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How to Choose a Valve 
The Revealing Story Told by a Single Characteristic 

By THOMAS RODDAM 

SIX times a week, and twice on Sundays, for the 
last thirty years, someone, somewhere, has 
introduced a new type of valve. The designers 

of wide-band amplifiers have attempted to deal with 
this vast variety by introducing a factor of merit 
based on the mutual conductance and the capacitances. 
By the use of this factor of merit the designer can say 
that valve A is better than valve B. At very high 
frequencies a new factor, the noise resistance, appears 
to be the most suitable criterion. The audio designer 
is left to choose his valves by intuition. In this article 
I shall point out the merits of two different figures of 
merit for use by audio designers. 

It is, of course, time that the designer is not con
fronted by the possibility of using any one of the 
thousand odd valves listed in the valve books. The 
valves are already classified and sub-classified. Foreign 
customers, for example, often demand that valves of 
American type should be used: they say that replace
ments to fit the new Welsh nine-pin octal are difficult 
to find in their local suppliers. The use of miniatures 
makes them think that they really are getting an 
up-to-date design. Standardization of heater supplies 
makes it necessary to keep to the 6.3-volt valves 
except in the most abnormal circumstances. But 
finally we are faced with the problem of internal 
standardization: if sections of a complete system are 
designed by different people, it looks better if the final 
equipment uses one valve type for one function. We 
must have our domestic standard. In,. deciding this 
from the short list of, perhaps, half-a-dozen valves, 
the figure of merit can be invaluable. 

Very often, the final choice is a matter of chance. 
The man who is quickest off the mark announces that 
he is committed to such and such a valve: the man 
with the loudest voice overrides the discussion: the 
only type which happens to be available in the local 
shop is used, because no one wants to wait while an 
order goes through. But if a single factor of merit 
can be used to assess the claims of the different valves, 
there is just a hope that the best type will be chosen. 

Characterizing Curve 
The basis on which we can best work is the use of a 

single curve which characterizes the valve, instead of 
the set of characteristics which are usually used. This 
set, of course, really represents a three-dimensional 
surface, and there are quite real difficulties in appreciat
ing the full significance of the normal characteristics. 
The single curve conveys its meaning much more 
directly: for some reason, however, the standard 
text-books seem to have overlooked its merits. 

In the disCussion of the figure of merit it will be 
assumed that we are concerned mainly with pentodes. 
I am fully aware of the advantages of using positive 
feedback triode pairs, but the problem of type selection 
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is not so acute here, because there is not really a wide 
range of choice. The pentode valve characteristic can 
be written in the form 

la = 10 + Ae. + Be.2 + Ce.3 + . . .  (1) 
where la is the anode current, 10 the steady component 
with no signal applied, and e. the alternating com
ponent of the grid voltage. A, B, C etc., are parameters 
which are fixed by the valve construction. 

Differentiating this equation, we have 
dIalde. = A + 2Beg + 3Ce.2 

which goes to 
(2) 

dIalde. = A if e. is made small enough. This means 
that A is simply the mutual conductance of the valve. 
Let us plot a graph of mutual conductance against 
grid bias. We can measure this ourselves, and some 
valve manufacturers give us this graph for some of 
their valves. Such a graph is shown in Fig. 1. 
Since gm = dIalde., we can write 

fegO la = gmdeg 
-Cl) 

(3) 
= 10, the current at some bias e.o• The 

integral of eq. (3) is the area under the gm - e. curve, 
which is shown shaded in Fig. 1. The single curve 
of Fig. 1 thus tells us both the standing current and 
the mutual conductance at any particular bias. 

Going back to equation (2)" we can differentiate 
again, and we have 

dgm 
= 2B de. 

