CHAPTER 1.

INTRODUCTION TO THE RADIO VALVE
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SECTION 1 : ELECTRICITY AND EMISSION

The proper understanding of the radio valve in its various applications requires
some knowledge of the characteristics of the electron and its companion bodies which
make up the complete structure of atoms and molecules.

All matter is composed of molecules which are the smallest particles preserving
the individual characteristics of the substance. For example, water is made up of
molecules that are bound together by the forces operating between them. Molecules
are composed of atoms that are themselves made up of still smaller particles. Ac-
cording to the usual simplified theory, which is sufficient for this purpose, atoms
may be pictured as having a central nucleus around which rotate one or more electrons
in much the same manner as the planets move around the sun. In the case of the
atom, however, there are frequently several electrons in each orbit. The innermost
orbit may have up to 2, the second orbit up to 8, the third orbit up to 18,the fourth
orbit up to 32, with decreasing numbers in the outermost orbits (which on'y occur
with elements of high * atomic numbers ””). We do not know the precise shape
and positions of the orbits and modern theory speaks of them as *‘ energy levels
or “shells.” The electrons forming the innermost shell are closely bound to the
nucleus but the forces become progressively less in the outer shells. Moreover,
the number of electrons in the outermost shell may be less than the maximum number
that this shell is capable of accommodating, In this case, the substance would be
chemically active 5 examples of such are sodium and potassium.

‘1n a metal the various atoms are situated in close proximity to one another, so
ﬁlat the electrons in the outermost shells have forces acting upon them both from
their ““ parent ” nucleus and their near neighbour, Some electrons are free to move
about_ throughout the substance and are, therefore, called * free electrons.” If an
€lect‘nc potential is applied between two points in the metal, the number of electrons
moving from the negative to the positive point will be greater than those moving in

© Opposite direction, This constitutes an electric current, since each electron
gmes an electric charge. The charge on the electron is defined as unit negative

harge and the accepted direction of current flow is opposite to the net electron
movement.
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2 ELECTRICITY AND EMISSION L1

It is interesting to note that the total current flow, equivalent to the total move-
ments of all the free electrons, irrespective of their directions, is very much greater
than that which occurs under any normal conditions of electric current flow. The
directions of movement are such that the external effects of one are generally cancelled
by those of another. Thus, in a metal, the oft-quoted picture of a flow of electrons
from the negative to the positive terminal is only a partial truth and apt to be mis-
leading. ‘The velocity of the free electrons is very much less than that of the electric
current being of the order of only a few centimetres per second. The electron
current may be pictured as the successive impacts between one electron and another
in the direction of the current. In an insulator the number of free electrons is
practically zero, so that electric conduction does not take place. In a partial insulator
the number of free electrons is quite small.

The nucleus is a very complex body, including one or more protons which may
be combined with a number of neutrons*. The proton has a positive charge equal
and opposite to the charge on an electron but its mass is very much greater than that
of an electron. The simplest possible atom consists of one proton forming the nucleus
with one electron in an orbit around it—this is the hydrogen atom. Helium consists
of two protons and two neutrons in the nucleus, with two electrons rotating in orbits,
The neutron has a mass slightly greater than that of a proton, but the neutron has
no electric charge. An example of 2 more complicated atom is that of potassium
which has 19 protons and 20 neutrons in the nucleus, thus having a positive charge
of 19 units. The number of electrons in the orbits is 19, thus giving zero charge
for the atom as a whole, this being the normal condition of any atom. The common
form of uranium has 92 protons and 146 neutrons in the nucleus, with 92 electrons
rotating in orbits.

Under normal circumstances no electrons leave the surface of a substance since
the forces of attraction towards the centre of the body are too great. ‘As the tem-
perature -of the substance is raised, the velocity of the free electrons increases and
eventually, at a temperature which varies from one substance to another, some of the
free electrons leave the surface and may be attracted to a positive electrode in a vacuum,
This phenomenon is known as thermionic emission since its emission takes place
under the influence of heating. There are other types of emission such as photo
emission that occur when the surface of the substance is influenced by light, or
secondary emission when the surface is bombarded by electrons.

The radio valve makes use of thermionic emission in conjunction with associated
circuits for the purpose of producing amplification or oscillation. The most common
types of radio valves have hot cathodes, either in the form of a filament or an indirectly-
heated cathode. Many transmitting valves have filaments such as tungsten or
thoriated-tungsten, but nearly all receiving valves have what is known as an oxide
coated filament or cathode. The filament, or cathode sleeve, is usually made of
nickel or an alloy containing a large percentage of nickel and this is coated with a
mixture of barium and strontium carbonates that, during the manufacture of the
valve, are turned into oxides. A valve having an oxide-coated cathode has a very
high degree of emission as compared with other forms of emitters but requires very
great care during manufacture since it is readily poisoned by certain impurities which
may be present in the cathode itself or which may be driven out in the form of gas
from the bulb or the other electrodes.

Oxide-coated cathodes are generally operated at an average temperature of about
1050° Kelvin (777° C) which looks a dull red. Temperatures much above 1100°K
generally cause a short life, while those below 960°K are very susceptible to poisoning
of the emission, and require careful attention to maintain a very high vacuum.

The thermionic valve is normally operated with its anode} current considerably
less than the maximum emission produced by its cathode. In the case of one having
a pure tungsten filament no damage is done to the filament if all the electrons emitted

*This is in accordance with the theory generally held at the time of writing ; it is, however, subject
to later modification.

1The anode (also called the plate) is the positive electrode ; the cathode is the negative electrode.
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are drawn away immediately to the anode. This is not so, however, with oxide coated
cathodes and these, for a long life and satisfactory service, require a total emission
very much greater than that drawn under operating conditions. In such a case a
cloud of electrons accumulates a short distance from the surface of the cathode and
supplies the electrons that go to the anode. This space charge as it is called, is
like 2 reservoir of water that supplies varying requirements but is itself replenished
atan average rate. 'The space charge forms a protection to the cathode coating against
bombardment and high electrostatic fields, while it also limits the current which would
otherwise be drawn by a positive voltage on the anode. If the electron emission
from the cathode is insufficient to build up this *“ space charge,” the cathode coating
is called upon to supply high peak currents that may do permanent injury to the coat-
ing and in extreme cases may even cause sputtering or arcing.

In multi-grid valves, if one grid has a positive potential and the next succeeding
grid (proceeding from cathode to plate) has a negative potential, there tends to be
formed an additional space charge. This outer space charge behaves as a source of
electrons for the outer electrodes, and is known as a virtual cathode.

An oxide-coated cathode, operated under proper conditions, is self-rejuvenating
and may have an extremely long working life, Thelifeis, therefore, largely governed
by the excess emission over the peak current required in normal operation.

A valve having a large cathode area and small cathode current may have, under
ideal conditions, a life of the order of 50000 hours, whereas one having extremely
limited surface area, such as a tiny battery valve, may have a working life of less than
1000 hours.

Under normal conditions a valve should be operated with its filament or heater
at the recommended voltage ; in the case of an oxide coated valve it is possible to
have fluctuations of the order of 109 up or down without seriously affecting the
life or characteristics of the valve [see Chapter 3 Sect. 1(iv)D]. The average voltage
should, however, be maintained at the correct value. If the filament or cathode is
operated continuously with a higher voltage than that recommended, some of the
coating material is evaporated and permanently lost, thus reducing the life of the valve.
Moreover, some of this vapour tends to deposit on the grid and give rise to what is
known as grid emission when the grid itself emits electrons and draws current
commonly known as negative grid current [for measurement see Chapter 3 Sect. 3
@iv)A].

If the filament or heater is operated for long periods at reduced voltages, the effect
is a reduction in emission, but no damage is generally done to the valve unless the
cathode currents are sufficient to exhaust the “ space charge.” Low cathode tem-
perature is, therefore, permissible provided that the anode current is reduced in the
proper proportion.

During the working life of the valve, its emission usually increases over the early

period, reaches a maximum at an age which varies from valve to valve and from one

manufacturer to another, and then begins to fall. The user does not generally suffer
any detriment until the emission is insufficient to provide peak currents without
distortion,

Tests for the measurement of the emission of an oxide-coated cathode are described
in Chapter 3 Sect. 3(iif.

If a slight amount of gas is present some of the electrons will collide with atoms
of the gas and may knock off one or more electrons, which will serve to increase the
anode current, leaving atoms deficient in electrons. These are known as positive
ions since they carry a positive charge (brought about by the loss of electrons), and
the process is known as ionization. The positive ions are attracted by the negative
cathode, and being comparatively massive, they tend to bombard the cathode coating
1n spite of the protection formed by the space charge.

. Some types of rectifiers (e.g. OZ4) have no heaters, and the oxide-coated cathode
1s initially heated by jon bombardment ; this flow of current is sufficient to raise the
cathode temperature so as to enable it to emit electrons in the usual manner. The
83s is an inert variety at reduced pressure. Although some types of gaseous thermionic
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rectifiers will operate (once they have been thoroughly heated) without any filament
or heater voltage, this is likely to cause early failure through loss of emission.

Most thermionic valves are vacuum types and operate under a very high degree
of vacuum. This is produced during manufacture by a combination of vacuum
pumps and is made permanent by the flashing of a small amount of “ getter >’ which
remains in the bulb ready to combine with any impurities which may be driven off
during life. Valves coming through on the production line are all tested for gas by
measuring the negative grid current under operating conditions 3 methods of testing
are described in Chapter 3 Sect. 3(iv)A, where some values of maximum negative
grid current are also given. If a valve has been on the shelf for a long time, it fre-
quently shows a higher gas current, but this may usually be reduced to normal by
operating the valve under normal conditions, with a low resistance connection between
grid and cathode, for a short period. When a valve is slightly gassy, it usually shows
a blue glow (ionization) between cathode and anode. In extreme cases this may
extend outside the ends of the electrodes but a valve in such condition should be
regarded with suspicion and tested before being used in any equipment, as it might
do serious damage. A slight crack may permit a very small amount of air to enter
the bulb, giving rise to a pink/violet glow which may readily be identified by any one
familiar with it ; this is a sign of immediate end of life.

The anode current of a thermionic valve is not perfectly steady, since it is brought
about by a flow of electrons from the cathode. When a valve is followed by very
high gain amplifiers, the rushing noise heard in the loudspeaker is partly caused by
the electrons in the valve, and partly by a somewhat similar effect (referred to as the
< thermal agitation > or * Johnson noise ) principally in the resistance in the grid
circuit of the first valve—see Chapter 4 Sect. 9(i)l, and Chapter 18 Sect. 2(ii). This
question of valve noise is dealt with in Chapter 18 Sect. 2(ji)c and Chapter 23 Sect. 6.

Some valves show a fluorescence on the inside of the bulb, which may fluctuate
when the valve is operating. This is perfectly harmless and may be distinguished
from blue glow by its position in the valve. In occasional cases fluorescence may also
be observed on the surfaces of the mica supports inside the valve.

SECTION 2: THE COMPONENT PARTS OF RADIO VALVES

(&) Filaments, cathodes and heaters (i) Grids (iii) Plates (#v) Bulbs (v) Volt-
ages with valve operation.

