in 
a manner similar to that for the 
second- harmonic distortion, but 
additional and suitable instantane- 

Note the two dotted lines in 

the figure, each .707 E. volts to 

either side of the bias (zero - 

signal) line. The grid voltage 

passes through each of these in- 

stantaneous values twice per cycle. 

During the positive half -cycle the 

instantaneous grid voltage cor- 
responding to the above value is 

E" + .707 E"; during the negative 
half -cycle the instantaneous grid 
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voltage is E - .707 E. In the left- 

hand diagram the curves correspond- 

ing to these two values are shown 

in broken lines; in general they 
will have to be drawn in by visu- 

al or other interpolation between 

their adjacent neighbors furnished 

by the manufacture. 
Where these two curves inter- 

sect the load line chosen, two 

values of current are obtained - 
1by 

and ib as shown. At the peaks 

cl' the grid swing there are simi- 

larly obtained ib 
max 

and ib min, and 

where the bias curve intersects 
the load line gives the quiescent 

or no- signal d.c. component Ibo. 

Under signal excitation, the d.c. 

current may change to a higher 
(or lower) value Ao owing to the 

effect of self -rectification des- 

cribed previously. In addition, 

an alternating wave will be gen- 

erated that has a fundamental com- 

ponent Al, that is, of course, a 

faithful copy of the input grid 
signal voltage, plus possibly a 

second -harmonic component A2, a 

third -harmonic component A3, a 

fourth -harmonic component A4, etc. 

The following formulas evalu- 

ate the peak amplitudes of these 
components in terms of the cur- 

rent values, ib sar ib =' Ibo iby, and 

It, 
sin 

(i 1 ) + 2(i +i +I ) 
A b sa: b min bz by bo 

0 8 

(12) 

- i 

A D: by )+ iD se:- ib sin 
i 4 

A 
i_ + 

bmin 
- 2I 

bo 
2 

A 
3 

4 

ib sa: - ib sin - 2A1 

2 

(13) 

(14) 

(15) 

A o - bz iby (16) 
4 2 

It will be instructive to use 

these formulas in an example. For 

this purpose consider the 6J7 tube 

whose characteristics are shown in 

Fig. 26. Assume a 300 -volt supply, 

and consider a 40,000 - and a 50,000 - 

ohm plate load resistor. Their 

load lines are shown in the figure. 

Use a -2 volt bias for the 40,000 - 

ohm resistor, and a -2.5 volt bias 

for the 50,000 -ohm resistor. The 

corresponding maximum grid swings 

are 2 volts and 2.5 volts peak, 

respectively. 
Consider the 40,000 -ohm load 

first. To locate ibz, the instan- 

taneous grid swing is 

-2 + (2 x .707) _ -2 + 1.414 

_ -0.59 volts 

The corresponding curve can be 
sketched in (interpolated) be- 

tween the -0.5 and -1 volt curves 
as follows: 

In the vicinity of the load 

line, the -0.5 and the -1 volt 

curves are separated by a distance 

of 9 divisions. Therefore, the 

-0.59 volt curve must be 

9 (.59 
--..51 1.62 divisions 

1 

or approximately 1.6 divisions be- 

low the 0.5 -volt curve. It is so 

drawn in Fig. 26 in a dotted line. 

It crosses the 40,000 -ohm load line 

at = 5.95 ma. 

In a similar manner i is ob- 

tained. The grid voltage is 

-2 - (2 x .707) _ -3.41 volts 

The distance between the -3 and 
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-4 volt curves in the vicinity 
of the load line is 12 div. There- 
fore, the -3.41 volt curve is 

(3.41 - 3.00' 
12 = 4.9 div. 

4.00 - 3.00 /J 

below the -3 volt curve, and is so 
drawn in dotted lines in Fig. 26. 

4 

Substituting these values 
in Eqs. (12) to (16), there are 
obtained : 

A _6.75 + 0.8 + 2 (5.95 + 1,51+ 3.6) 
8 

_29.67 _ 3.71 ma. 
8 

50 /00 /50 200 

PLATE VOLTS 
250 300 350 

(Courtesy RCA) 

Fig. 26.- Graphical constructions for determining the distortion for a 

6J7 pentode tube for two values of 1Qad line. 

Where this line crosses the 40,000 - 

dun load line gives ibr = 1.51 ma. 
Firthermore, from Fig. 26 it is 

found that 1b ma = 6.75 ma. ; Ibo = 
3.6 ma.; and Irvin = 0.8 ma., cor- 
responding to the intersection of 

0, -2, and -4 volt curves, respec- 

tively, with the 40,000 -ohm load 
line. 

A _3/-2- (5.95 - 1.51) + 6.75 - 0.8 
1 4 

_ 124 '23 =3.06ma. 

A 6.75 + 0.8 - 2 x 3.6 
2 4 

- 0.35 0.0875 ma. 
4 
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A 6.75- 0.8 -(2x3.06)_ -0.17 
3 2 2 

= -.085 ma. 

A 2 x 3.71 - 5.95 - 1.51 -.04 

° '2 2 

= -0.02 ma. 

The negative sign in front of A3 and 

A signifies merely a reversal in 

phase; the components line up with 

Al so as to start out in a negative 

direction when Al starts out in a 
positive direction. 