This is the slope of the curve shown in Fig. 1, and 
it is actually a measure of the second harmonic dis-

Fig. I. The basic valve characteristic. showing mutual 
conductance as a function of bias. The shaded area 
is the anode current. 
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Fig. 2. The slope of the 
characteristic is specified by 
g and is a measure of the 
second harmonic. 

o -6 -5 -4 2 -I 
Fig. 4. The sag of a curved 
charactelistic is a measure 
of the third harmonic 
distortion. GRID VOLTAGE 

Fig. 3. Characteristics of three pentodes, 
showing linear gm-e. characteristic for 6BH6 
and parabolic characteristics, 6AKS and 617. 

tortion. We can see this by putting e. = e sin wt 
so that 

IQ = 10 + gm e sin wt + Be2 sin2 wt • • •  

Be2 
= 10 + gm e sin wt + 2 (1 - cos 2w t) 

The second harmonic distortion is therefore 

Be2 
= 100% = 2

B 
. e .100% 2grn e gm 

Looking at Fig. 2, we see that B = g/2e, as B is the 
slope of the gm - e. characteristic : putting go for 
the value of the mutual conductance at the working 
point, the distortion is 

(g/4g 0) • 100% 
From the single curve of gm - e., we can therefore 

derive the following information. 
(1) The mutual conductance, and thus the gain, at 

any particular working point. This is read straight 
off the curve. 

(2) The anode current. This is the area under the 
curve, and can be obtained by counting squares, or by 
any other convenient method of graphical integration, 
such as a planimeter. 

(3) The second harmonic distortion for a given 
working level, or the working level for given dis
tortion. This is given by reading off go and g from 
the graph, and calculating (g/4go). 100%. 

If the valve gm - eo characteristic is a straight line, 
we need only concern ourselves with the second 
harmonic distortion, because the factor C in equa
tion (1), which is a measure of the third harmonic, 
will be zero. Two types for which this is true are the 
6BH6 and the 6AG7. We shall not use (g/4g 0) as a 
figure of merit, however, for reasons which must be 
discussed. Provided that the designer is sufficiently 
skilful, the distortion can be reduced by the use of 
negative feedback, and the price to be paid is in the 
gain of the system. The gain reduction and the dis
tortion reduction are directly proportional, so that the 
important quantity for the audio designer is 

(gain)/( distortion). 
This is clearly proportional to g o/(g/4g 0)' and drop

ping the factor 4 we have as a figure of merit the 
quantity g 02/g. 

The best valve to use in an audio amplifier is the 
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valve which has the highest value of (g 02/g), provided 
that gain and distortion are the criteria of choice. 
To indicate how we can make use of this rule, the 
characteristics of three different pentodes, the 6AKS, 
6BH6 and 6]7 are plotted in Fig. 3. If we consider 
these valves for low-level applications, we can tabulate 
the values of go and g for a peak swing of 025 volts. 
We have: 

g for I Fig. of 
e = 0.25 go merit 10 

6AK5 1.3 5.8 26 9 
6BH6 0.75 3.35 15.2 4.5 
6]7 0.125 1.5 18 3.3 

It will be seen that the 6AK5 is the best of the three, 
and that the 6J7, in spite of its low mutual con
ductance, is better than the 6BH6. UnfortWlately, as 
any critical reader can check for himself, I have not 
been quite fair here. The curves shown are published 
characteristics, and they apply for different supply 
voltages. It is, however, not necessary to make the 
comparison under identical conditions, because if we 
get better results from the 6AK5 at 180 volts (the 
maximum) than from the 6BH6 at 300 volts, we shall 
choose this valve. 

Sometimes we have other requirements for our 
valve. We may say that all the distortion occurs in 
the output stage, and demand only high gain in the 
previous stages. Then, of course, go is the factor 
which decides which valve we are to use. For the 
designer who really wants the best possible result, 
however, this is only part of the story, because he can 
add positive feedback to the early stages, and it is 
easy to see that with the design worked out for the 
best performance, the figure of merit already quoted 
is the one to use. With the increasing demand for 
miniaturization, another criterion may be needed: 
we may want to get as much gain as possible for 
each milliamp of anode current. It is necessary to 
take accoWlt of the tail which appears in some valves, 
and to compare the characteristics closely. By 
shifting the 6BH6 characteristic sideways in Fig. 3, 
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it can be seen that the 6AK5 has a longer tail, and so 
will take rather more anode current for the same gain. 
It is much more difficult to provide a single figure 
of merit for this application, because the relative 
merits of two valves may differ as the working level 
is altered. The gm-eg characteristic, however, con
tains the complete story. 

