LOW-DISTORTION POWER VALVES

By G. Diemer and J. L. H. Jonker

(Philips Research Laboratories, Eindhoven, Holland)

SUMMARY.—A survey is given of various low-distortion valve constructions.

Two new con-

structions are described by means of which the second harmonic of a single-stage class-A pentode
amplifier can be considerably reduced, resulting in a reduction of the total distortion by a factor of 2

up to an output of about 25% of the static anode dissipation.
static anode dissipation) the distortion is the same as that of a normal valve.

For large outputs (up to 50°% of the
The new valves have an

I,~V, characteristic that is practically linear in the neighbourhood of the normal operating point.

1. Introduction

N the course of valve development many
attempts have been made to lower the dis-
tortion which is especially liable to arise in

the last stage of audio-frequency amplifiers.

In 1937 Kleen! gave a survey of the results
that had been obtained up to that date by various
methods. The aim of this article is to give a
somewhat more extensive survey including some
new results obtained since 1937, while two ditferent
methods that have been studied in more detail by
the present authors will be discussed.

Negative feedback is one well-known measure
for reducing distortion, but negative feedback
causes a serious decrecase of the effective mutual
conductance. In the following we shall confine
ourselves, therefore, to special valve constructions
which give low distortion in the valve itself.
We, therefore, start with an analysis of the
different causes contributing to the non-linearity
of the valve characteristic. Only tetrodes and
pentodes will be dealt with because these valves
have the highest efficiency.

Fig. 1. The I,-V,chavacteristic of
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3/2-power law according to Lang-
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electrons ; Curve C, Tail due to -
diode effect;, Curve, D Decrease 4

of slope due to space charge CE

between control and screen grids ;
Curve E, Further decrease of the
dynamic slope caused by return- L.
wng electrons at low anode voltages.
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2. The I,-V, Characteristic

The I,-V, characteristic of a tetrode or a
pentode is governed mainly by Langmuir’s 3/2-
power law (curve A in Fig. 1). This law is valid
when

1. The initial velocities of the electrons are
negligible.

2. The electric field at the cathode surface is
homogencous.

3. Space charge between the control grid and
the screen grid plays no important part, and

4. The ratio of screen-grid current to anode
current is independent of the anode current.

Since these four conditions are not fulfilled in
practice, deviations from the 3/2-power law occur
due to the following causes :

1. Because of the Maxwellian velocity distri-
bution of the emitted electrons, for small values
of I, the I,V , characteristic is exponential
(curve B).

2. In high-slope power valves the latter devia-
tion, however, is negligible in comparison to that
caused by the inhomogeneity of the field strength
at the cathode surface (i.e., the so-called diode
effect, curve C). To get a high value of the anode
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current as well as of the mutual conductance the
distance between the cathode and the control
grid is made cqual to the pitch of that grid or

even smaller.

For such dimensions the clectron

emission in the region between the wires of the
grid can only be suppressed by very large negative

grid

voltages.

3. In some cases, especially with large values

of anode

decrease of the slope (curve D).

Fig. 3 (left).

Fig. 4 (right).
at V,q

Distortion of the IZL3 us
a function of the efficiency W|W, :
W — dynamic output, Wy = I1,V, -
static anode dissipation, dy — second

harmonic  distortion, dy = thivd-
harmonic distortion, d,,, total
havmonic distortion, G limit set

by grid current.

Distortion of the EL3
4.5 V, load resistance
R, 6000 Q,G - limit set by grid
current.

current and distance be-
tween control and screen grids the
space charge in this region causes a

(b) The influence of the space charge between
the screen grid and the anode may result in a
deviation similar to curve E.

(c) Valves in which the control grid and screen
grid are ‘lined up’ may show a variation in the
relative number of clectrons intercepted by the
screen grid, because of the variation in electron
focusing by the control grid.?® This effect will be
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4. The ratio of screen-grid current to anode
current may vary with varying /, due to three
causes :

(a) The anode circuit of the valve usually
contains a load resistance, and at low anode
voltages many of the electrons deflected by the
grid wires cannot reach the anode and return to
the screen grid, so that another deviation from
the dynamic characteristic occurs (curve E).
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discussed in detail in Scction 4, as it has provided
us with a possibility of reducing the distortion.
It is not our aim to give a full list of all the
effects contributing to valve distortion, and we
have only mentioned the phenomena that are
important i our investigations. The influence
of secondary emission at the anode has already

Fig. 5. Cross section of a low-distortion power
valve with aligned g¢rids. Electron beawms formed
by the grid wives at various control-grid voltages.
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been discussed in detail by Jonker and Heins van
der Ven,214 5o it will not be discussed here.