(i) Filaments, Cathodes and Heaters

Cathodes are of two main types—directly heated and indirectly heated. Directly-
heated cathodes are in the form of filaments which consists of a core of wire through
which the filament current is passed, the wire being coated with the usual emissive
coating. Filaments are the most economical form of cathodes so far as concerns
the power necessary to heat the cathode. They are, therefore, used in most applica-
tions for operation from bateries, particularly dry batteries, and for special applica-
tions in which very quick heating is required. Filaments are also used in many
types of power rectifiers and power triodes, where the special properties of the filament
make it more suitable. .

Valves having filaments should preferably be mounted with the filament vertical,
but if it is necessary to mount them horizontally, they should be arranged so that the
plane of the filament of V or W shaped filaments is vertical ; this reduces the chance
of the filament touching the grid.

All filament-type valves having close spacing between filament and grid have a

filament tension spring, usually mounted at the top of the valve. Some typical

filament arrangements are indicated in Fig. 1.1 where A shows a single ¢ V* shape
filament suspended by means of a top-hook at the apex, B shows a * W » shape with
two top hooks and C a single strand filament with tension spring as used in 1-4 volt
valves.
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Indirectly-heated cathodes consist of a cathode sleeve surroundin,

: g a heater. The
cathode sleeve may have a variety of shapes, including round (D), elliptical (E) and
recrangular (F) cross section. They are usually fitted with a light ribbon tag for
connection to the lead going to the base pin.

FILAMENTS I-H CATHODES HEATERS

LRI

FIG, 1.1

Fig. 1.1, A, B, C types of filaments ; D, E, F types of cathodes ; G, H types of
heaters.

In an indirectly-heated valve, the function of the heater is solel i

No emission should take place from the heater and the insul:ﬁzonheb:ltg:::a hth:;?;
and cad_mde should be good. The heater is generally made of tungsten or a tungsten
al'loy wire coated with a substance capable of providing the necessary insulation at
high temperature, such as alundum. 1In all applications where hum is likely to be
troublesome, the heater is preferably of the double helical type, as G in Fig. 1.1
Power valves and other types having elliptical or rectangular cathode sleeves ‘oft;er;
employ a folded heater as in H. These are not generally suitable for use in ve’ low
level amplifiers whether for radio or audio frequencies. v

(if) Grids
Gnd's are constructed of very fine wire wound around one, two or four side rods—
two being by far the most common. Some valves have two, three, four or five grids

inside one another, but all of these are similar in general f ; :
dimensions. g orm although different in

In the case of some grids it is necessary to take precautions to limi i
perature either to avoid grid emission, in the case otP control g:id:, l(x::; ?rfﬁ%?gctzsd
temperature to prevent the formation of gas, in the case of screen grids. These may.
i%r better heat radiation, be fitted with copper side rods and blackened radiators cithe;
: ove or below the other e.lectrodes. Grids are numbered in order from the cathode

utwards, so thac No. 1 grid will be the one closest to the cathode, No. 2 grid the one
adjacent to it, and No. 3 the one further out again. ’

(iii) Plates

of'l;he plate of a recei.ving valve is the anode or positive electrode. It may be in one

e gllfeat number of shapes, depem_:lent on the particular application of the valve.

e Plates of power valves and rectifiers are frequently blackened to increase their
t radiation and thereby reduce their temperature.

(iv) Bulbs :

of';};e kii;xside surfaces of glass bulbs are frequently blackened. This has the effects
Static of g them more or less conductive, thereby reducing the tendency to develop
arges, and reducing the tendency towards secondary emission from the bulb.

(V) Voltages with valve operation

. voltages in radio valves are taken wi i :
indi with respect to the cathode, in the case o
directly-heated valves, and the negative end of the filament with’directly-heate;
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valves. The cathode is usually earthed or is approximately at earth potential, so
that this convention is easy to follow under normal conditions. In some cases, as
for example phase splitters or cathode followers, the cathode is at a potential con-
siderably above earth and care should be taken to avoid errors.

Some directly-heated valves may be operated with their filaments on a.c. supply,
usually with the centre tap of the filament circuit treated as a cathode. In all such
cases the valve data emphasize the fact that the filament is intended for operation
on a.c. The plate characteristics are usually drawn with d.c. on the filament and
these curves may be applied to a.c. operation by increasing the bias voltage by half
the filament voltage.

In cases where resistors or other impedances are connected between the positive
electrodes and the supply voltages, the electrode voltages (e.g. Ey, E ;) are the voltages
existing between those electrodes and cathode under operating conditions, The
supply voltages are distinguished by the symbols E;;, E ., etc. See the list of symbols
in Chapter 38 Sect. 6.

For further information on valve operation see Chapter 3 Sect. 1.

SECTION 3 : TYPES OF RADIO VALVES

(1) Diodes (i1) Triodes (iii) Tetrodes (iv) Pentodes (v) Pentode power amplijﬁers
(vi) Combined valves *(vii) Pentagrid converters.

(i) Diodes

A diode is the simplest type of radio valve consisting of two electrodes only, the
cathode and anode (or plate). The cathode may be either directly or indirectly
heated and the valve may be either very small, as for a signal detector, large as for a
power rectifier, or any intermediate size. One or two diodes are frequently used in
combination with a triode or pentode a-f amplifier as the second detector in receivers ;
in most of these cases, a common cathode is used. For some purposes it is necessary
to have two diode units with separate cathodes, as in type 6H6. Amplifier types with
three diodes, some with a common cathode and others with separate cathodes, have

LOAD Fig. 1.2. Fundamental crcuit
RESISTOR including diode, A and B bat-
teries and load resistor.

FiG. 1.2

also been manufactured for special purposes. Fig. 1.2 shows the circuit of a diode
valve in which battery A is used to heat the filament or heater, and battery B to apply
a positive potential to the anode through the load resistor. The plate current is
measured by a milliammeter connected as shown, and the direction of current flow
is from the positive end of battery B towards the anode, this being the opposite of the
electron current flow. It should be noted that the negative end of battery B is re-
turned to the negative end of battery A in accordance with the usual convention. It
would be quite permissible to connect the negative end of the battery B to the positive
end of battery A so as to get the benefit of the voltage A applied to the anode, but
in this case, the total voltage applied to the anode would be A -+ B. If voltage of
battery B is reversed, it will be noted that the plate current is zero, thus indicating
the rectification that takes placé in a diode. If an alternating voltage is applied,
current will only flow during the half-cycles when the anode is positive. This is
called a half-wave rectifier since it is only capable of rectifying one half of the cycle.
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Full wave™ rectifiers are manufactured with two anodes and a common cathode and
these are arranged in the circuit so that one diode conducts during one half-cycle
and the other during the other half-cycle.

(ii) Triodes

A triode is a three electrode valve, the electrodes being the cathode, grid and anode
(or plate). ‘The grid serves to control the plate current flow, and if the grid is made
sufficiently negative the plate current is reduced to zero. The voltage on the grid is
controlled by battery C in Fig. 1.3, the other part of the circuit being as for the diode
in Fig. 1.2. When the grid is negative with respect to the cathode, it does not draw
appreciable current ; this is the normal condition as a class A, amplifier. Although
an indirectly heated cathode has been shown in this instance, a directly heated valve
could equaily well have been used. The heater in Fig. 1.3 may be supplied either
from an a.c. or d.c. source, which should preferably be connected to the cathode or
as close as possible to cathode potential,

As .the grid is made more negative, so the plate current is decreased and when the
grid is made more positive the plate current is increased, A triode is, therefore,
capable of converting a voltage change at the grid into a change of power in the load
resistor. It may also be used as a voltage amplifier or oscillator.

Load Fig. 13. Fundamental circuit

resistor  including indirectly-heated triode,
B and C batteries, and load
resistor in plate circuit.

FIG. 1.3

(iii) Tetrodes

The capacitance between the grid and- plate can be reduced by mounting an addi-
tional electrode, generally called the screen or screen grid, between the grid and plate.
The valve thus has four electrodes, hence the name tetrode. The function of the
screen is to act as an electrostatic shield between grid and plate, thus reducing the
grid-to-plate capacitance. The screen is connected to a positive potential (although
less than that of the plate) in order to counteract the blocking effect which it would
otherwise have on the plate current—see Fig. 1.4. Owing to the comparatively
large spaces between the wires in the screen, most of the electrons from the cathode
pass through the screen to the plate. So long as the plate voltage is higher than the
screen voltage, the plate current depends primarily on the screen voltage and only
toa slight extent on the plate voltage. This construction makes possible a much -
higher amplification than with a triode, and the lower grid-to-plate capacitance makes
the high gain practicable at radio frequencies without instability.

PLATE CURRENT
wme JSCREEN

Fi& 1.4. Fundamental circuit
tncluding indirectly-heated tet-
rode, B and C batteries, and (NeuT)
load resistor in plate circuit. -

CURRENT FLOY,

c B
=ik =il il

FIG. 1.4

(iv) Pentodes

Electrons striking the plate with sufficient velocities may dislodge other electrons
flnd 50 cause what is known as ‘“ secondary emission.” In the case of tetrodes, when

*7 : . .
These are sometimes called biphase half-wave rectifiers.
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the plate voltage swings down to a low value under working conditions, the screen
may be instantaneously at a higher positive potential than the plate, and hence the
secondary electrons are attracted to the screen. This has the effect of lowering the
plate current over the region of low plate voltage and thus limits the permissible
plate voltage swing. This effect is avoided when a suppressor is inserted between
screen and plate. The suppressor is normally connected vo the cathode as in Fig. 1.5.
Owing to its negative potential with respect to the plate, the suppressor retards the
movements of secondary electrons and diverts them back to the plate.

A valve with three grids is known as a pentode because it has five electrodes. Pen-
todes are commonly used as radio frequency amplifiers and as power amplifiers.
Pentode r-f amplifiers are of two main varieties, those having a sharp cut-off* charac-
teristic and those having a remote cut-off*. Valves having sharp cut-off charac-
teristics are generally used as audio frequency voltage amplifiers and anode bend
detectors, while remote cut-off amplifiers are used as r-f and i-f amplifiers. The

es—)
SUPPRESSO

PLATE CURRENT

SR REr J SCREEN. %| Stoan Fig. 1.5. Fundamental circui

@| SRESSTOR  {ncluding indirectly-heated pen-

mouT) e ren z tode, B and C baneries, and

RESISTOR § load resistor in plate circuit,
G

L, c [
=ik =il

remote cut-off characteristic permits the application of automatic volume control
with a minimum of distortion ; this subject is treated in detail in Chapter 27 Sect. 3.

FIG. 1.5

(v) Pentode power amplifiers

Pentode power amplifiers are commonly used in receiving sets to produce a-f power
outputs from about I watt up to about 5 watts. They differ from r-f amplifiers in
that no particular precautions are made to provide screening, and they are designed
for handling higher plate currents and screen voltages. In principle, however, both
types are identical and any r-f pentode may be used as a low-power a-f amplifier.