Some valves, of course, have a curved gm - e. 
characteristic. The simplest form of this is shown 
in Fig. 4. This parabolic characteristic is due to the 
fact that the coefficient C in equation ( 1) is not zero. 
The result in practice is that there is a third harmonic 
term in the distortion. I am not going to work out 
the distortion in detail, because the mathematics is 
quite straightforward, but I will just quote the results. 
The third harmonic for any peak level is obtained by 
joining the two points on the curve corresponding to 
the maximum working peak level, (eo±ep). The dip 
of the curve below the straight line, measured at 
eo, is 0, and is a measure of the third harmonic. For 
any signal peak level e. less than e "" the third harmonic 
is given by the formula 

30 
. 
(�)2 

. 100% go ep 
When e. = e"" this reduces to 30/go .100% which 

may be compared with the expression for the second 
harmonic, g/4g 0 .100%. Which harmonic dominates 
depends on whether 0 is greater than g/12. It is easy 
to test this on any particular characteristic. 

The reader who wishes to apply this method of 
assessing valves will encounter one very serious 
difficulty. Some valve makers consider it sufficient 
to announce that Venus valves are Versatile, and 
support this claim with a photograph of an attractive 
young lady-the same one who uses a well-known soap, 
eats chocolate and drives the most expensive motor cars. 
True, engineers, unlike editors, like these pictures, 
but we are also interested in the anatomy of the 
valves and would like to see some of their curves too. 
In theory the g m -e. characteristic can be derived from 
the ordinary la-Ea characteristics, but if you look at 
Fig. 5 you will see that this does not seem to be a 
very reliable method. The only ways out of this are, 
either measure the characteristics yourself, using 

WIRELESS WORLD, JUNE 1951 

14 
12 

"""" 10 

-

(a) 
4: 8 E 

'-" -r-6 
.. 

...... 
4 

2 

0 20 40 

Fig. 5. Charact-
eristics of 6AK5, '"' 
showing failure > 

<-of agreement in E 
data. -

.... 
..., 
z 
"" 
.... 
0 
::> 
Cl 
z 
0 
..., 
--' 
"" 
::> 
.... 
::> 
E 

7 

6 

4-

3 

2 

60 80 100 120 

Ea (VOLTS) 

CALCULATED FROM / CHARACTERISTICS 
IN (a) J) 

"-, / 

I / 
/ V GIVEN BY 

/ MAKER 
./ 

, V-I--'" 
1/ 

/ 
/ (b) 

V 

140 

o -5 -4 -3 -2 -I 

GRID VOLTAGE 

I 

I 
2 

I 
3 

4--
I 

160 

-

o 

methods given in the standard text-books, or say to 
the maker, "no tell, no buy." Even after all these 
years I still cherish the hope that one day we shall have 
a uniform base and numbering system: but by then 
we shall probably all be using transistors instead. 

To sum up what I have said, the most useful single 
valve characteristic is the mutual conductance-grid 
bias curve, and from this we can immediately deter
mine the anode current, the stage gain and the dis
tortion. To compare two valves for audio amplifier 
service we can make use of a figure of merit which is 
easily calculated. 
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FURTHER 
NOTES ON How to Choose a Valve 

Grid- Volts/Mutual-Conductance Characteristic Applied 

to Detectors and Modulators 

IN the June, 1951, issue of this journal I discussed 
the way in which the single valve curve, mutual 
conductance as a function of grid voltage, could 

be used to decide which of several similar valve types 
should be used in an amplifier. The article contained 
no mention of the effect of local feedback, because it 
was based on the premise that overall negative feedback 
would be used in any amplifier that any reader is 
likely to design, and it did not consider any of the 
other applications of valves, of which the modulator 
is the most important. These topics will be discussed 
in this article. 