The percentage distortion for 
each harmonic is found by taking the 

ratio of each component to Al. Thus 

% 2nd harm. . (A2/A1) 100 

= 0.0875 x 100/3.06 

= 2.86% 

% 3rd harm. _ (A3 /A1) 100 

= .085 x 100/3.06 

= 2.78% 

% 4th harm. _ (A4 /A1) 100 

= 0.02 x 100/3.06 

= 0.653% 

Note that in the case of this pen- 

tode tube, the third -harmonic dis- 

tortion almost equals the second - 
harmonic distortion in magnitude, 
and that the fourth -harmonic dis- 
tortion is appreciable. 

Consider next the 50,000 -ohm 
load line and the -2.5 volt bias 
condition. The grid -voltage for 

ib. is now 

-2.5 + 2.5 (.707) = -0.73 volt 

The spacing between the given 
curves in the vicinity of the 
50,000 -ohm line is 8 div., hence 

.73- .50X8 =3.68div. 
1.00 - .50 

is the distance the -0.73 volt 
curve is below the -0.5 volt curve. 

The corresponding value of ib =is 
5.42 ma. 

The grid voltage for iby 
is 

now 

-2.5 - 2.5(.707) . -4.27 volts 

There are 6 div. between the -4 
and -5 volt curves, hence 

4.27 - 4 x 6 = 1.62 div. 
5 - 4 

is the distance the -4.27 volt 
curve is below the -4.0 volt 
curve. The value of i is found 
to be .64 ma. In additpion, ibas: 

= 5.75 ma.. , lbo = 2.8 ma.; and 
ib.ln= 0.2 ma. Therefore, 

A 
= 

(5.75 +0.2) +2(5.42 +.64 + 2.8) 
o 8 

= 2.71 ma. 

A VT(5.42 - .64) + 5.75 - .2 
1 4 

= 3.08 ma. 

A 5.75 + 0.2 - 2 x 2.8 
a 4 

= 0.0875 ma. 

A 5.75 - 0.2 - 2 x 3.08 
3 - 

= -0.305 ma. 

2 
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A 2 x 2.71 - 5.42 - .64 _ 0.32 

2 

Therefore 

2nd harm. = (.0875/3.08) 100 

= 2.841 

1 3rd harm. = (.305/3.08)100 

= 9.91 

4th harm. = (.32/3.08)100 

= 10.38% 

Note how the shift in bias, and 
the use of a higher load resistance, 

whose load line cuts farther to 
the left into the knee of the tube 

characteristics, has increased the 

distortion, particularly the third 

and fourth, which is especially un- 

desirable. Of course, such high 
values of distortion are encounter- 

ed only at maximum grid swing. If 

the tube were employed in the first 

stage, where the grid swing might 
be only a fraction of a volt, the 

knee of the tube characteristics 
could easily be avoided even if a 

higher load resistance were employ- 

ed, and the distortion could be 
kept down to acceptably low values. 

Although the distortion' is 
best given in percentages of the 

different components, often a 
single overall value is desired. 
This is obtained by employing 
either the geometrical or the 
algebraic sum. The geometri- 
cal sum is the square root of 
the sum of the squares of the 
various percentages, and cor- 
responds to a kind of r.m.s. 
value. Thus, for the 50,000-ohm 
load discussed above, the follow- 

ing is obtained, 

Total percentage distortion 

= 1/(2.64)2 + 0.9)2 + (10.38) 
2 

= 14.63% 

This is the value most frequently 

used. The arithmetic sun is simply 

the sum of all the percentages, and 

gives a higher value than the,geo- 

metrical sum. The former is, there- 

fore, a more conservative rating for 

4he performance of the stage, or for 

the whole amplifier. For the 
above example 

Total percentage distortimi 

= 2.84 + 9.9 + 10.38 = 23.12' 

POWER AMPLIFIER STAGES 

The preceding discussion 
dealt mainly with voltage ampli- 
fier st,.ges, although the method 
of calculating distortion applies 

more generally, In this section 
the power output stage will be 
analyzed, and design features con- 

sidered. As has been indicated 
previously, the input signal volt- 

age from a microphone, photocell, 

iconoscope, phonograph pickup, etc., 

is in general far too small to 
swing the grid of a tube sufficient- 

ly to cause it to produce any 
appreciable power output. It is 

necessary to amplify the signal 
voltage to a magnitude sufficient 
for this purpose. 

The amplified signal is then 

impressed on the grid of a tube 
large enough to furnish the requi- 
site power output. If the proper 
tube and load impedance are chosen, 
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and the grid signal is adequate, 

the power output will be that 

desired, the distortion will be 

acceptably low, and the plate 
dissipation of the tube will be 

within the limits prescribed by 

the manufacturer. Correct design 

must therefore take note of all 

these features. 

Circuit Considerations.--In 

Fig. 27 is shown the fundamental 

method of coupling the load im- 

pedance to the tube. In (A) a 

Fig. 27.- Fundamental and practical 

output circuits. 

high- inductance choke L is used 

in parallel with the load re- 

sistance RL. The latter is as- 

sumed to be the optimum value 

AMPLIFIERS - 2 

(ordinarily between 2 and 3 times 

Rp in the case of a triode tube), 

an d L should have enouzh induc- 
tance so that its reactance is at 

least 2 or 3 times the magnitude 

of RL and Rp in parallel, at the 
lowest _frequency it is desired to 
amplify. This insures a flat 

low- frequency response for audio 

purposes. 