Beam power valves with * aligned” grids do not require a third grid to give
characteristics resembling those of a power pentode ; a typical structure is shown in
Fig. 1.6. Some * kinkless » tetrodes are also used as r-f and i-f amplifiers. All of
these may be treated as being, in most respects, equivalent to pentodes.

(vi) Combined valves

Many combinations of valves have been made. Two triodes are frequently mounted
in one envelope to form a * twin triode.” One or more diodes are frequently com-
bined with triodes and pentodes to form second detectors. A combination of triode
and pentode in one envelope is also fairly common, one application being as a fre-
quency changer. Other combinations are triode-hexodes and triode-heptodes, all
of which are primarily intended for use as frequency changers or “ converters.” In
these, the triode grid is generally connected internally to No. 3 grid in the hexode or
‘heptode to provide the necessary mixing of the oscillator and signal voltages. A
hexode has four grids while the heptode has five, the outermost of which is a sup-
pressor functioning in the same manner as in a pentode.

In addition to this wide range of combinations, entirely different valves may be
combined in one envelope to save space in very small receivers. This is a practice
which appears to be dying cut, particularly as the envelope size becomes smaller.

(vii) Pentagrid converters
Pentagrids are valves having 5 grids, so that they are really heptodes, but the name
pentagrid appears to make a convenient distinction between valves in this group

*Sharp cut-off indicates that the plate-current characteristic is as straight as it can be made. A re-
mote cut-off characteristic indicates that the plate current does not become zero until the grid voltage
is made very much negative (usually over 30 volts).
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ELECTRODE
CATHODE

GRID

ELECTRON BEAM SHEETS FORMED BY GRID WIRES

Fig. 1.6.  Internal structure of type 616 or 807 aligned grid beam power valve (diagram
by courtesy of R.C.A.).

(which do not normally require external oscillators) and those of the hexode or heptode
“ mixer ” type which are used with separate oscillators. Pentagrid converters are
of two main groups, the first of these being the 6A8 type of construction which in-
corporates an oscillator grid and oscillator anode (** anode grid ) as part of the main
cathode stream. The other group comprises the 6SA7, 6BE6 and 1R5 type of con-
struction which has no separate oscillator anode, the screen grid serving a dual pur-
pose. The various types of pentagrid converters are described in detail in Chapter 25.

SECTION 4 : MAXIMUM RATINGS AND TOLERANCES
© () Maximum ratings” and their interpretation (i) Tolerances.

() Maximum ratings and their interpretation

c Maximum ratings are of two types—the Absolute Maximum system and the Design
entre system. These are described in detail in Chapter 3 Sect. 1(iv).

(ii) Tolerances

. inf}ﬂ valves are tested in the factory for a number of characteristics, these usually
cluding plate current, screen cu rent, negative grid current, mutual conductance,
Roise and microphony, as well as having to pass visual inspection tests for appearance,
si:trosethods of testing see Chapt'er_& As with any other components such as re-
: Or capacitors, the characteristics can only be maintzined within certain toler-
~ ;‘3368- For example, a resistor may be bought with a tolerance of plus or minus
'1/9 or 20% 3 Closer tolerances may be purchased at a higher price.
Sectflez éiil:llj';)ect of tolerances in valve characteristics is covered in detail in Chapter 3
in tgeclal care should beAtaken in the screen circuits of beam power amplifiers since
L e the screen currents may vary from zero to twice the average figure. Any
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screen voltage dropping resistor is undesirable with such valves and if the screen is
required to be operated at a lower voltage than the plate, it should be supplied from
a voltage divider having a bleed current of preferably 5 times the nominal screen
current. Alternatively, the screen voltage should be determined for the extreme cases
of zero and twice nominal screen current.

/
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w /
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o
g Fig. 1.7. Filament current versus
E ,/ filament woltage for a wvalve
5 / having a 1.4 volt 50 milliampere
& 4 ‘ )4 Silamenz.
2
P
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FIG. 1.7

The heater voltage should be maintained at an average voltage equal to the recom-
mended voltage, thus leaving a margin of plus or minus 10% for line fluctuations
under normal conditions—see Chaptér 3 Sect. 1(iv)D. If any wider variation is
required, this will involve decreased maximum grid circuit resistance for a higher

heater voltage and decreased plate current for lower heater voltage.

SECTION 5 : FILAMENT AND HEATER VOLTAGE/CURRENT
CHARACTERISTICS

A valve filament or heater operates at such a temperature that its resistance when
hot is much greater than its resistance when cold. The current/voltage characteristic
is curved and does not follow Ohm’s Law. Two typical examples are Fig. 1.7 for
a battery valve and Fig. 35.14 for an indirectly-heated valve. Approximate curves
for general use, on a percentage basis, are given in Fig. 1.8 including also dissipation
in watts and temperature (Ref. 7). Filament and heater ratings are covered in Chapter
3 Sect. 1.

SECTION 6 : VALVE NUMBERING SYSTEMS

Receiving valves having the American numbering follow two main systems. The
first of these is the numerical system, which is the older, and the second the R.M.A.
system. Originally various manufacturers produced the same valve under different
type numbers such as 135, 235, 335, 435 etc. This was improved upon by dropping
the first figure and using only the two latter figures, e.g. 35.

All the more recent American releases follow the R.M.A. system (Ref, 8) of which
a typical example is 6A8-GT. In this system the first figure indicates the approxi-
mate filament or heater voliage—6 indicates a voltage between 5-6 and 66 volts,
while 5 indicates a voltage between 4-6 and 5-6 volts ; 1 indicates a voltage in excess
of 0 and including 1-6 volts, while O indicates a cold cathode. Lock-in types in the
63 volt range are given the first figure 7 (this being the “nominal ”’ voltage), but
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the normal operating voltages remain at 6-3 volts. In the case of tapped filaments
or heaters the first figure indicates the total voltage with both sections in series.

The second symbol is a letter which is allotted in sequence commencing with A,
* except that I and O are not used ; rectifiers follow the sequence backwards com-
mencing at Z. When all the single letters of a group are exhausted, the system then
proéeeds with two lettters commencing with AB; combinations of identical letters
are notnormally used. The single-ended a.c. range has a firstletter S while the second
letter may be that of the nearest equivalent in the double-ended range—e.g. type
6SK7 is the nearest single-ended equivalent to type 6K7. Another special case is the
first letter L which is used for lock-in types in the battery range.
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The final figure denotes the number of “ useful elements* brought out to an
external connection,

The envelope of a metal valve, the metal base of a lock-in valve, and internal shield-
ing having its separate and exclusive terminal(s) are counted as useful elements.
A filament or heater counts as one useful element, except that a tapped filament or
heater of two or more sections of unequal rated section voltages or currents counts
as two useful elements. ' An octal-based glass valve having n useful elements exclusive
of those connected to Pin No. 1 is counted as having # + 1 useful elements. Elements
connected to terminals identified as * internal connection, do not use > do not count
as useful elements, Combinations of one or more elements connected to the same
terminal or terminals are counted as one useful element. For example a directly
heated triode with a non-octal base is denoted by 3 ; an indirectly-heated triode,
with a non-octal base is designated by 4 ; a directly-heated tetrode with a non-octal
base is designated by 4, A pentode with the suppressor internally connected to
filament or cathode is numbered as a tetrode. A metal envelope or octal-based glass
triode with an indirectly-heated cathode is designated by 5, a tetrode (or pentode with
the suppressor internally connected) by 6, and a triode-hexode converter usually by 8.

The suffix after the hyphen denotés the type of construction used. In general,
metal valves, Iock-in types and miniature types have no suffixes, but octal-based glass
valves types are given the suffix G for the larger glass bulb or GT for the smaller
parallel-sided T9 bulb. The letter M indicates a metal-coated glass envelope and
octal base. X indicates a “ low loss ** base composed of material having a loss factor
of 0-035 maximum (determination of loss factor to be in accordance with ASTM
Designation D-150-41T). The letter Y indicates an intermediate-loss base com-
posed of material having a loss factor of 0-1 maximum. The letter W indicates
a military type. The letters, A,B,C,D,E and F assigned in that order indicate a
later and modified version which can be substituted for any previous version but not
vice versa.
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SECTION 1: VALVE COEFFICIENTS

(Otherwise known as Constants, Parameters or Factors)

The triode or multigrid radio valve is a device which allows, under certain operating
conditions, an amplified replica of a voltage applied between grid and czthode to
appear across an impedance placed between plate and cathode.

A valve, in itself, does not provide amplification of the applied grid-to-cathode
voltage. The amplified voltage across the load impedance is due to the action of
the valve in controlling the power available from the power supply. The amount
of power which can be so controlled is determined by the operating conditions and
the characteristics of. the valve and of its associated circuits.

Tl}e maximum voltage amplification which a valve is capable of giving under ideal
conditions is called the amplification factor, generally designated by the Greek symbol
‘;:‘(mu). This is not truly constant under all conditions (except for an imaginary

}deal valve ) and varies slightly with grid bias and plate voltage in the case of a
triode, and is very far from being constant with most multi-electrode valves,

The amplification factor () is the ratio of the incremental* change in plate
veltage to the incremental change in control grid voltage in the opposite direction,
under the condijtions that the plate current remains unchanged, and all other electrode
voltages are maintained constant,

There are two other principal Valve Coefficients, known as the mutual conductance
and the plate resistance (or anode resistance); the values of these also being somewhat

. dependent upon the applied voltages.

AL :
An incremental change of voltage applied to an ekctrode may be taken as indicatinF a change so

~ Small that the curvature of the ch: isti i
T aracteristics may be neglected.” For the mathematical treatment of
8 s:‘: &z‘;ﬂnge, see Chapter 6 Sect. 7(i) and (if).  For treatment of valve coetficients as partial differentisls

ter 2 Sect. 9(ix).

13



14 VALVE COEFFICIENTS 2.1

The mutual conductance (or grid-plate transconductance) is the incremental
change in plate current divided by the incremental change in the control-grid voltage
producing it, under the condition that all other voltages remain unchanged.

The plate resistance? is the incremental change in plate voltage divided by the
incremental change in plate current which it produces, the other voltages remaining
constant.

There is a relationship between these three principal valve coefficients, which is
exact provided that all have been measured at the same operating point,

b= 8w Ty
m
Or gy == — ,
Ty
I
orr, = —,

m

The calculation of these * valve coefficients” from the characteristic curves is
given in Section 2 of this Chapter, while their direct measurement is described in
Chapter 3 Sect. 3. The mathematical derivation of these coefficients and their
relationship to one another are given in Section 9 of this Chapter, as is also the repre-
sentation of valve coefficients in the form of partial differentials.

The reciprocals of two of these coefficients are occasionally used—

’1: = D where D is called the Durchgriff (or Penetration Factor) and which
may be expressed as a percentage.

:— = g, where g, is called the Plate Conductance (see also below).