It may be convenient to recapitulate some of the 
results derived in the first article, and correct some of 
the formulre. We took in equation (1) the anode 
current la as a function of the steady current with no 
signal applied I., the grid voltage e 9 and parameters 
of the valve A, B, C. 

la = I. + Ae, + BeaD + Ceas + 
and 

(1) 

(2) 

Here, then, A is the mutual conductance of the 
valve, and at any voltage e a we have 

g = go + 2Be g + 3Ce.2 + .. (3) 

Differentiating again, ddg = 2B + 6Ce 9 + ... 
e. 

Referring now to Figs. 1 and 2 in the earlier paper 
2B = g/2e and thus B = g/4e. 

The 2nd-harmonic distortion is thus (g/8go) 100%. 
This was incorrectly given as (g/4g 0). 100 per cent. 
in the previous article. In consequence, when third 
harmonic distortion is considered we will have more 
third than second if 8, the deviation from linearity 
(Fig. 2), is greater than g/24. Fig. 1 shows a gm - e. 
characteristic which is a straight line in the working 
region, so that C and higher terms of ea vanish: 
the la - ea curve is then a parabola. 

The characteristic shown in Fig. 2 is quite common, 
especially among the small pentodes. This, in 
addition to producing second harmonic, which can be 
calculated by the expression above, also produces 
third harmonic, at a level 38/g o. 100 per cent of the 
fundamental. For the curve shown this harmonic is 
phased so that it increases the peaks of the wave, 
while if the curve is concave downwards the third 
harmonic is of the right phase to make the peak value 
less and thus has a squaring effect. 

Let us now consider what happens when we leave 
the cathode bias resistor of the valve unbypassed, so 
that there is a certain amount of negative feedback 
in the stage. The most useful characteristic will be 
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a graph of mutal conductance against grid-earth 
voltage, which is what we should measure if the 
cathode resistor were built into the bulb. We do 
in fact, measure just this quantity on old valves 
which have built up a barrier layer at the cathode 
surface. 

The effect of the bias resistor is to make e. = eo -

I aRk and we can rearrange this equation as : 

(eo - e.) = Rk.la 
Differentiating, we have 

de o 
_ 

de. 
= Rk or 

de n 
= 

de. + Rk dIa dIG dI" dI" 
Now �;: is just the reciprocal of the mutual con

ductance with the cathode resistor in circuit, g /.:, 

1 1 
so that - = - + Rk 

gk gm 

For any particular grid-cathode voltage, therefore, 
we obtain the effective mutual conductance by adding 
the cathode resistance to the reciprocal of the valve 
mutual conductance. In Fig. 3 this has been done, 
using a cathode resistance of l/g 0 wherer; 0 is the mutual 
conductance at the working point. This is a fairly 
common value, and corresponds to 6 db of feedback. 
It will immediately be observed that the value of g is 
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Fig.2. A curved gm-eg 
characteristic causes 
third-order products 
proportional to the 
.. sag," 8. 

Fig. I. The simplest 
type of valve gm·eg 
characteristic has a 
relatively long linear 
section. 
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halved for small grid excursions, so that, as we expect, 
the distortion is halved, but that if the valve is driven 
at all hard there is a substantial third harmonic 
component present. For the example shown, indeed, 
the condition '8 >g/24 is rapidly reached, so that there 
is more third harmonic than second. This third 
harmonic component is of the J(hase which tends to 
square the waveform, a result which will surprise 
no one who has examined the overload effects in an 
amplifier with a large amount Of negative feedback. 

It will not be without interest to notice how, in 
Fig. 4, a third-order chaI:actetistic has been straightened 
out to almost . the straight line we associate with a 
second-order characteristic. A very careful examina
tion would show the appearance here of higher-order 
wobbles in the curve, but the accuracy with which 
we can determine valve characteristics does not 
justify too critical an examination. The general 
results can be summarized' by saying that a cathode 
resistor tends to bow the curve upwards, with par
ticularly beneficial effects on characteristics like that 
of Fig. 2, and at the same time introduces harmonics 
of higher order. 