As an example of a normal dynamic pentode
characteristic, in which most of the efiects
mentioned above are present, Iig. 2 shows the
dynamic I .~V , characteristic of the EL3 pentode.
As may be seen, the point of inflection caused bv
the load resistance lies at about V,, = — 4.5V,
while the normal grid bias for this valve is V,,
— 6 V. Thus for normal grid bias we shall have,
when the signal voltages are not too large, a
dynamic characteristic showing on the average
a curvature which results in considerable second-
harmonic distortion in the output.* This may also
be seen from Fig. 3, where for the EL3 the
distortion is given as a function of the efficiency
W/W, under normal operating conditions (IV —
output of the valve, TV, = IV, = static anode
dissipation).  With strong signals (W/W, ~
0.5) the third harmonic begins to play the most

o

clectrode constructions.  Attempts have been
made to improve the tail of the characteristic
by the electron-optical focusing of surplus
current on an auxiliary electrode.® It has been
proposed to reduce the curvature for large
values of I, by using simultaneously two different
control grids, 4 by using a deflection electrode
together with a special form of the output
anode,® by using the partition of the cathode
current by a specially shaped grid and a plate®
or by the influence of space charge.? Recently

ELECTRON BEAM
/

HALF -OPEN VALVE OPEN VALVE

12%
Vo = Vg =250V | L Ve =152 = 250V Fig. 6 (left). Distortion of a valve
109 Vo =-6V osl— Wy =-6V having an electrode arvangement like
° Ry = 55000 / — — —LIMIT BY GRID CURRENT that of Fig. 5. («) Distortion as a
. 7 ] Junction of efficiency; (b) Ejficiency
8y 04 W [Wy as a function of R, al various
I / constant values of d,,,.
! / w /
d 6y - 03
< v : .
7Y Fig. 7 (above). Llectron beans formed
154 02 \ by the vods of the control grid at
| \Clor <102 different values of the control-grid
3 ror / N\ N vollage.
2y g 0l ! 8
° 7 9% / A \\57
> | A S
el TSl o AL N, Fig. 8 (below). Widlh of the electron
0 Ol ez w03 0% 05 0% 2 5ot 2 5 beams shown in Fig. 7, as measured
'p%//— R,(1) by means of a imovable probe (see
o Fig. o).
(a) (b)
importaut part, because of the S-shape of the % T I
characteristic due to the load resistance. /r
Now it is obvious that when signals are not 94 18 \L\.
too strong the distortion caused by the second L Loy
harmonic can be reduced by adjusting the grid 3Y I/ B S
bias to the point of inflection or by using a suitably =2 2
e - . . A
chosen value of the load resistance. Adjusting * o \
both the grid bias and the load resistance to their v = 0V . \‘_\
optimum values with regard to low second- 'y ./A fv ‘-.
harmonic distortion for the EL3 gives a dis- | | =24 -9V N
: « : . 5 = ’ I ~
tortion curve as illustrated in IFig. 4. We sce that o I
up to an efficiency of 15% the distortion is indeed °  20°  30°  40® s¢®  e0® 70°  80° o0

improved, but the maximum output is limited
by the point where grid-current distortion
appears ; for this pentode the maximum efficiency
has thus been reduced from 50% to 25%.

3. Older Low-Distortion Valve Constructions

In the course of time many proposals have been
made for reducing the distortion by special

WikELESs ENGINEER, DECEMBER 1949

@ (ANGLE OF PROBE POSITION)

Brian® and Pickering® have published results
obtained when using a tetrode with a positive
first grid (space-charge grid). Although their

* For a good comparison we used experimental EL3 pentodes that were
made at the same time as the low-distortion pentodes to be discussed in
Section 4. The EL3 characteristics given here, therefere, show small
deviations from the EL3 characteristics normally published.
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construction seems to us the most useful hitherto

published, we wish to make the following remark.
The maximum efficiency of their valve is much
lower than that of a pentode, especially when the

Still a low-distortion power valve with other
characteristics normal is always attractive,
because a smaller amount of feedback is required,
resulting in a higher value of the mutual con-
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Fig. 9 (left). Construction of
an experiimental valve con-
taining a movable probe P
for measuring the width of

ductance, and difficulties resulting from
the frequency-dependence of the feed-
back are less serious.