In most practical cases, how- 

ever, the actual load resistance 

rL is not equal to the desired 
optimum value RL. For example, 

the Rp of the tube may be 1,800 

ohms, and the optimum value of 

. may be a little more than 2R , 

or 3,900 ohms. On the other hana, 

the actual load may be a dynamic 

loudspeaker voice coil, whose 
impedance rL is only 15 ohms. In 

order to couple this value of 
impedance efficiently to the tube, 

a step -down transformer is. re- 
quired, as shown in Fig. 27(B) by 
T. If the step -down ratio is 1 to 

a, such that 

a=RLrL (17) 

then the actual impedance rL will 

be reflected to the tube as the op- 

timum value RL, and maximum power 

transfer will occur from the tube 

through the transformer to the load. 

In the example just cited, the re- 

quired step -down ratio would have to 

be by Eq. 07), 

a = 3900/15 = 16.13 

Viewed from the tube, rL appears 
as a2rL = 0.1t)2 15 = 3,900 ohms, 
the desired value, represented 
by the dotted lines and designat- 
ed asp RL in Fig. 2700. 

When a transformer is em- 
ployed, the inductance of the 
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primary is determined in exactly 

the same way as the choke L in 

Fig. 27(A); i.e., it should have 

a reactance at, the lowest fre- 
quency to be amplified, that is 

between 2 and 3 times the value 

of a'rL (or RL), and in parallel. 

Note that in any event the induct- 

ance is that to the a.c. component, 

in the presence of the d.c. com- 

ponent of the tube. The choke 
or transformer must therefore 
be designed so that the core does 

not saturate owing to the d.c. 

component, as this would dras- 
tically reduce the inductance to 

the a.c. component. Ordinarily, 

this is a design problem for the 

transformer engineer. 

The resistance of the choke 

or of the transformer primary 
is usually negligible compared 
to R or RP. In view of the 
Pict that the d.c. component flows 

through it, the graphical con- 
struction for this circuit must 
be suitably altered from that 
previously described to take this 
fact into account. (In the re- 
sistance- coupled amplifier both 
the d.c. as well as a.c. components 

flowed through RL, so that one 

cannon load line sufficed for 
both components.) 

In the case of Fig. 27(A), 
the a.c. component-on the other 
hand-cannot flow to any appreci- 
able extent through the choke L 
because its reactance has been 
deliberately chosen very high to 
preclude such flow. Hence, the 
a.c. component must flow through 

RL (in parallel with L), where 
its power is expended as desired. 

Thus, no d.c. power is wasted in 
RL; only the a.c. power is ab- 
sorbed in it. This makes for 
higher efficiency of operation, 

which is very desirable in the 

output stage, where the greatest 

amount of d.c. power is drawn from 

the power supply, and where the 
largest and most expensive tube 
is to be found. 

In the case of Fig. 27(8), 
the action is exactly similar. 
the transformer reflects the re- 

sistance rL on its secondary side 

as RL on the primary side, and this 

reflected resistance RL appears ef- 

fectively in parallel with the 
open- circuit inductance of the 

Primary winding. Thus, the latter 
corresponds to L in Fig. 27 (A), 

and the two circuits behave practi- 

cally identically. Hence, Fig. 

27(A) can be used as the basis 
for further work. 

Before discussing the graphi- 

cal construction, it will be of 
value to rake a preliminary physical 

analysis of the action of the 
stage. Assume that a steady d.c. 
component Ibo has been set up in 

the choke L, and that therefore 
no signal es is applied to the 
grid. Since under these conditions 

there is no appreciable voltage 
drop in L, all of the d.c. input 

power is consumed in the tube. 
The amount is simply Ibo Ebb. What 
actually happens is that the elec- 
trons whose motion represents 
Ibo, are accelerated to the plate 
by the voltage Ebb, and strike 
the plate with considerable force 
thereby heating it rip. In short, 

the d.c. power Zbo Ebb is con- 
verted into heat at the plate, 
and this energy must be radiated 
at a rate equal to that at which 
it is produced. The effect is 

known as plate dissipation, and 
the manufacturer sets an upper 
limit to the amount of power the 
plate of a given tube can dissipate. 
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When a signal e. is applied 

to the grid, one may say that the 

internal resistance of the tube is 

varied, thus varying the plate cur- 

rent and producing an a.c. com- 

ponent superimposed on the d.c. 
component. This is illustrated 
in Fig. 28. Note that if the rise 

A.Ç. component,Ip 

D C component, 4 

Fig. 28.--The production of an a.c. 

component in a Class A amplifier 
does not markedly alter the magni- 

tude of the d.c. component. 

and fall of the current are equal, 

the average, which is the d.c. com- 

ponent, is practically unchanged. 

Previously it was shown that owing 

to self -rectification in the tube, 

the average or d.c. component dur- 

ing signal excitation does change 

somewhat, but the illustrative ex- 

amples showed that the change was 

small. 

Hence, it can be assumed that 

the d.c. component remains sub- 
stantially constant. This means 
that the power input from the sup- 

ply source is still Ibo Ebb, since 

an a.c. current times a d.c. volt- 

age gives zero average Power. How- 

ever, the a.c. component of peak 

amplitude Ip, in flowing through 

a RL produces n expenditura of pow- 

er equal to I4 RL /2, where the 2 
arises from the fact that the ef- 

fective value I /1/;rather thanI 

itself, must be squared to get the 

AMPLIFIERS 

power expended. This output power 

is not necessarily-converted into 

heat; it may actually be converted 

into acoustic energy radiated from 

a loudspeaker, or as light, or to 

operate a motor. 