For some special applications it is desirable to 
produce a very linear amplifier without using overall 
negative feedback. It will be clear that by adjusting 
the stage gains by choice of anode load, and the 
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stage distortion by choice of cathode resistor, a fair 
amount of distortion balancing can be achieved, since 
alternate stages tend to balance the second harmonic, 
and "concave upwards" stages tend to balance the 
third harmonic from concave downwards stages. 

The appearance of the third harmonic when we add 
negative feedback to the parabolic characteristic, or 
straight gm - ep curve, which alone produces only 
second harmonic, is easily explained. A single 
frequency input between grid and cathode produces a 
second harmonic term at the cathode, owing to the 
current in the cathode resistor. We now have between 
grid and earth both fw:ldamental and second harmonic: 
conversely, with a single frequency input between 
grid and earth, both fundamental and second harmonic 
appear between grid and cathode. The valve is not 
linear, and acts as a modulator, producing terms 
2/ ± / from the teans / and 2/ which are present 
between grid and cathode, and there is your third 
harmonic. 

We must now go on to discuss the choice of a valve 
for use as a modulator or a detector. If we take the 
parabolic pentode, with a straight line gm - ep 
characteristic, we have la = 10 + gm(e sin wt) + 
Bell 
T (1 - cos 2wt) where 2B = dgm/dep. This equa-

tion is given at the top of p. 222 of the June 1951 issue. 
The direct-current component produced in the anode 
circuit by the application of the signal is thus 

Ir = !Be2• 
It is not difficult to show that if signals el sin wlt, 

e,. sin w2t ••• en sin w .. t are applied simultaneously to 
the grid, the anode current increment is 

IBr = lB(el2 + e22 + ... en2) 
provided that el + es ... en does not exceed the 
voltage for which the linear relationship between 
g ... and ep holds. The valve thus provides an anode 
current change proportional to the square of the 
r.m.s. input, and the anode current meter can be 
calibrated directly in true r.m.s. volts. The maximum 
current which can be obtained is tge and this, for a 
perfect valve having a cut-off at e e volts and an average 
mutual conductance of g", will be 1/16 goec• The 
standing current, in the absence of any signal, will be 
!g oe c, so that we cannot have more than 25 per cent 
rise in anode current. 

For a detector, the criterion is clearly a linear 
gm - ell characteristic, and a maximum area under it. 
If the characteristic is not fully linear, we must compare 
the area under the linear portion with the area under 
the whole curve. Fig. 5 shows the two areas to be 
compared. The' waste area, resulting from the tail 
on the characteristic, increases the standing current 
which must be balanced out if a meter reading from 
zero is to be used. The larger this standing current 
is for a given value of I r the more difficult it will be 
to keep the system in the balanced condition. To 
compare two valves, therefore, we should use the 
ratio of these areas as an efficiency figare, and choose 
the valve which gives the best ratio. 

An examination of the equation given abo�e shows 
that the second harmonic current is equal to the recti
fied current, so that in a frequency doubler the change 
of anode current when drive is applied is a direct 
measure of the second harmonic term. For both 
these cases the use of a cathode resistor may be of 
assistance i f  a third harmonic component of the 
concave upwards type is present. 
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Fig. 5. The efficiency 
of a square-law de
tector depends on the 
length of the tail of 
the characteristic. 
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When the valve is to be used as a modulator, we shall 
apply a composite signal el sin WIt + e2 sin w2t 
to the grid, giving la = 10 + g m(el sin WIt + e2 sin w2t) 
+ B(el sin WIt + e2 sin w2t)

2 
= 10 + gm(el sin WIt + 

eg sin ''''It) + B(e12 sin2 WIt + e22 sin2 W2t) + 
2Bele2 sin WIt sin W2t. 
The first two terms in this expression can be neglected, 
as they are the standing current and the separateiy 
amplified signals. The third term reduces to 

B 
-(eI2 + e22 - [e12 cos 2wlt + e22 COS2w2t]) a direct 
2 
current term and a term containing the two second 
harmonics. The f{)urth term is the important modula
tion term: 2Bele2 sin WIt sin w2t 