We have, therefore, investigated the
problem from a different angle, trying
only to avoid curvature of the dy-
namic characteristic in the neighbour-
hood of the normal operating point
leaving the tail, caused by diode effect,
and the upper curvature, caused by the
presence of the load resistance, as they
are. It is our conviction that it is not
possible to improve the latter appreci-
ably when only simple electrode con-
structions are used.

We have succeeded in making the
regionof the 1,-V, characteristic around
the normal operating point fairly linear

Fig. 10 (right).

arvangenient

rods.

valves are not used in push-pull (for many
applications one prefers to use a class-A amplifier
with one single valve). Now, as was shown in
Section 2, it is also possible to reduce the dis-
tortion of a pentode by adjusting R, and V,; to a
suitable value. In this case the maximum cffi-
ciency for the pentode is even higher than that
of the space-charge-grid valve.

However, none of the special valve construc-
tions have up to now been produced on a large
scale. The reasons for this may be :

1. Some of the constructions are too expensive,
because they are rather intricate.

2. The other properties of the valve (e.g.
maximum efficiency, mutual conductance, in-
ternal resistance) are sometimes worse than those
of the normal valve.

3. In some cases the decrcase of distortion
depends too much upon the value and phase angle
of the load impedance.
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the electron beam.

Electrode
of a low- screen current with varying control-
distortion  power  wvalve i
using additional focusing

by two different methods, in both of
which use is made of the variation in

grid voltage, namely by
1. Lining up the first and second
grids of the pentode, and

2. Using the influence that the rods of the
control grid have upon the electron flow.

These two methods were already indicated by
Kleen,! but as far as we know they have not
been studied extensively before. The results of
our experiments are given in Section 4.

4. Low-Distortion Power Pentodes

It is well known that the wires of the control
grid in a normal valve divide the elcctron current
into several flat beams which cross over some-
where bevond the grid plane (see e.g., Knoll and
others!® 11 and Jonker 2 %),

In Fig. 5 a cross-section is given of a valve in
which the wires of the control and screen grids
are lined up. The shape of the clectron beams
formed by the wires of the control grid, as photo-
graphed from large-scale models on a rubber
sheet, are also drawn for three different control-
grid voltages; viz, strongly negative, near the
operating point, and slightly negative. Irom
extensive experiments on the rubber sheet with
various grid dimensions we concluded that for
suitable dimensions of the screen grid it is
possible to intercept a varying part of the beams
by the combined action of the focus displace-
ment and the variation in aperture of the electron
beams at different control-grid voltages.

Tor our purpose the dimensions were chosen
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so that the interception was the maximum at a
grid voltage somewhat less negative than the
nnormal operating point.

These experiments with the help of models on
the rubber sheet have led to a pentode construc-
tion very closely resembling the EL3, and
showing much less distortion than the corre-
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Vig. 11, The same as I'ig. 8, but using additional

Jocusing rods connected to the control grid.

sponding normal valve (see ¥ig. 6). Of course
with this method there are limits in the dimension-
ing of the valve, because the grids have to be
lined up, and for a given construction of the con-
trol grid and a given distance between the control
and screen grids the diameter of the scrcen-
grid wires is fixed, on account of the conditions
set by the interception effect.

distortion

the second harmonic.

two Dbeams, the width of which decrease as a
function of the control-grid voltage.

Fig. 8 shows the intensity of the beam at
various places as measured by means of a probe
(experimental valve, sce Fig. 9). Now a variable
amount of the anode current can be intercepted
by placing auxiliary positive electrodes of a
suitable form near the edge of the electron beams.
For our purpose it proved to be sufficient to use
cylindrical rods (R) of 0.3 mm diamcter (see
Fig. 7). The best position for these rods was
determined from  the measurements with the
probe valves.