Nevertheless, la R1/2 repre- 

sents energy delivered to a load, 

yet the d.c. input Ibo Ebb has not 

changed. The only conclusion is 

that less of Ibo Ebb is dissipated 

at the plate, and the difference 
is delivered to RL. To put it 

another way, when a signal is 

applied to the grid, the plate 
dissipation is reduced from the 
maximum no- signal value of Ibo E 

to the lower value Ibo Ebb - 12 R 
or the plate actually runs cooler 
when the tube is delivering Power 
to a load than when it is not. Pi 
Hence, at least for Class A oper- 
ation, the plate dissipation must 
be checked under no- signal con- 
ditions; if it is not excessive 
in this case, it will be satis- 
factory under signal conditions. 

The next point to consider 
is the action of the plate current 

IP 

Fig. 29. --Path of a.c. component of 
plate current in an amplifier cir- 

cuit. 

during various instants in the sig- 

nal cycle, Suppose the grid volt- 
age swings in the positive direc- 
tion thus causing the plate cur- 
rent to increase. The increase 
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in plate current cannot flow 
through L because the high in- 
ductance of the latter prevents 
the current in it from changing 
appreciably from its initial 
d.c. value Ibo. Hence, the ex- 
cess of plate current must flow 
through RL as Ip in Fig. 29, and 

since this is an electron flow, 
it makes the top end of RL nega- 
tive to the bottom end, as shown. 

The result is that the plate 
voltage is less than the supply 
voltage Ebb by the amount I+ RL; 

p i.e., the plate voltage cros 
bekow the supply voltage. 

Now suppose that the grid 
swings in a negative direction, 
thereby decreasing the plate cur- 
rent by an amount F. Since the tube 

now passes less current than the 
d.c. value Ibo, the choke L seeks 
an alternative path for this 
deficit of current I- that the 
tube will not pass. such a path 
is clearly through RL as shown, 
but since the current I- flows 
up through RL, it makes the top 
end Positive to the bottom end. 
The plate voltage now rises above 
Ebb by the amount I" RL. 

P 
This rise in plate voltage 

above the supply voltage is owing 
to the inductive rise in voltage 
produced in a choke when it is 

attempted to reduce the current 
flowing through it. In particu- 
lar if the grid is driven to 
plate- current cutoff, then the 
decrease in plate current I- 
is from I to zero, or a total 
change of 

QIbo, 
and maximum rise 

in plate voltage is obtained - 
namely, to a value Ebb + Ibo RL. 
It is this inductive rise in volt- 
age during negative grid swings 
that makes this circuit more ef- 
ficient than the ordinary re- 

sistance -coupled amplifier, as 
will be shown. 

GRAPHICAL CONSTRUCTIONS. -The 
above discussion indicates the 
procedure to be followed in mak- 
ing a graphical construction to 

determine the power output, the 
distortion, etc. For the purpose 

consider a 2A3 tube operating at 

250 volts plate supply. From the 
manufacturer's data it is found 
that the maximum permissible plate 
dissipation is 15 watts, and that 
the optimum load resistance is 

RL = 2,500 ohms. 

Consider first the plate dis- 

sipation of 15 watts. At no sig- 
nal, all of the d.c. input power, 

or Ebb 
Ibo, is consumed at the 

plate. Since here Ebb = 250 volts, 
Ibocan be found: 

250 Ibo = 15 watts 

or 

Ibo = 15/250 = .06 amp. = 60 ma. 

This is the maximum d.c. plate 
current that can be permitted to 
flow. 

Now refer to Fig. 30, where 
the tube characteristics are given. 
Since Ibo flows through a practical- 
ly zero resistance choke, its load 
line should be vertical and hence 
correspond to the ordinate through 
250 volts. This is shown in Fig. 

3D, the ordinate is drawn to a 
height of GO ma.; this locates 
the quiescent point Q. The grid 
bias can now be ascertained; it 

is the label of the tube curve 
passing through the quiescent 
point. 

Quite often the particular 
curve is not furnished by the 
manufacturer, in which case it 
must be interpolated visually. 
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In Fig. 30 it is noted that it 
is the -43.5 volt curve. A word 

of caution is here necessary. In 

the case of a filament type tube, 

the manufacturer usually employs 

d.c. to light the filament in the 

test setup, and connects his grid 

250 

200 

W 
150 

Q 

/00 

on a.c. and the bias battery or 
resistor is connected to the center - 

tap of the filament transformer 
winding, then the bias will have 

to be -45 volts instead of -43.5 
volts to keep Ibo down to 6.0 ma. 

Once the quiescent point has 

o 
o 

ó`/, 

I'M 
h0 

i 

C looa 

. 

AEI.. all'i. 
s 

VAVAiW, 
//.%E//_%ÌFRO 

, 

FO ,o 
0 /00 200 300 400 

PLATE VOLTS 

500 

Fig. 30.- Graphical constructions for a 2A3 power tube. 

bias battery to the negative side 

of the filament. The true bias is 

then the grid bias plus one -half 

the filament voltage. In the case 

of the 2A3 the latter is 2.5 volts, 

hence the true bias is -43.5 - 2.5/2 

-45 volts. 