= Bele2[cos WI - w2t - cos Wl + W2t] 
Each modulation term is therefore of amplitude 
Bele2. If el is very much larger than e2 we can take 

el = e giving la. = � e2where las is the anode current 

component of one sideband. The conversion con
ductance is g/4 which is certainly less than g 0/8. The 
term in the anode current corresponding to the signal 
� is equal to g oe2 so that the filter which separates 
sideband from signal must deal with a signal 4g D/g 
above the sideband. We must make gig 0 as large as 
possible. The anode current also contains the carrier 
term, g oel = g oe so tha! here we must filter out a 
term 4g oe/g times as large as the wanted sideband. 

Since (et + e2) must not exceed e, we can see how 
to get maximum output. The side band output depends 
on the product ele2' so that a very simple manipulation 
reveals that maximum side band output is obtained for 
el = e2 = e/2. We then have la. �-= Be

2
/4 = ge/16. 

This is the maximum output which we can get 
from a mixer in a device like a beat-frequency oscil
lator, which has ample supplies of both oscillator 
voltages available. Each of the sources will produce 
an anode current component equal to g oe/2 and a 
second harmonic term of ge/16. This enables us to 
estimate the filtering which must be provided. When 
operatfug in frequency generating equipment it is 
often desirable to keep the ratio of sideband to a funda
mental maximum. In this case we want g /g. to be 
as large as pOisible. Otherwise, for maximum side
band output it is the product ge, the area under the 
straight part of the curve, which must be Jarge. 

A radio-frequency amplifier must not introduce 
cross-modulation: the modu1atoc analysis is therefore 
applicable, and since we are only interested in third
order productS, or higher odd terms, we see that the 
ooefficient a is the determining one. The second
order terms 11 ± 12 are not important, because they 
fall far away from the frequency range in use. In 
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theory, then, we need not worry about the value of g, 
provided 'Oig 0 is very small. In practice it is advan
tangeous to choose a valve with a small value of g/g., 
because � second order terms which reach a later 
stage will then mix under second-ordec conditions to 
provide third-order terms. 

I do not propose to consider what happens-
modulators with higher-order characteristics, because 
for almost every purpose the choice lies between using 
the simple parabolic characteristic, even if a cathode 
resistor must be added to smooth out a third-order 
concavity, or using a discontinuous characteristic to 
provide a high-order term. 

Analysis of triode performance is less easily carried 
out in this simple way, unless the anode load is very 
small. If the anode load is large,' a separate gm - e. 
characteristic must be constl:\lcted for each possible 
anode load. An example is given in Fig. 6, in which 
the mutual conductance for an anode load of 12,500 
ohms is obtained by taking the change of anode 
current for each I-volt step. Travelling down the 
load line from E. = 0 to E. = - 1 gives a change 
of 2.3 mA in the anode current, which is plotted as a 
mutual conductance of 2.3 mA/volt at Eg = - 0.5. 
This is acrually a synthetic example, which is why 
the excellent linearity of the gm - e. characteristic 
is observed. Any trio de can be studied quite critically 
by plotting a set of these gm - e. characteristics with 
different values of anode load. The effect of cathode
resistor feedback can be analysed either by plotting 
the modified plate characteristics or, perhaps more 
easily, by operating on the gm - e. characte21istics. 

This survey of the use of a single valve curve is by 
no means comprehensive: to make it so we should 
need to consider high-order terms and carry out much 
-more complete mathematical analyses. And then we 
should be faced by the problem of obtaining sufficiently 
accurate experimental data to insert in our formulre. 
The only way in which such data could be obtained 
would be by measurement of the high-order products 
in the anode current, which we could then use, in the 
long run, to calculate these products. All we neod 
in practice is a knowledge of thf: slope and sag, g and '0, 
and a knowledge of how these are affected by cathode
resistor feed.back. We are then in a position to under
stand what' is happening in any particular case. 
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Fig. 6. for a triode it is necessary to fix the load tine before 
plotting the &1-eg characteristic. This typical example shows a 
linear gm-ell characteristic for RL=12,500 ohms. , 
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