The edges of the beams can be made better
defined by using additional focusing rods con-
nected to the control grid (sce Figs. 10 and 1x).

Figs. 12 and 13 give the results of the output
measurcments taken on the latter valves (Iig. 13
with additional focusing rods). The best results
were obtained with the valves fitted with
additional rods; the curves give the mean
values for five valves. The spread in the
of the individual valves was not
very great (of the order of 20%). The tolerances
in the positions and the shape of the intercepting
rods are of the same order of magnitude as the

tolerances in normal cathode-grid constructions

of power pentodes. We see that for an output
up to about half of the maximum useful output

the distortion is reduced by about a factor of 2

this improvement being due to the absence of
This is more than was
obtained by varving the grid bias of a normal

The experiments indicated that 109 N /] 0 ] |
good results can be obtained with RN /1] : '
various distances between the two . 1 ‘ [ ‘B . (1
grids provided the wire diameters 4 T [ | | | [/ / ] %
are suitably chosen. e vy
67 gL - } 67 44
Fig. 12 (left). Distortion with a valve S I & | . a ” A A
construction like that of Itg. 7 as 49l tor 4" || B ror /r/d
a function of the efficiency W|W, % /ot “ K /! T' T
G — limit set by grid curvent.  Solid e & B i I
line curves for FZL3, dolted for low- 27 - 29 pZ = ,
distortion valve of Fig. 10 ; % :// L g N | G Ly.4 17 \\df G
V(I = Vy2 250 V! Vgl 6V ) 1 -’-\\& - J—"K?,_/I ﬁ:f—'—"— dz"‘~~ 'i
R, 7,000 £). 0 01 02 03 04 Cs5 0 o1 02 03 04 05
Fig. 13 (right). The same as Fig. 12 W w
but with additional focusing rods. " W,

The second method we developed, which makes
use of the variation in aperture of the clectron
beains, seems, however, much more attractive,
because it can be applied to any normal valve
without any variation of grid dimensioning and
with only a slight variation of the valve character-
istics. The idea may be easily understood from
Fig. 7. The electron stream is divided by the
negatively-charged rods of the control grid into

Wikeress ENGINEER, DECEMBER 1949

EL3 valve (see I'ig. 4).
have the same maximum output as that of the
normal valve under normal operating conditions

Moreover, the new valves

(W/W,4 &~ 50%). This elimination of the second

harmonic again proved to be not verv sensitive
to variation of the load resistance R,, just as

was the case with the valves having lined-up

grids.

Finally IYig. 14 gives the slope of the dynamie
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I,V , characteristic for a normal pentode EL3
and for a low-distortion valve according to
Fig. ro. We see that for the low-distortion valve
the slope is almost constant within a large voltage

regard to both distortion and intermodulation
independently of the frequencies for which the
valve may be used.

region around the normal operating point. The 2%
same may be concluded from Iig. 15, where the ! L
second-and third-harmonic distortion for small 103
signal (V' ~ 0.2Vr.m.s.) as a function of grid bias \ !
are given for the same valves. From these 08y \ , |
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4 T +—H Fig. 15. Second harmowic for small input
| ; \ voltage (V ~ 0.2 V v.n.s.) as a function of
1 A\ Va for the EL3 and for a low-distortion
| '\ pentode. Solid line curves for I:L3, dotted
i 1 Gi for low-distortion valve of Fzg 10, V,-
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i (V) REFERENCES
Fig. 14. Slope of the dvnawmic I,-V, characteristic ! W Kleen, Telefunkenrshre, Vol. 10, pp. 147-156, 1937,
as a function of Vql jor a novmal pentode FEL3 L. H. Jonker, Wireless Eugmnr Vol. 16, pp. 274-286, 1939,

and for a low-distortion pentode like that of Fig. 10.
G = Ulmit set by grid curvent. Solid line curves fo'
L3, dotted for low-distortion valve oj Fig. 10,

Va V=25V, V,— —6V, R, 7,oooQ

measurements we may also safely conclude that
as long as the signal is not too large the nter-
modulation of the new valves will be considerably
smaller than that of the non-corrected pentode.
The characteristics given in Figs. 14 and 15
provide us with a measure for the quality with
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