While the difference is small, 

the effect on the current can be 
large and cause excessive plate dis- 

sipation if the wrong bias is em- 

ployed. For example, if in an actu- 

al amplifier the filament is lighted 

been located, the load line for 
RL can be drawn. Suppose the grid 

bias is driven to cutoff. Then 
the instantaneous plate voltage 
rises to Ebb + IboRL. In this 
example, the rise is to 

e 
b max = 250+ (.06)02,500)=400 volts 

Thus, at the moment when ib is 

zero, e is 400 volts. This lo- 

cates a point A on the voltage 
axis, as shown. If A is joined 

www.americanradiohistory.com

www.americanradiohistory.com


POWER AMPLIFIER STAGES 45 

to Q and prolonged, the load line 

for R. is obtained, and it passes 

through Q, as required. Any other 

point an the load line can be found, 

if desired, by similar triangles. 

Now, if the grid voltage varies 

flan its bias value, the plate cur- 

rent varies above or below its 
quiescent value Ibo, and the in- 
stantaneous value of the plate cur- 

rent is found, as previously, by 
the intersection of the load line 

with the tube curves. 

POWER OUTPUT CONSIDERA- 
TIONS. -The maximum possible grid 
swing for Class A operation is 

clearly equal to the bias volt- 
age, or 43.5 volts peak in this 
example. On the negative half - 
cycle the grid therefore reaches 

a negative voltage of 2 x 43.5 = 

-87 volts. As can be seen from 

the figure, the 2,500 -ohm load 
line intersects the -87 volt tube 

curve at point 8, where the tube 
curve is beginning to bend over 
considerably, and can cause con- 
siderable distortion for a greater 

grid swing. Indeed, it is clear 

from the figure that operation 
below about 12.5 ma. is inad- 
visable because of distortion 
considerations, regardless of 
the position of the quiescent 
point and of the slope of the 
load line (value chosen for RL). 

Therefore 12.5 ma. is the 
minimum plate current ib.in that 
can be permitted, and it occurs 

at a grid potential of -87 volts. 

Since the plate current has de- 

creased from its initial value 
of 60 ma. to 12.5 ma., or 60 - 

12.5 = 47.5 ma., the plate volt- 

age rises to a value eb.a:= 250 + 

(.0475) (2,500) = 369 volts, as 

can be checked from Fig. 30. 

On the other hand, when the 

grid swings positive up to zero 
volts, the plate current rises 
to a maximum value i = 119 ma., 

b .a: 
and the plate voltage drops by 
an amount (.119 - .060)(2,500) = 

147.5 volts a minimum value 

eb.l. 250 - 147.5 = 102.5 volts, 

or approximately 100 volts, as is 

also clear from the figure, (point 

C). The current and voltage rela- 

tions across RL are therefore as 
in Fig. 31. 

From Fig. 31 it is clear that 
the peak -to -peak value of the cur- 
rent is 

ib a: - ib man 

and of the voltage across RL, it is 

eb.a: eb.in 

The Peak values are therefore half 

of the above or 

and 
Ip. (ib.ax - ib.in)/2 
Ep. a (eb.ax- eb.in) 2 

The effective values are 
Ip ' and Ep , and the power 
in R is the product of these 
two quantities, so that finally 
the power output is 

I p = ! - Ip. Ep. 
o 2 V2 2 

(Ib max - ib aid `eb max - eb.in ) (18) 
8 

This formula is somewhat approxi- 
mate, but is fairly accurate if 
the distortion is fairly low and 
consists mainly of second har- 
monics. In the case of the 2A3, 

p - (.119 - .0125) (369 - 103) 
o 8 

= 3.54 watts 
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Which checks the manufacturer's 
value of 3.5 watts very closely. 

Since this is a triode tube, 

Eq. (il) for second harmonic dis- 

tortion should be satisfactory, 

line meets the voltage axis at 

point A corresponding to a value 

greater than Ebb. Specifically, 
point A in Fig. 30 corresponds 
to 369 volts, and Ebb to 250 volts. 

A. C comp ofp /ate current 

369 V011S 

AC. componen/ of 
load vo/tage 

rsmin. 

reomax.r L 

I I r- D C. Comp . of load voltage 

Fig. 31.- Diagram showinL current and voltage components for load resistor. 

as very little third or higher har- 

monics need be expected. Fran Eq. (11) 

(Percentage 2nd harmonic distortion) 

= 

119 + 12.5 -2 x 60 x 100 = 5.4% 
2 (119 - 12.5) 

which is normally regarded as not 

excessive for a power tube. 

An important point to note 
from Fig. 30 is that the load line 

appears on the tube curves just as 

it does in Fig. 11 for a resistance- 

coupled amplifier, but with the 
following important difference: 

In Fig. 12 the load line meets 

the voltage axis at point A cor- 

responding to the plate -supply 
voltage Ebb; in Fig. 30 the load 

Thus, the inductive feed employed 

in a power output stage makes that 

stage perform like a resistance - 
coupled stage to which a much 
higher supply voltage is applied; 
in the above example the power 
stage with 250 volts applied be- 
haves like a resistance -coupled 
stage to which 369 volts are applied. 