»

Other valve coefficients are described below :—

The Mu-Factor, of which the amplification factor is a special case, is the ratio
of the incremental change in any one electrode voltage to the incremental change in
any other electrode voltage, under the conditions that a specified current remains
unchanged and that all other electrode voltages are maintained constant. Examples
are

HBgteges Hg2en. )

" The Conductance (g) is the incremental change in current to any electrode divided
by the incremental change in voltage to the same electrode, all other voltages remain-
ing unchanged.

Examples are grid conductance (g,), plate conductance (g,).

Transconductance is the incremental change in current to any electrode divided
by the incremental change in voltage to another electrode, under the condition that
all other voltages remain unchanged. A special case is the grid-plate transconductance
which is known as the mutual conductance. Another example is the plate-grid
transconductance (g,).

Conversion transconductance (S ) is associated with mixer (frequency changing )
valves, and is the incremental change in intermediate-frequency plate current divided
by the incremental change in radio-frequency signal-grid voltage producing it.

The Resistance (r) of any electrode is the reciprocal of the conductance ; for

example plate resistance is the reciprocal of plate conductance,
re = 1/g,.

Perveance () is the relation between the space-charge-limited cathode current
and the three-halves power of the anode voltage. It is independent of the electrode
voltages and currents, so long as the three-halves law holds :

- 2,302
‘The measurement of perveance is covered in Chapter 3 Sect. 3(vi)E.

+This is strictly the “ variational plate resistance > and must be distinguished from the d.c. plate
resistance.
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SECTION 2 : CHARACTERISTIC CURVES

(4) Plate characteristics (1) Mutual characteristics (iit) Grid current characteristics
(iw) Suppressor chfzrqcterist{cs @) Co(t.s‘tanz current curves (vi) “G?” curves (vii)
Drift of characteristics during life (viii) Effect of heater-voltage variation.

It is convenient to set down the measured characteristics of a valve in the form of
curves. These are thus a record of the actual currents which flow in a given valve
when the specified volrages are applied.

"The curves published by the valve manufacturers are those of an * average > valve,
and any one valve may differ from them within the limits of the manufacturing toler-

=

‘Ea Fig. 2.1. Method of measuring the
i plate and grid currents of a triode
.i_ valve.

F

The method of measuring the plate and grid currents of a triode valve is shown in
Fig. 2.1 in which a tapping on the grid bias battery is returned to the cathode so as
to permit either positive or negative voltages to be connected to the grid. The grid
microammeter and vcltmeter should be of the centre-zero type, or provision made
for reversal of polarity. For more elaborate testing see Chapter 3 Sect. 3.

(i) Plate characteristics

The Plate Characteristic may be drawn by maintaining the grid at some constant
voltage, varying the plate voltage step-by-step from zero up to the maximum available,
and noting the plate current for each step of plate voltage. These readings may then
be plotted on graph paper with the plate voltage horizontal and plate current vertical.
This procedure may be repeated for other values of grid-voltage to complete the Plate
Characteristic Family.

The Plate Characteristic Family for a typical triode is shown in Fig. 2.2. It
is assumed that the plate voltage has been selected as 180 volts, and the grid bias
~<.i volts. By drawing a vertical line from 180 volts on the E, axis (point K), the
quiescent operating point Q will be determined by its intersection with the
“E.== —4” curve. By referring Q to the vertical scale (I,) the plate current is
found to be 6mA. The plate resistance at the point Q is found by drawing a tangent
(EF) to the curve for E, = —4 so that it touches the curve at Q.

) The plate resistance (r,,) at the point Q is then EK in volts (65) divided by QK
In amperes (6 mA = 0.006 A) or 10 800 ohms.

The amplification factor () is the change of plate voltage divided by the change
of grid voltage for constant plate current. Line CD is drawn horizontally through Q,
and represents a line of constant plate current. Points C and D represent grid volt-
ages of —2 and —6, and correspond to plate voltages of 142 and 218 respectively.
The value of u* is therefore (218 — 142) plate volts divided by a change of 4 grid
volts, this being 76/4 or 19.

_Tl_)e mutual conductance (¢,,) is the change of plate current divided by the change
of grid voltage for constant plate voltage. Line AB, which is drawn vertically through

represents constant plate voltage. Point A corresponds to 9.6 mA, while point B
orresponds to 2.6 mA, giving a difference of 7 mA. Since points A and B also
differ by 4 volts grid bias, the mutual conductance* is 7 mA divided by 4 volts, which
s 1.75 mA/volt or 1750 micromhos.

*

The value so determined. s not exactly the value which would be obtained with a very small swing,

. -but js sufficiently accurate for most practical purposes.
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In these calculations it is important to work with points equidistant on each side
of Q to reduce to a minimum errors due to curvature.
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The plate characteristics of a pentode for one fixed screen voltage are shown
in Fig. 2.3. Owing to the high plate resistance of a pentode the slope of the portion
of the curves above the “ knee ” is frequently so flat that it is necessary to draw ex-
tended tangents to the curves as at A, B and Q. A horizontal line may be drawn
through Q to intersect the tangenrs at A and B at points C and D. As with a triode,
points A and B are vertically above and below Q. The mutual conductance is AB
(4.1 mA) divided by 4 volts change of grid bias, that is 1.025 mA/V or 1025 micromhos.
The amplification factor is the change of plate voltage (CD = 447 volis) divided by
the change of grid voltage (4 volts) or 111.7. ‘The plate resistance is EK/QK, i.e.
180,0.001 65 or 109 000 ohms.

The plate characteristics of a beam tetrode are somewhat similar to those
of a pentode except that the ““ knee ” tends to bé more pronounced at high values
of plate current.

The plate characteristics of a screen-grid or tetrode are in the upper portion
similar to a pentode, but the *“ knee * occurs at a plate voltage slightly greater than
the screen voltage and operation below the “ knee * is normally inadvisable due to
instability.

The plate and screen characteristics of a pentode are shown in Fig. 2.4,
from which it will be seen that the total cathode (plate + screen) current for any
fixed grid bias is nearly constant, except at low plate voltages, and that the plate
current increases at the expense of the screen, and vice versa. A pentede is frequently
described as a © constant-current device,” but the plate current is not so nearly con-
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stant as the combination of plate and screen currents, with fixed grid bias and screen
voltage.
(ii) Mutual characteristicst

The Mutual Characteristics may be drawn by maintaining the plate voltage con-
stant, and varying the grid from the extreme negative to the extreme positive voltage
desired. For any particular plate voltage, there is g negative grid voltage at which-
the plate current becomes zero ; this is called the point of plate current cut-off, and
any increase of grid voltage in the negative direction has nio effect on the plate current,
which remains zero. If the mutual characteristic were perfectly straight, the point
of plate current cut-off would be at a grid voltage of E o/ 15 in reality, it occurs at
a point slightly more negative, owing to the curved foot of the characteristic. '
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The Mutual Characteristics of a triode are shown in Fig. 25. Each curve
Corresponds to a constant plate voltage. Let P be a point on the E, = 250 curve,
2nd let us endeavour to find out what information is available from the curves, The
slas corresponding to P is given by R (—6 volis) and the plate current is given by
> (G.mA). Let now a triangle ABC be constructed so that AP = PC, AB is vertical,
CB is horizontal and point B comes on the E, = 200 curve,

The mutual conductance is given by AB/BC or 2:32 mA/4 volts, which is 0-580
MA/volt or 580 micromhos. Thus the slope of the characteristic is the mutual
fonductance, **

.9_}510, known as Transfer Characteristics.

con ¥ siinple construction sssumes that A P C is a straight line, In
th Dstruction gives a very close approsimation to the slope at point P
3% approximately the slope of the chord joining A and C.

ractice it is slightly curved but
ecause the slope of the tangent
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The amplification factor is given by the change of plate voltage divided by the
change of grid voltage for constant plate current, that is
Ew — Eps _Ey — Ey 250 — 200

CB AE,

The plate resistance is given by the change of plate voltage divided by the change
of plate current for constant grid voltage ; that is
Ey — Eps _ Epy — Epy 250 — 200

AB Al,  232x103

These curves hold only if there is no series resistance in the plate circuit. They
could therefore be used for a transformer-coupled amplifier provided that the primary
of the transformer had negligible resistance. In the present form they could not be
used to predict the operation under dynamic conditions. The static operation point
P may, however, be located by their use,

The mutual characteristics of a pentode, for a fixed screen voltage, are very
similar to those of a triode except that each curve applies to a different value of screen
(instead of plate) voltage. The plate voltage of pentodes having high plate resistance
has only a very minor effect on the plate current, provided that it does not come
below the screen voltage.
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Fig. 2.1. Mutual characteristics of a pentode, with constant plate voltage, and five
fixed screen voltages.

Fig. 2.8. Screen current mutual characteristics of a pentode (same as for Fig. 2.7).

The Mutual Characteristic Family for a typical pentode is shown in Fig.
2.7, and the corresponding screen current characteristics in Fig. 2.8.

The resemblance between the shapes of the plate and screen characteristics is
very close, and there is an almost constant ratio between the plate and screen currents
along each curve.

(iii) Grid current characteristics

Positive grid current in a perfectly hard indirectly-heated valve usually commences
to flow when the grid is slightly negative (point Y in Fig. 2.9) and increases rapidly
as the grid is made more positive (Curve A). The position of point Y is affected
both by the contact potential between grid and cathode and also by the initial electron
velocity of emission; the latter is a function of the plate and grid voltages and the
amplification factor of the valve, and will therefore vary slightly as the electrode
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voltages are changed. The grid current commencement point in perfectly hard
battery valves is usually slightly positive, so that they may be operated at zero bias
with negligible positive grid: current (Curve B).

A typical valve at its normal negative bias will have negative (or reverse) grid current
which is the sum of gas (ionization) current, leakage current and grid primary emission
current. If the two latter are negligibly small, negative grid current (i.e. gas current)
will be roughly proportional to the plate current, and will increase with the pressure
of gas in the valve. If the plate current is maintained constant, the gas current varies
approximately as the square of the plate voltage ; reduced cathode temperature has
little-effect on this relationship (Ref. A12). See Chapter 1 Sect. 1 for general in-
formation regarding gas current and Chapter 3 Sect. 3(iv)A for the measurement of
reverse ‘grid current.

References to grid current characteristics—A12, H1, H2.

oo
Ci

~Icy

FIG 29

Fig. 2.9. Grid current characteristics of a triode or pentode.

’ _Cuxve C shows the gas (fonization) current alone, and the solid line D is the com-

bination of curves A and C, this being the grid current characteristic of a typical
~indirectly heated valve with a slight amount of gas. The maximum negative grid
current occurs at a value of grid bias approximately equal to that of the grid current
Comme{xcement point of the same valve if it could be made perfectly hard (point Y).
The point of zero grid curtent (X) differs from the point of grid current commence-
ment in a perfectly hard valve (Y).