The reason for such equivalent 

performance is that there is no 
d.c. power wasted in the load re- 

sistance in the case of the power 

output stage, so that it can furnish 

as much output as a resistance - 
coupled stage with higher supply 
voltage, in which an appreciable 
part of the d.c. power is wasted 
in the load resistance. This in- 
dicates why inductive plate feed 
is employed for a power output 
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stage; more a.c. output power is 

obtained for a given amount of 
d.c. input power, since the ef- 

ficiency of operation is higher.* 

OPTIMUM VALUE OF LOAD REr 
SISTANCE. -The factors determining 
the value of load resistance for 

an actual tube are often at vari- 

ance with those specified for a 
hypothetical tube. Thus, if the 

tube characteristics are all 

straight lines, parallel to one 

another arri equidistant in spacing, 

then their common slope represents 

a fixed value of plate resistance 

Ra.' For such a hypothetical tube, 

maximum power output is obtained 
when the load resistance RL equals 

twice R , and the bias is adjust- 

ed to a value - 314 (Eb /p). No 

cansiderat,.on is given to per- 
missible plate dissipation, and 
the grid swing is assumed to be 
just sufficient to drive the grid 

to zero volts on the positive 
half -cycle, and to cutoff on the 
negative half- cycle. Since the 

tube curves aré assumed to be 
straight lines, their entire length 

can be used, and hence ib.in can 
be made actually zero, in con- 
trast to the 12.5 ma. minimum in 

the case of the 2A3 tube just 
analyzed. 

However, it is evident from 

an inspection of Fig. 30 that the 

2A3- curves are not straight lines, 

and the bias cannot be chosen as 

- 3/4 (E AO, but rather on the 

basis of plate dissipation, as 

discussed previously; in short, 

'Unfortunately, wide -band trans- 
formers are not available for video 
purposes, at least in high -level 
(high -power) stages. In such a case 
a compensated resistance- coupled 
amplifier is required, as for modu- 
lation purposes, and the efficiency 
of operation is correspondingly low. 

the quiescent point is determined by 
the permissible plate dissipation 
are applied B- voltage. 

But if the quiescent point is 

determined, then the grid swing is 
determined too, since this is nuneri- 

cally equal to the bias voltage. 
On the negative half -cycle, the 
grid will swing to twice the bias 
voltage, or 2E.. The plate cur- 
rent thereupon decreases, but the 
plate voltage rises, and as a re- 
sult a point such as B in Fig. 30 is 
reached. The position of B is 

somewhere along the 2E. curve (where 

2E. = -87 volts in Fig. 30) . 

How high up B is depends 
upon the slope of the load line; 
i.e., upon RL. If B is high up 
on the curves, then the slope of 
the load line is small, B is high, 

and 
b ein 

is large, as is indicated 
by line AQB in Fig. 32. As is 

clear from the figure, 
lb .in = 8G; 

i = AH, and - i is rela- 
b max b.ax b.in 
tively small. At the same time, 

eb min 
= 011; eb sa: = 0G; and eb sax - 

eb.in" GH is relatively large. 
The product 

(i 
b sa: - ib sin) `eb saz - eb sin) 

is proportional to the power out- 
put Po [see Eq.(18)]. 

On the other hand, if RL is low 
In resistance, then its load line is 
relatively steep, such as CQD. But 
D corresponds to zero plate current, 
or ib.in = 0, and this value is 

reached before the grid has completed 
its peak negative excursion to 2E.. 
This means that the output wave 
will have the peak of its negative 
cycle flattened- or "clipped ", as 
it is often called-, and such 
clipping represents very definite 
distortion. 

This is highly undesirable 
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in the case of an audio amplifier, 

hence such a low value of RL is un- 

desirable. An intermediate value 

O, 

and the load resistance correspond- 

ing to EQF will be the preferred 
value. If the distortion is ex- 

C 

0 _ ̀  
tiw 

Aridr.CSYIB L- 
G N If Ebb 

Fig. 32.- Determination of optimum value of load resistance. 

is represented by EQF. Here F 
is lower on the tube curve and 
hence in the lower bend region. 

ibmin= FJ, and is less than BG, 
but i = EX and is greater than 

b max 
All. On the other hand, eh min= OK 

and is greater than OH, while 
e = OJ and is less than OG. 
bmax 

(ib max - ib min) is greater than 
that for the load line AQB, but 

(ebma :- ebmin) is less, and the 
product, hence power output, may 
or may not exceed that for AQB. 

On the other hand, there is 

no doubt that the distortion for 
load line EQF will be greater than 
that for AQB because F is on the 

more curved portion of the tube 
characteristics. If the power 
output for EQF comes out greater 
than that for AQB, and the dis- 
tortion is within the specified 
limits, then EQF will be preferred. 

cessive, however, or if the power 

output,for AQB is greater, then 
the load resistance corresponding 
to AQB will be the preferred 
value. 

Hence, the optimum value of 
RI. for an actual tube is deter- 
mined by the permissible distor- 
tion, and the maximum power out- 
put that can be obtained, under 
the condition that the quiescent 
Point is fixed by supply voltage 
and plate dissipation considera- 
ttons. Unless the supply volt- 
age is inordinately low, so that 
Ebb is close to 0, the minimum 
slope of the load line ',which 

just hits cutoff -ibmin 
= 

0 -at 
peak negative grid swing) will 
be more than twice R as a gen- 
eral rule for a triode. Under 
those conditions the lower RL 
can be made without exceeding 
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the specified distortion, the 
greater will the power output be. 
In Fig. 32 this means that EQF will 

flirnish greater power output than 
AQ$, and will therefore be pre - 
ferred if the distortion is with- 
in the Oermissible limits. 