The grid current cross-over point (X) in a new indirectly heated valve is usually
bet\yeen zero and —1-0 volt, and some slight variations in the value are to be expected
d“:mg life. Change of contact potential between grid and cathode results in a corres-
P?ndl{xg shift of the mutual characteristics ; a change of contact potential in the
dﬂ‘ef:non which makes the grid current cross-over point move in the positive direction
uring the life of the valve will result in decreased plate current, which may be quite
$erious in a high-mu triode operating on a low plate supply voltage. This is one

“ason why grid leak bias (with a grid resistor of about 5 or 10 megohms) is often used
With such valves, so that the operating point is maintained in the same relation to
the mutual characteristic.
~In battery type valves the grid current cross-over point is normally positive (up to
4y + 0.5 volt) but designers should allow for some valves with negative values,
articularly in cases of low screen voltage operation.
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Contact potential is only one of several effects acting on the grid to change the
cross-over point (X)—the cthers include gas current, grid (primary) emission, leakage,
and the internal electron velocity of emission.

The grid variational conductance is equal to the slope of the grid characteristic
at the operating point. The conductance increases rapidly as the grid voltage is made
less than that corresponding to point Y, irrespective of the value of ionization current,
so that input circuit damping due to the flow of electrons from cathode to grid (i.e.
the positive component of the grid current) occurs in a typical valve even when the
grid current is zero or negative (grid voltages between X and Y in Fig. 2.9). Itis
possible for the damping on the positive peaks of applied input voltage to be
quite serious even when the microammeter reads zero. This point is applied
in connection with r.c. triodes in Chapter 12 Sect, 2(iv).

If the valve has a leakage path between grid and cathode, the leakage current
is given by the line OF, which must be added to the gas current to give the grid current
characteristic G. If it has leakage between grid and plate (or screen) the leakage
current is given by the line HJ, which intersects the herizontal axis at a positive voltage
equal to the plate (or screen) voltage ; this also must be added to the other components
to provide the grid current characteristic. - The combined leakage currents may be
measured by biasing the grid beyond the point of plate current cut-off provided that
the grid emission is negligibly small—otherwise see below.

Grid emission with a negative grid is the primary emission
of electrons due to grid heating from both cathode and plate of |1,
(or screen) ; it gradually increases as the valve becomes
warmer during operation. It increases the total negative grid
current and is included with leakage currents in the
total negative grid current indicated by a valve tester.

For methods of testing to discriminate between the
various components of negative grid current, see qQ
Chapter 3 Sect. 3(iv)A.

When a valve is operated with a fixed
negative grid bias, but has a total grid
circuit resistance R, the
actual voltage on the grid
may differ from the applied Iy,
bias due to grid current. If
negative grid current is pre-
sent the condition will be as
shown in Fig. 2.10 in which
OA represents the applied

SLOPE-‘ﬁ/-A< < £ Q 1/
bias.  The plate current = G
operating point with no grid o /

current will obviously be Q B
but if the grid current
characteristic is as shown,
the grid operating point
will be B and the plate
operating point Q.  Point
B is determined by the intersection of the grid current characteristic and a load line
having a slope of —1/R,. The shift in grid bias due to voltage drop across R, will
be AE, or Ro.I,. The operating point can obviously never be swung beycnd the
grid-current cross-over point C, so that the static plate current can never go beyond D
(Fig. 2.10) due to negative grid curreat.
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Fig. 2.10. Grid curremt characteristics with
grid loadlines.
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If valve is operated with its grid completely open-circuited, the operating point
. will be at D, since this is the only point corresponding to zero grid current, unless
(he grid characteristic has a second point of zero grid current at a positive grid voltage
(see under grid blocking).
. If the valve is operated with zero bias, that is with the grid resistor returned to
cathode, the grid static operating point wili be at E, the intersection of the grid current
characteristic and the grid loadline through O. If the valve is one with positive
cr0ss-Over point, operating at zero bias, the grid static operating point will occur at F.
In all cases considered above, the operating points are for static conditions, and
any large signal vclrages applied 1o the grid may have an effect in shifting the operating
oint. If the signal voltage swings the grid suficiently to draw positive grid current,
Bje operating point will shift as the result of rectified current flowing through R,.
The effect of negative grid current on-the maximum grid circuit resistance and the
operation of a-f amplifiers is described in Chapter 12 Sect. 2(iii) and (iv) ; Sect. 3(iv)C
and (v); also Chapter 13 Sect. 10(i).

Fig. 211, Grid current characteristics

+Ici

indicating the possibility of “grid
blocking” with a wvalve operating at
Rero bias.

—

-1
fG. 2-18 <

- Positive grid voltages and grid blocking
o When the grid is made positive, it is bombarded by electrons which cause it to
. Increase in temperature, and it may have both primary and secondary electron
emission. This current is in a direction opposite to that of positive grid current
_ flow, and may result in a slight kink in the grid characteristic, or may be severe enough
o cause the grid current in this region to become negative. A typical case of the
severe type is shown in Fig. 2.11, in which the greatest negative grid current occurs
' ata positive grid voltage of 70 or 80 voits. Such a valve is capable of * grid blocking *
if the grid is swung sufficiently positive, and if the grid circuit resistance is high
enough.  Grid blocking can only occur if the grid loadline cuts the negative loop of
--grid current. In Fig. 2.11 the 0-1 megohm loadline cuts it at points A and B, but
-Point A is unstable and the grid will jump on to point B and remain there until the
- valve is switched off, or the grid circuit resistance decreased until the grid loadline
. 0o longer cuts the curve (e.g. 0.04 megohm in Fig. 2.11).

iv) Suppressor characteristics

In some pentodes, the suppressor is brought out to a seperate pin, and may be used
Or some special purposes. - Fig. 2.12 shows the mutual characieristics of a pentode
suitable for suppressor modulation, although typical of any pentode. The curves
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are in the shape of a fan pivoted at the
cut-off point, with the slope controlied
by the suppressor voltage. The curves
of electrode currents versus suppressor
voltage are given in Fig. 2.13, and in~
dicate that the plate current curve rises
fairly steadily from the point of cut-off
at a high negative voltage but flattens
out while still at a negative suppressor
voltage. The . screen current falls as
the plate current rises, as would be
expected, and the suppressor current
commences at a slight positive voltage,
although in this caseit becomes negative
at high voltages due to secondary
emission.

The suppressor is occasionally used
as a detector in receivers, instead of a
diode, but its rectification efficiency is
low, since the intemal resistance is of
the order of 20000  ohms.

In remote cut-off r-f pentodes the
suppressor is sometimes used to provide
a more rapid cut-off characteristic. . A
family of mutual conductance and
plate resistance curves for a typical
remote cut-off pentode are given in
Fig. 2.14.

It will be seen the mutual conduct-
ance for any fixed control grid voltage
(say E., = —3) may be reduced by
making the suppressor voltage nega-
tive. This has the additional effect,
however of decreasing the plate resist-
ance from 0.8 megohm (at E, = 0)
to 35000 ohms at E = —37, for
Ey = —3 wvolts. The initial rate
of reduction is very steep, and occurs
with all values of control grid voltage.
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Fig. 2.13. Suppressor characteristics of
a pentode (6S]7) for fixed control grid,

screen and plate wvoltages.
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a pentode (6S]7) for various suppressor
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If the suppressor grid has the same
bias control voltage as the conrrol grid,
the control characteristic will be as
shown by the curve marked “ E, =
E3,” but in this case the plate resist-
ance, although initially slightly lower
for E;; = —3 than for E; = 0, rises
rapidly as E, = E, is made more
negative.

(\}) Constant current curves

The third principal type of wvalve
characteristic is known as the * Con-
stant Current” Characteristic. A
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AN :

typical family of Constant Current Curves is shown in Fig. 2.15, th i

for a typical triode (type 801). The slope of the curves igndicate,s ﬂ:eseaxt:)egllig
fication factor, and the slope of the loadline indicates the stage voltage gain
The operating point is fixed deﬁn{tely by a knowledge of plate and grid supply volt-
ages, but the loadhne. is only stralgpt when both plate and grid voltages follow the
same law (e.g., both sine wave). Distortion results in curved characteristics, so that
this forxp ot: r,e’presentatxon is not very useful except for tuned-grid tuned-’plate or
‘b‘tank-c}rcu.lt cquplefd r-f 1:1mpliﬁers. Constant Current Curves may be drawn
y transferring points from the other published characteristi y

by cransfreing poines e eristics. For a full treatment
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Fig. 2.14.  Suppressor characteristics of a
remote cut-off pentode (6U7-G) for fixed
screen and plate voltages. :

alDuring the li.fe of a valve there is
ways a sk?w drift which is particularly
dpparent in the plate and screen

currents ctan i i
The diré crt?:;uai' cd(;l'ldu ce, negative grid current and the contact potential point.
sumed s tha(i g ift someumes reverses one or more times during life. It is as-
In gt t] e.valve Is operated at constant applied voltages throughout its life.
directione:li ;itgle lg'?d current crossover point (Fig. 2.9) tends to drift in the positive
g life. The movement of the contact potential point results in a

;. shift of the mutual isti i
: ) characteristics which in turn 3 i
¢ current which flows at a fixed grid bias. fas the effect of reducing the ple

Lif ;
'high-ga t:Stt:Vil;;ﬂ:e_b;en carried out (Ref. A12) for a period of 3200 hours on type 6SL7
late curpon. Of1.':;)'1033. The recorded characteristic was the grid voltage to give a
6 volt (from _1‘65mA with a plate voltage of 75 volts. The maximum drift was
Side the linuir: i to —1-05 volts), but the majority of the valves did not £0 out-
ally in 5 posi} ok to _—~-1-1 volt (0-4 volt drift), In most cases the drift was gener-
Units) horg 1 ¢ direction, but there were two exceptions (cut of a total of twelve
hun ed houey owed a general tendgncy to drift in the negative direction for the first
el or s0 and then to drift in the positive direction, ending up at approxi-

Y the s i
ame values Where they began. However, even those having a positive
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general direction showed rapid changes in the rate of change, and usually at least
one temporary reversal of direction. - ‘

1t was found that minimum drift occurred for plate currents between 0-1 and 1-0mA
for indirectly-heated types, or between 10 and 100 pA for small filament types.

This drift occurs in diodes and all types of amplifying valves, being particularly
noticeable in its effects on high-mu triodes (on account of the short grid base) and on E
power amplifiers (on account of the decrease in maximum power output). In direct-
coupled amplifiers this drift becomes serious, the first stage being the one most affected.

Most of the-drift usually occurs during the first hundred hours of operation. If f
stability is required it is advisable to age the valves for at least 2 days, but in some
cases this does not cure the rapid drift. Reference A12, pp. 730-733. 1
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Fig. 2.15. Constant current characteristics for a typical small transmitting triode (801).

Fig. 2.16. Triode plate characteristics with loadlines for five va'ues of load resistance.

(viii) Effect of heater-voltage variation

When a valve is being operated so that the plate current is small compared with}
the total cathode emission, an increase in heater voltage normaily causes an increasey
in plate current, which may be brought back to its original value bty an increased]
negative bias, With indirectly-heated cathodes the increase in negative bias is approxi-}
metely 0-2 volt for a 20%, increase in heater voltage, whether the valve is a diode,}
triode or multi-grid valve (Ref. Al2, p. 421). ‘ 3

This effect is serious in d-c amplifiers ; there are methods for cancelling the effect;

(Ref. A12, p. 458).