In the case of the 2A3 tube, 

for Ebb = 250 volts, and the plate 

dissipation not to exceed 15 watts, 

the quiescent point was shown to 
be Q (Fig. 30) where Ibo = 60 ma., 
and E, = -43.5 volts. The plate 

resistance Rp at this point is 

found by drawing the tangent to 

thee -43.5 volt tube curve, and 
calculating its slope. It will 

be found that this corresponds to 

about 800 ohms. Since RL is speci- 

fied by the manufacturer as 2,500 

ohms, it is clear that RL is more 

than 3R and hence considerably 
greater than the optimum value of 

2R or 1,600 ohms specified. for . a linear tube. 
Hence, if more than 5% dis- 

tortion can be tolerated, RL can 
be made somewhat less than 2,500 
ohms, whereupon the power output 
will be somewhat greater than 
3.54 watts. The increase, how- 
ever, will not be large before ex- 

cessive distortion is obtained. 
On the other hand, if 5% distort- 
ion is permitted, there is no 
point in making RL greater than 
2,500 ohms, since the distortion 
is within 5% for this value of 
load resistance. For RL larger 
than this the power output will 

be decreased, with an unnecessary 
decrease in distortion, since 5% 
is permissible. 

To summarize the above: the 

4111 
quiescent point, grid bias, and 
grid swing are determined by the 
plate- supply voltage and permissible 

plate dissipation. Then, after 

the quiescent point is determined, 

the optimum load line furnishing 
maximum power output consistent 
with the amount of distortion per- 
mitted, can be farad. 

In passing, it ka to be noted 
that since the optimum value of 

RL is in the neighborhood of two 
to three times R, (and in the case 

of a pentode tube is actually a 
fraction of R , as will be dis- 
cussed in a subsequent technical 
assignment), maximum voltage gain 
will not be obtained, nor is this 

the object of a power output 
stage. Indeed, the reason for 
the relatively low value of RL is 
to obtain maximum power output 
rather than maximum voltage gain. 

It is clear that the higher 
the G of the tube, the greater 
will be the power output. This 
is because: 

1. G, = and if either 
4 is high or Rp is low G_ is large. 

2. If µ is high, then the 
apparent generated voltage of the 
stage (pee) can force a higher a.c. 
component through Rp and RL in 
series, and thus give more power 
output, or 

3. If Rp is low, then RL 
will be low, too, as was mentioned 
in the preceding paragraph, so that 
the given value of h will be able 
to force more a.c. component 
through the lower impedance of RL 
and Rp in series, and hence give 
more power output. 

As a simple example of (3), 

suppose two tubes, A and B, each 
have a L = 10, and a grid swing 
of 20 volts peak, but A has an R 
of 5,000 ohms, and B has an Rp of 
2,500 ohms. Suppose in either case 
the optimum value of load resis- 
tance is twice the R of the tube. 
Consider Tube A. The apparent 
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generated voltage is I1.e = 10 x 20 
= 200 volts. The peak a.c. com- 
ponent is 

Ip Les /(R. + RL) 

= 200/(5,000 + 10,000) 

= 13.33 ma. 

and the output per is 

Po = Ip R /2 = (.01333)2 (10,000)/2 

_ . 8E6 watt 

Next consider Tube B. Since its 

R is half of that of Tube A, its 

G is twice as great. The power 

output is found similar to that 
for Tube A, and comes out to be 

200 

25 
P 

° 00 +5 

= 1.778 watts 

x5000 
2 

or twice as great as that for 
Tube A. As a result, power tubes 
are designed to have as high a 

transconductance as possible, 
and this quantity represents "a 

figure of merit" for a tube. 

RESUMÉ 

This concludes this assign- 
ment on vacuum tube amplifiers. 
In it were discussed voltage 
amplifiers of the broad -band type, 
such as for audio and video appli- 
cations, graphical construct- 
ions, and power amplifiers of the 
broad -band type. Analysis of 
Class A, r.f. amplifiers, push - 
pull or balanced amplifiers, 
Class B amplifiers, and design 
considerations concerning Class C 

amplifiers, will be developed 
in later technical assignments. 
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EXAMINATION 

1. A given tube has a mu of 18 and an Rp of 10,000 ohms. It 

is connected to a plate resistor having a value of 44,000 

ohms? 

(A) What is the G of the tube? 

(B) What is the voltage gain? 

2. (A) A television pentode amplifier tube has a Gm of 9,000 

µmhos, and is connected to a video load whose impedance is 

2,000 ohms. What is the voltage gain of the video stage? 

(B) Suppose a tube of Gm = 5,000 µmhos is substituted for 

the above tube, but the load impedance can be increased to 

3,000 ohms. What will be the voltage gain óf the stage 

under these conditions? 

3. Refer to Fig. 5. In a certain amplifier stage, both RL and 

Rg are 100,000 ohms in value, and Cg = 0.25 'If. At 1,000 

c.p.s. its reactance is negligible in comparison to R. 

(A) What is the plate load impedance to the a.c. component 

for a 1,000 c.p.s. grid input wave? 

(B) If the tube has a mu of 20, and an R 
P 
of 15,000 ohms, 

what is the voltage gain at 1,000 c.p.s.? 

4. (A) Why is a flat frequency response down to -say, 5 c . p . s . , 

undesirable in an audio amplifier? 