SECTION 3 : RESISTANCE-LOADED AMPLIFIERS
(4) Triodes (it) Pentodes.

(i) Triodes ‘
When there is a resistance load in the plate circuit, the voltage actually on the plare

is less than that of the supply voltage by the drop in the load resistor,
E. = EN, — RLIa.

This equation may be represented by what is known as a Load Line on the plat

characteristics. Since the load is a pure resistance it will obey Ohm’s Law, and the

relationship between current and voltage will be a straight line; the loadline will

thez_‘efore be a straight line.
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= \ The static operating point is the intersection of the loadline and the appropriate

characteristic curve. Fig. 2.16 shows several loadlines, correspondin i

2 to diffe
load resistors, drav?n ona Plate characteristic family. Ze;o load xgsistange is indig::;
by a vertical loadline, while a horizontal line indicates infinite resistance.

A loadline may be drawn quite independently of the plate characteristi in Fi
2.17. The point B is the plate supply voltage E,, (in &is case 300 Viflr(:lf; aj‘;;elzxgt; )
the loadline AB = —1/R; and therefore AO = E,:/R  (in this case 300,50 000 =
0-006 A = 6 mA). Tpe voltage actually on the plate can only be equal tolE »» When
the current is zero (po:_nt B). At point A the voltage across the valve is zero abnd the
Whol_e supply voltage is across R, ; this is what happens when the valve is short-
cixcu.}t_ed frf)m plate to cathode. The plate current (E,,/R 1) which flows under these
cond{uons is used as a reference basis for the correct operation of a resistance coupled
amphﬁet: (Chapter 12). As .the plate voltage, under high level dynamic conditions
must swing about the operating point, the latter must be somewhere in the region o;
the middle of AB ; the plate current would then be in the region of 0-5 E, /R, and
the plate voltage 0-5 E, ;—in other words, the supply voltage is roughly divid:d eqLuall
betw;cn the valve and the load resistance. Actually, the operating point may bZ
::gws:ﬁ. w;(t?:)n the limits 0-4 and 0-85 times E,,/R ;,—see Chapter 12 Sect. 2(vi)

In most resistance-loaded amplifiers, the plate is coupled b: i i
of the following ‘{alve, which has a grid resistor R, to ltazarth.y ?l‘iaigarf:i:g: :cl:lt: 51;:
load on the previous valye, but only under dynamic conditions. In Fig, 2.18 the
loadline AB is drawn, as in Fig. 2.17, and the operating point Q is fized by sélecting
the grid bias (here —6 volts). Through Q is then drawn another line CD having a
slope of ——(1,/?{ L+ 1 /R 0); this is the dynamic loadline, and is used for determining
the voltage gain, maximum output voltage and distortion (Chapter 12).
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Fig. 2.17. Loadline is independent of valve curves.

F‘ - .
€. 218. Loadlines of resistance loaded triode ; AQB is without any following grid
resistor, CQD allows for the grid resistor.

The d i i
has a resi}s?i:::ic :l.laracteristi(‘: is 'fhe effective mutual characteristic when the valve
A oah in the plate circuitt. ) While the slope of the mutual characteristic
T R )“be’:’ the slope of the dynamic characteristic is w/(r, 4 R;). Owing to
1y ) tlfai hltnghmore nearly constant than r,, the dynamic characteristic is more
T ght than the mutual characteristic.
“*The slof i
Pe of AR is negative <i
1€ Voltape drap § gative since the plate volrq
are drawn wil Ry, and the inverted form (1/R lgis dueto the way in which isti
£ as bdng\:’ll’lehr:%;;em vertically und voltage horizontally. The sk‘yp:n‘: ALB |T %;{;;I‘;/elggsaetfct; nsl:lecus
HE doe not e kca:ﬁe of R ,the negative sign and inverted form being understood, y 80
‘Eraz;’ amic loadline, ?t“;:?;? ct;c;; r;l;e ;‘:I‘I;;mm(g gdrid_ resistor, and does not therefore correspond to
eristic which does make allowance forethoe ge:(;’ etg?sxt';.he dynamic loadline a modifiea dynamic

TD.H.~2

e is the difference between the supply voltage and
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A typical dynamic characteristic is shown in Fig. 2.19 applying to a supply voltage
of 250 volts and load resistance 0-1 megohm ; the mutual characteristics are shown
with dashed lines.

The dynamic characteristic may be drawn by transferring points from along the
loadline in the plate characteristic to the mutual characteristic. An alternative
method making use of the mutual characteristic is as follows—

When the plate current is zero, the voltage drop in the load resistance is zero, and
the plate voltage is equal to the supply voltage (250). For the plate voltage to be
200 volts, there must be a drop of 50 volts in the load resistor (100 000 ohms) and the ]
plate current must therefore be 50/100 000 or 0-5 mA, and so on. A table may be E
prepared for ease of calculation :

Plate Voltage Drop in Plate Current
Voltage Load Resistor (= volts drop/R )
250 0 0
200 50 0-5 mA.
150 100 1-0 mA.
100 150 1-5 mA.
50 200 2:0 mA.

It will be seen that this table is not affected by the shape of the valve characteristics. 4
The dynamic characteristic may then be plotted by taking the intersections of the
various plate voltage curves with the plate current values given in the table,

The dynamic characteristic'of a triode is very nearly straight along the central s
portion, with curves at both ends, the ““upper bend * being always in the positive
grid current region. ;
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Fig. 2.19. Triode dynamic characteristic (solid line) for resistance loading.

Fig. 2.20. Ilustrating power dissipation in a resistance-loaded triode.

Refer to Chapter 12 for further information on resistance coupled amplifiers.

When a resistance-loaded triode is operated under steady conditions, the power
dissipation is indicated by Fig. 2.20. The area of the rectangle OCDB represents §
the total power (E,; I,,) drawn from the plate supply. The area of the rectangle
OCQK represents the plate dissipation of the valve (E,,,,) and the area of the rect-
angle KQDB represents the dissipation in the load resistor (B, ~ Eyo) Lio = Io*R .
Under dynamic conditions the plate dissipation decreases by the amount of power
output, and the load resistor dissipation increases by the same amount, provided that }
there is no a.c. shunt load and that there is no distortion. The case of transformer-
coupled loads is treated in Chapter 13.

(ii) Pentodes . -
Pentodes with resistive loads are treated in the same manner as mod?s, the only |
complication being the screen voltage which must be selected at some suitable value |
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a\,d maintained constant (Fig. 2.21). The operating point as an amplifier will norm-

" .ally, as with a triode, be in the region of the middle of the loadline so that the voltage

across the valve and that across R, will be approximately the same. The only
special case is w%th very low values of R r, (e.g. 20000 ohms) where grid current
occurs at approximately E., = 0, thereby limiting the useful part of the loadline.
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Fig. 2.21.  Loadlines of resistance-loaded pentode.
Fig. 2.22. Triode plate characteristics and loadline with transformer-coupled load.

With any value of screen voltage, and any value of load resistance, it is possible
to select.a grid bias voltage which will give normal operation as an amplifier. With
loaQ resistance of 0'1 megohm and above, pentodes give dynamic characteristics
which closely resemble the shape of triode dynamic characteristics with slightly
greater curvature at the lower end ; at the upper end, provided that the screen voltage
1s not too low, the pentode has a curved portion where the triode runs into grid current.
The top bend of the pentode dynamic characteristic is often used in preference to
the bottom bend for plate detection—see Chapter 27 Sect. 13i)C. '

For further information on resistance coupled pentode amplifiers, reference should
be made to Chapter 12 Sect. 3.

SECTION 4 : TRANSFORMER-COUPLED AMPLIFIERS

&) With resistive load. (ii) Effect of primary resistance (#7) Withi-f voltage amplifiers

» () R-F amplifiers with sliding screen (v) Cathode loadlines (vi) With reactive lcads.

(i) With resistive load

novgﬁen tf}e load resistance is coupled to the valve by an ideal transformer, there is

Joadl: nect voltage dx“op between the supp]y. voltage and the plate. The slope cf the

the ¢, as beforq, is — l./R ;. but the loadline must be lifred so that it passes through
_f—’peratmg point. Fig, 2.22 shows a typical triode with E, = 250 volts, and

o = —10 volts, thus determining the static operating point Q. The loadline AQB

.18 then drawn through Q with a slope corresponding to a resistance of 30 000 ohms.

él;:;};’tmlnak?% beyond p_oint A (Ee = 9) because in tpis case it is intended to be a

this s o l_p 1 e}, operating without grid current. It is not taken beyond B because

dizection alrélll}t1 of swing in the dc_)anx_’ard. dxrecqon corresponding to A in the upward
Drojectr::]_ aving twice the bias of point Q (.e. —:20 volts). Of course, AB could

ithou, e upwar(?s and downw‘:irds 1‘f It were desired to increase the grid swing
t regard to grid current or distortion.
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(ii) Effect of primary resistance :

If the primary circuit includes resistance, the point Q must be determined by draw-'
ing through E,, a straight line with a slope of —1/R’, where R’ includes all resistances
in the primary circuit other than the plate resistance of the valve. R’ will include
the d.c. resistance of the transformer primary winding and any equivalent internal
resistance of the plate supply source. Fig. 2.23 is a typical example, with R" == 1500
ohms, from which point Q can be determined as previously. The total a.c. load on 4
the valve is then (R, + R"), in this case 31 500 ohms, which will give the slope of
AQB. Inthese examples it is assumed that fixed bias is used, and that the negative 3
side of the supply voltage is applied directly to the cathode of the valve.

iii) With i-f voltage amplifiers

1-F amplifiers, when correctly tuned, cperate with the valve working into practically
a resistive load. I-F and r-f amplifier valves are in two principal groups—sharp
cut-cff and remote cut-off. :

Sharp cut-off r~f pentodes operate in much the same manner as a-f pentodes, and
the tuned transformer in the plate circuit reduces any distorrion which might occur
through non-linearity of the characteristics. The d.c. resistance of the transformer
is usually so small that it may be neglected and the loadline drawn through Q with a |
slope corresponding to the dynamic load resistance of the transformer (including
its secondary load, if any, referred to the primary). ]
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Fig. 2.23. Triode plate characteristics and loadlines with transformer-coupled load, |
allowing for the resistance of the primary winding.

Fig. 2.24. Plate characteristics of typical remote cut-off pentode with fixed screen and ]
suppressor voltages.

Remote cut-off r-f pentodes are similar, except that the mutual characteristics are ~
curved, and the distortion is greater. Fig. 2.24 shows the plate characteristics of a
typical remote cut-off pentode, with E, = 250 volts. Two loadlines (AQB, A'Q'B)
have been drawn for grid bias voltages of —3 and —12 volts respectively, with a slope §
corresponding to a load resistance of 200 000 ohms, as for an i-f amplifier. This
application of the loadline is not endrely valid, although it gives some useful informa- §
tion, since the tuned plate circuit acts as a “ flywheel * to improve the linearity and |
reduce the distortion. This is a case in which constant current curves could be
used with advantage. However, the ordinary plate characteristics at least indicate ]
the importance of a high Q (high dynamic resistance) second i-f transformer if it §
is desired to obtain high output voltages at even moderately high negative bias volt- |
ages ; a steeper loadline would reach plate current cut-off at the high voliage peak.

(iv) R-F Amplifiers with sliding screen ‘
Remote cut-off pentodes may have their cut-off points made even more remorte
by supplying the screen from a higher voltage (generally the plate supply) through aj
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Fip. 2,25, P{ate current characteristic of remote cut-off pentode with < sliding screen.”
The straight lines indicate the mutual conductances at several points.

resisto_r designed to provide the correct screen voltage for the normal (minimum bias)
operating condition. The screen requires to be by-passed to the cathode. ’
The same method may be used with a sharp cut-off pentode to provide a longer
grid base_. This does not make it possible to obtain the same results as with a pro-
perly desng.ned remote cut-off pentode, although it does increase the maximum input
voltage which can be handled with a limited distortion. It is important to remember
tl-;at the extended ‘plate current characteristic curve obtained by this method cannot
culused to determine the dynamic slope, since the latter is higher than would be cal-
c sﬁtqd from the characteristic. This is demonstrated in Fig. 2.25 which shows the
th ding screen ” plate current characteristic, with straight lines drawn to indicate
¢ mutual conductance at several points.
ﬁcT(l;e procedure for deriving the * sliding screen » plate current characteris-
L om the fixed voltage data is as follows—
and "itzmate and screen current curves be available for screen voltages of 50, 75, 100
5 volts (Fig. 2.26) and take the case with a series screen resistor (R,) of 250 000

- ohms from g supply voltage of 300.

E, Egros* Ja Poi :
v o2 oint E T Point I}
0V 250 10mA A ~o1  E 37 mA
. 0(5) 225 0-9 B —1.7 F 315
125 200 0-8 C —33 G 26
“The 175 07 D —52 H 21
sy voltage drop in the screen resistance = 300 —EHg.
3 = Edrop/lg .

L
3 S
e -
tived from the screen characteristics and transferred to the plate characteristics.

D
;Denved from the plate characteristics.

" (v) Cathode loadlines

Vth: Static operating point with cathode self bias may be determined graphically
7 use of the mutual characteristic. The mutual characteristic of a triode shown
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in Fig. 2.27 applies to the voltage between plate and cathode—the total supply voltage
will be greater by the drop in the cathode resistor R;.

Through O should be drawn a straight line OD, having a slope of —1/R; ohms.
The point P where OD intersects the curve corresponding to the plate-to-cathode
voltage (here 250 V) will be the static operating point, with a bias —E; and plate
current 1. :

In the case of pentodes, with equal plate and screen voltages, the triode > mutual -
characteristic should be used, if available. With the plate voltage higher than the
screen voltage, the triode mutual characteristic may be used as a fairly close approxi- .
mation, provided that the triode curve selected is for a voltage the same as the screen -

voltage.
Alternatively, pentodes may be treated as for triodes, except that the slope of OD

should be
1 I,

Ry It + 1
where I, and I., may be taken to a sufficient degree of accuracy as being the values
under published conditions. The plate current (/,") may then be read from the curve,
and the screen current calculated from the ratio of screen to plate currents. .

For the use of cathode loadlines with resistance coupled triodes and pentodes,

refer to Chapter 12.
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Fig. 2.26. Plate and screen current characteristics of pentode illustrating procedure]
for deriving < sliding screen™ characteristics. 3

Fig, 2.27. Triode mutual characteristics with cathode bias loadline OD.

‘vi) With reactive loads

When the load on the secondary of the transformer is not purely resistive, the load:
line is normally in the form of an ellipse instead of a straight line. Fig. 2.28 show$
three different examples of elliptical loadlines for purely reactive loads. A purel$}
capacitive load has exactly the same shape of loadline as a purely inductive one, bu§
the direction of rotation of the point is opposite, as indicated by the arrows. A
is for a high reactance, curve B for an intermediate value of reactance, and curve
for a low reactance. In each case the maximum current is E,/X, where E, is thé
peak voltage across the reactance and X, = wL for the inductive case, and X, = 1/ w
for the capacitive case. The voltage E, is shown as negative to the right of O, sd
as to be suitable for applying directly to the plate characteristics of the valve.

. Fig. 209,

- B =FG gy
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For cpnvenience in application, the horizontal and verti
same as in the valve characteristics to which theloadline is teor gg?p;cl?igs S};:?:r] : o tlh y
ifon t_he plate ci_laractenstics one square represents 1 mA in the vertic;il direct,i{ on 3 f:l)
25 V‘m the hquzontal d_jrect.ion, the same proportion should be maintained f? . atrllx
elliptical loadline. Having drawn the ellipse for any convenient value of E, it may
be expanded or.contracted in size, without changing its shape (that is the ratio(; ltfmﬁy
major to the minor axis when both are measured in inches). o the
g
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(a) Resistance and inductance in series

'The load is more commonly a combina-
tion of resistance and reactance, When
the load is a resistance R in series with
an inductive reactance wlL, the maximum
curtent through both will be I, and the
procedure is to draw both the straight re-
sistive loadline for R; (AB in Fig. 2.29)
and the elliptical loadline for wL, and then
to combine them in series. It will be seen
that in Fig. 2.29 the peak current of the
ellipse and of the resistive loadline are
identical (Z,).

To combine these in series, it is neces-
sary to consider the phase relations. When
the current is a maximum {(OE), the voltage
drop across R; is a maximum (AE) and
that across L is zero, because there is 90°
phase difference between the voltage and
current : the total voltage drop across R
fmd L xg seéies is therefore AE and point AL
isont i i
is oo, aend?}gﬁ Cl;)(?sdhlx‘ag. OW}fen the current is zero, the voltage drop across R
is on the qoonat acto diin is AC ; th; total vo!tage drop is therefore OC, and point C[
the voltage €. At any mntermediate point (OF) with current increasin,

P across R is FG, and that across L is FH, so that the total drop i%

-E,
Xo
=

FiG.2.28

Fig. 2.28. Three examples of elliptical
loadlines for purely reactive loads.

~To 8‘

Fi1G.2.29

Resiors . . .
esistive loadline (R !,); mduczwe loadline (wl); and elliptical resultant
Jor R, in series with wl (dashed curve).

bined } With similar procedure in the other three quadrants, the com-

rop ise direction
P 15 greater than

; oadline js 3
‘ :—‘jlockw‘ € 1s shown to be an ellipse CJADB which is tilted, or rotated in the

as compared with the original ellipse.

. The maxi
that across either R 7 or L alone, aximum voltage

as would be expected.
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If an elliptical loadline is known, as for example the dashed ellipse of Fig. 2.29,
its series components may readily be determined. Mark points A and B where the
ellipse reaches its maximum and minimum current values, then draw the line AB;
the slope of AB gives R;. Mark O as the centre of the line AB ; draw COD hori-
zontally to cut the ellipse at points C and D.

Then wL = E,/I, ohms,

where E, = voltage corresponding to length OD

and I, = current (in amperes) corresponding to max. vertical height of
ellipse above line COD.

Alternatively

oL = Length of horizontal chord of ellipse through 0, in volts

Maximum vertical extent of ellipse, in amperes

(b) Resistance and inductance in parallel

When the load is a resistance R ; in parallel with an inductive reactance wL, the
maximum voltage across both will be E,, and the resistive loadline and reactive ellipse
may be drawn as for the series connection. In this case, however, the currents have
to be added. In Fig 2.30 the maximum current through R, is CK (corresponding
to +E,), while the maximum current through L is OE. When the voltage is zero
and increasing, the current through R, is zero, and that through L is the
minimum value OP; point P is therefore on the desired loadline. When
the voltage is its positive maximum (OC), the current through R, is CK and
that through L is zero; point K is therefore on the desired loadline. Simil-
-arly with points E and M. At an intermediate value, when the voltage is negative
and approaching zero (OR), the current through R; is RS, and that through L is
RT ; the total current is therefore RT + RS = RW, and W ison the desired loadline
The loadline is therefore the ellipse PREMW.

Fig. 2.30. Resistive loadline
(R ); inductive loadline (solid
ellipse) ; and elliptical re-
sultant for R, in parallel
with w; (dashed curve).

FIG, 2.3¢

If an elliptical loadline is known, as for example the dashed ellipse of Fig. 2.30,
its parallel components may readily be determined. Mark points K and M where]
the ellipse reaches its maximum and minimum voltage values, then draw the line KM 3
the slope of KM gives R;. Mark O as the centre of the line KM ; draw EOP vertic-
ally to cut the ellipse at points E and P. ‘

Then wl = E,/I, ohms,
where E, = voltage difference between points O and K,
and I, = current corresponding to length OE, in amperes.

Alternatively :

ol = Maximum horizontal length of ellipse, in volts

Length of vertical chord of ellipse through O, in amperes

(c) Resistance and capacitance
A similar shape of loadline is obtained when the inductance is replaced by a capaci
ance of equal reactance, except that the direction of rotation is opposite.

Fig. 232, Beam power amplifier

Tesistive |,
age is 25
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\(dzrﬁepg;l)i'h:iialellliptigal loadlines to characteristics
o platgchara :tad.lm.es derived by thq methods described above may be applied
il thes egsucs ofa valv.e, but it is first necessary to enlarge or reduce theij

Just fit between grid voltage curves corresponding to extreme swi'fllgr

MA

IZ"

GRID VOLTS
Ec=0 TYPL 8SN7
(EacH  uNIT)
,‘.,’
W
-
<
ga
o
° 100 200
4
FIG. 231 PLATE voLT: o

Fig, 2.31, Triode plate characteristics with ellipts, Y
g iptical loadlines ¥ 1
25000 ohms in series with reactance of 18 08001 ’:}-:f;'?dmg roresieance

in each direction. The examples taken have

: ] all been based on an arbit

EIII ‘gr :r' volitagc (E,), vyhxg:h may b_e made larger or smaller as desiredr. x;ir%icgur;e;llt

shere 1“s,i sth o;v?eth:: elhpt}c.'inyggdlme corresponding to a resistance of 25000 oh;ns. in
actance o 0 ohms, on triode plate characteristi i =

volts, E. = -10 volts and peak grid amplitude E,,=8 vol?;l.sucs i By =250

TYPE 6V6~GT
Eca"2s50 voLTs

CONTROL GRID VOLTS Ec 70

-5

° -23
° 100

200 €
Fic.2.32 FLATEb waurgoo 400 500

X late char, ISt3 ; ipti Y
pond, p plate acteristics with elliptical loadh -
W 1o a resistance of 4750 okwms in parallel with a reactance of 23 OO‘ge D}fz::&f

Fig. 232 show i
- 3 s a typical beam power amplifier with an ellipti i i
ptical loadl :
00\a7§10f 47.50 qhms shunted by a reactance of 23 000 ohms. The :llaet:V lvt<l)l!:
ts, grid bias ~-12'5 volts, and grid swing from 0 to —25 volts.
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In all applications of elliptical loadlines to characteristics, the shape of the ellipse
(i.e. the ratio of its major to its minor axis) and the slope of the major axis are deter-
mined solely by the nature of the load. The ellipse can be imagined as being slowly
blown up, like a balloon, until it just touches without cutting the two curves of extreme
voltage swing. If there is no distortion, the centre of the ellipse will coincide with
the quiescent working point, but in the general case the centre of the ellipse will be
slightly displaced.