(B) In certain special amplifiers that are required to 

amplify uniformly down to about 1 or 2 c.p.s., large coup- 

ling condensers of several microfarads capacity are re- 

quired. These are chosen to have a relatively high voltage 

rating in order to obtain a low leakage conductance. 

Explain why this is necessary. 

5. A certain vacuum tube is tD be operated with a plate po- 

tential of 300 volts and a grid bias of -20 volts, under 
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EXAMINATION, Page 2. 

5. (Continued) 

which conditions it will draw a plate current of 20 ma. 

(A) Calculate the size cathode bias resistor required to 

furnish the above -20 volts. 

(B) What size by -pass condenser should be used with this 

bias resistor? (Calculate at 30 c.p.s.) 

6. (A) Refer to Fig. 11. The total current through R from 

all amplifier stages is 80 ma., and the voltage drop de- 

sired is 60 volts. Calculate the value of R necessary. 

(B) Calculate the by -pass condenser required in parallel 

with R. (Calculate at 30 c.p.s.) 

7. (A) Reference Fig. 11. Suppose ef= 2 volts, CF= 0.1 µf and 

RF =100 K ohms. What will be the value of e'f at 60 c /s? 

(B) The bias E required for the stage shown in Fig. 11 

is 12 volts. What resistance is required between point A 

and ground? 

8. Given the plate characteristics for the 6SQ7 as shown in the 

accompanying graph. The power supply voltage is 300, the 

bias is -1.5 volts, and the plate load resistance RL is 

250,000 ohms. 

(A) What is the maximum peak -to -peak grid signal voltage? 

(B) What is the corresponding peak -to -peak signal output 

voltage across RL? 

(C) What is the voltage gain a of this stage, as deter- 

mined graphically? 

9. Refer to Problem 8. 

(A) What is the d.c. plate voltage when no grid signal is 

applied? 
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VACUUM TUBE AMPLIFIERS 

EXAMINATION, Page 3. 

9. (B) What is the corresponding d.c. plate current? 

(C) What is the d.c. voltage drop across RL when no grid 

signal is applied? 

10. Given the triode characteristic curves for a 6L6 tube as 

shown in the accompanying graph. The tube is to be operated 

as a power amplifier. The power supply voltage is 250, and 

the maximum permissible plate dissipation is 10 watts, and 

the load 'esistance is 5,000 ohms (as reflected between 

plate and B +) . 

(A) Locate the quiescent point. 

(a) Ahat is the d.c. component of plate current under 

zero -signal conditions? 

(b) Estimate to the nearest whole number the grid bias 

required, and use this value in subsequent calculations. 

(B) What is the maximum grid swing possible under Class A 

operation? 

(C) Draw the load line through the quiescent point for a 

value of RL = 5,000 ohms. Interpolate the tube curve re- 

quired for the maximum negative grid excursion, by the 

method given in the text for distortion measurements. 

(D) Calculate the power output. 

(E) Calculate the per cent second -harmonic distortion. 

NOTE:--Some discrepancy between the values determined here 

and those given by the manufacturer will be found owing to 

the fact that the load line is not corrected for self - 

rectification effects. The discrepancy, however, will be 

small. 
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VACU M TUSE AMPLIFIERS: 

Problem 8. To draw load line : - One point where AI - 300 and Ib = 0. 

The second point where Rio 0 and Ib = (300/850,000) = 1.2 ma. 
(See pages 19 and 20). 

(a) From the tube manual we see that this type of tube may only be 

operated class A, hence the grid must not be allowed t^ awing posit- 
ive as grid current would flow and distortion will appear in the out- 
put. In addition, it can be seen that the grid swing should not be 
allowed to fall below -3 volts. Otherwise the tube would be working 
into the lower bend of the EEIp curves and distortion would be the 
result. The maximum peak -to -peak grid signal voltage is then equal 
to twiJe the bias. Es = 2 x 1.5 = 3 volts. answer. 

(b) The peak -to -peak signal voltage across RL is E 260 - 6o = 200V. 
(See page 23). 

(o) Gain 200/3 66.7 

Problem 9(a).D -C voltage - 168 volts. (See page 22). 

(b) Ib - .52 ma. (See curve). 

1111 

(c) If the plate voltage is 168 and the power supply voltage is 300, 
then the difference (300 - 168) must be dropped across RL. 
St - 300 - 168 132 volts. 

Problem 10. (a) Under quiescent conditions the plate current Ib is:- 
Ib - 10 watts /250 volts - 40 ma. (See page 43). From the curves 
the grid bias is -21 volts. The maximum grid swing 2 x 21 = 42 volts. 
To draw the load line; one point is where the 40 ma plate current in- 
tersects the 250 plate voltage line. The second point is where Ib is 
zero and Kb - 250 + (.040 x 5000) - 450 volts. (See page 44). 

(d) The power output is found by using equation (18) page 45. 

Po - (.065 - .0175) (362 - 122)/8 - 1.425 watts. 

(e) The per cent second -harmonic distortion may be found by using 
equation (11) on page 30. 

Distortion - (.065 + .0175) - (2 x .04) x 100 / 2(.065 - .0175) 
- 2.64 per cent second harmonic distortion. 

IIIThe tube manual, for these operating conditions, gives the power 
output as 1.4 watts, and the total harmonic distortion as 5 per cent. 
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