SECTION 5 : TRIODE OPERATION OF PENTODES

(i) Triode operation of pentodes (ii) Examples of transconductance calcularion (31)
Triode amplification factor (iv) Plate resistance (v) Comnection of suppressor grid.

(i) Triode operation of péntodes

Any pentode may be operated as a triode, provided that none of the maximum L

ratings is exceeded, and the characteristics may readily be calculated if not otherwise

available.

. When the cathode current of a valve is shared by two collecting electrodes (e.g.
plate and screen) the mutual conductance of the whole cathode stream (i.e. the “ triode
£m ) is shared in the same proportion as is the current.

Let I, == cathode current
I,, = screen current
I, = plate current
gm = pentode transconductance (to the plate)
g, = triode transconductance (with screen and plate tied together)
and g. = screen transconductance (with pentode operation).
ThenIk =I¢2+Ib

£ &m + &5 (by definition)
and  gm/g: = I/l
If it is desired to find the screen transconductance, this can be derived from the
expression :
) 4 c/ Em = I cz/ I b
or ge/8s = Loa/1y

(ii) Examples of transconductance calculation
Example 1: Type 6]7-G as a pentode with 100 volts on both screen and plate;;
and with a grid bias of. —3 volts, has the following characteristics :—

Transconductance 1185 micromhos
Plate Current 2:0 mA
Screen Current 05 mA

It is readily seen that the cathode current (see equation 1 above) is given by
I, =05+ 20 = 25mA,
The triode transconductance is calculated by inverting equation (3) above,
8/8m = I/Iy .

Therefore g,/1185 2:5/2-0
and g, == 1482 micromhos.

The example selected was purposely chosen so as to have equal plate and screen
voltages. Under these conditions the method is exact, and the calculated trio
mutual conductance applies to the same conditions of plate and grid voltages as fi
the pentode operation (in this example 100 volts and —3 volts respectively).

Ezample 2: Type 6]J7-G as a pentode with 250 volts on the plate, 100 volts
the screen, and —3 volts grid bias.

In this case a similar method may be used, but it is necessary to make an assumpti
which is only approximately correct. Its accuracy is generally good enough for mos§
purposes, the error being within about 50/ for most conditions. ;

I

I

. grid may be

ally
dince
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The assumption (or approximation) which must be made is—Tha the plate current
of a pentode valve does not change as the plate voltage is increased from the same vol
as that of the screen up to the voltage for pentode operation fie same voitage
This assumption means, in essence, that the plate resistance is considered to b
infinite—a reasonable approximation for most r-f pentodes, and not seriousl in
error for power pentodes and beam power valves. E) seriously in

In this typical example.we can take the i isti
published characteristi t

the plate current and transconductance are the same for 100 ;z ?:)sr: g?g jgi?sn:;t?lfé
Plate. From then on the procedure is exactly as in the previous example. It is
important to note that the calculated triode characteristics only apply for a triode
plate voltage of 100 volts and a grid bias of —3 volts.

Example 3 : To find the screen transconductance under the conditions of Example 1.

From eqn. (2) we may derive the expression—

&s =§t9“gm = 1482 — 1185
_ == 297 micromhos.

This could equally well have been derived from eqn. (4) or (5).
(iii) Triode amplification factor

The triode amplification factor (if not availabl

e fi
calculated by the following approximate method. oM any other source) may be

Let g, == triode amplification factor
co == negative grid voltage at which the plat j
and y Z s vitsee C plate current just cuts off
Then u, = E,/E,, approx. (6)

tbrForpe:gmgle,'wnh type 6]J7-G having a screen voltage of 100 volts, the grid bias
r cut-off is indicated on the data sheet as being —7 volts approx. Thisis the normal
gmd bias fo‘r complete plate current cut-off, but it is not very suitable for our purpose
is:x;gesee%:?;;‘(;n (6) 1sdbasefi on the assumption that the characteristic is straight, whereas
Ry plate-(‘ lc.;urrve as dxt approaches cut-g)ff.. The preferable procedure is to refer
e t}{e 1) fnt-grl hvoltage 'charaqterlst'lc, and to draw a straight line making a
ol aod o % i:xsre jt3 t e1 working point—in this case with a screen voltage of 100
s s, Brid. bi volts. When this is done, it will be seen that the tangent
25 being muchixjn oe current line at about _—5 volts grid bias. If this figure is used,
on e o I ere accuratc than the previous value of —7 volts, the triode amplifica-
e = 100/5 = 20,

Alt . . . .

may ggns;\;?xllih 1{) onlg the. pJatf1 characteristics are available, much the same result

! y observing the grid bias for the lowest ich i

very close to plate current cut-off. curve, which is generally
In the case of remote cut-

off characteristics it is essenti
method, and the re. o ential to adopt the tangent

only apply to the particular point of operation, since the

. trio i i i
de amplification factor varies along the curve.

The ampli i
conteg] gri;éhif;c:lnon factor of the screen grid in a pentode valve with respect to the
most exactly the same as the triode amplification factor.

The amplificari
plification factor of the i
¢ plate of a pentode valve with respect to its screen
calculated from the expression— P

8 “’\Vhere Kooy == Bogiegs ooy G
- and

Thi
I this s

Ma1-» = pentode amplification factor
B2y = screen grid-plate mu factor.

this is nléif?;‘sll&rilﬂclaré only be used whe.n the pentode amplification factor is known.
d mutug) o ed, it may be determxped from a knowledge of the plate resistance
5 this dope tance. If the former_ is not published, it may be derived graphic-
vauon is only very approximate in the case of sharp cut-off r-f pentodes,

the isti
characteristics are nearly horizontal straight lines.
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For example type 6AU6 has the following published values— Tt ul .
he same result may be obtained with pentodes, provided that both the grid and

r, = 15 megohms : ied i

. - ,ugnh i } at Ey=250,E, =125, Ey = —1V §cr;cnbv0}t3g§§,afe varied in the same proportion as the plate voltage. This result
from which p = 6675. ist ies r:::::igt da ve Conversion Factors, so that we must always remember that their
- use ed to cases in which all the electrode voltages are changed in the same

But  pa.ee 36 approx. proportion.

Therefore g, = 6675/36 = 185 approx. .
Let F, be the factor by which all the voltages are changed (i.e. grid, screen, and

plate), and let J,” be the new plate current.

(iv) Plate resistance , ,
The * plate resistance ” of each electrode (plate or screen) in the case of pentode Then I,/ oc (F,.E;),
operation, and the “ triode plate resistance ”” when plate and screen are tied together, But I,/ = F.I, ' ®
may be calculated from the corresponding values of pand gm. where F; is the factor by which the plate current is changed
(v) Connection of id Therefore Fil, oc (F .Ey)*/". = (6
\/ nnection of suppressor gri inati . .
The suppressor may bep cponnected Either to cathode or to the screen and plate, From the combmanonF?f__@}; axg (6) it will be seen that
i )

with negligible effect on the usual static characteristics. Some valves have the sup-

pressor internally connected to the cathode, so that there is no alternatve. In other Now the power output is proportional to the product of plate voltage and plate

current so that

cases, connection to cathode slightly increases the output capacitance. In low level

amplifiers, connection of the suppressor to cathode may give lower noise in certain and P, o€ Ey.1, ®

cases if there is a high resistance leakage path from suppressor to cathode ; similarly ‘o that P o (F.E)) (Fely) 9

its connection to screen and plate will give lower noise if there is leakage to the latter P/ oc F,.F;(Ey.qIy) (10

electrodes. o F,.F;(P,). an
We may therefore say thz;; the ;;:oerr conversion factor F, is given by the expression

p = L ek
SECTION 6 : CONVERSION FACTORS, AND THE CALCULATION Therefore F, = Fjn, , 43

The mutual conductance is given by
_. change of plate current
change of grid voltage
Therefore Foyp =F,/F,=Fp2R®/F, == F 3}
The Plate Resistance is given by . ’ ~ a®
- change of plat&voltage
change of plate current
Th‘erefore F,=F,F;,=F,/JF3® = F 4 (1
This also applies similarly to the load resistance and cathode bias resistance )
We may therefore summarize our results so far :—- ‘

OF CHARACTERISTICS OTHER THAN THOSE PUBLISHED

(#) The basis of valve conversion factors (i) The use of valve conversion factors (iit)
The calculation of valve characteristics other than those published ~(iv) The effect of

changes in operating conditions.

Conversion Factors provide a simple approximate means of calculating the prin-
cipal valve characteristics when all the voltages are changed by the same factor. Itis
possible to make certain additional calculations so as to allow for the voltage of one
electrode differing from this strict proportionality. i

(i) The basis of valve conversion factors

Valve Conversion Factors are based on the well-known mathematical expressio; F, = Fp3n»
of valve characteristics F, = Fji : ™
I, = A(E, — pE)* (1 Foym = F} (13)
where I, = plate current a T F, = F % 8‘;%
E, = plate voltage hese are shown i i .
E’: — grid voltage wn in graphical form on the Conversion Factor Chart (Fig. 2.32A).
A = a constant depending upon the type of valve (u) T ’
p == amplification factor 3 I he use of valve conversion factors
and x = an exponent, with a value of approximately 1-5 over the nearly straight tisim: .
Xpones e v Y Straight the voltages (g remember that the conversion factors may only be used when all

" .

fo:g:SiE Egd(:) scmr:gn and pll';ate) ::ire changed simultaneously by the same factor

r ¢ any other adiustments, these may be carried o :
‘mak S r ut befo

ing conversion factors, by following the method given under (iii) bclowIe or

Conversi
ion factors may be used on any type of valve whether triode, pentode or

eam tetr. and i .
clasy O ode, and in any class of operation whether class A, class ABI, class AB2 ¢or

portion of the characteristics.
If we are concerned merely with changes in the voltages and currents, then we ca
reduce the expression to the form
IbOC(E,,—;LEc)”. (2
Now if we agree to change the grid voltage in the same proportion as the plat

If it is
after us

voltage, we obtain the very simple form
I, oc Ep®. € The .
Finally, if we take x as 1-5 or 3/2, we have the approximation oceur ‘:llksﬁecﬁf g::cn:’irsxon factoz.'s ils necessarily an approximation, so that errors will
I, oc E3I%, ( N general § e progressively greater as the voltage factor b
i ral P . ccomes eater,
0 ab, it may be taken that voltage conversion factors down to about 0-7 8arnd up

Put into words, this means that the plate current of a valve varies approximately
as the three-halves power of the plate voltage, provided that the grid voltage is varieq
in the same proportion as the plate voltage. E

out 1-5 times will be i

exten | be approximately correct. When the volt:

Sider :i]eld 1beyond these limits down to 0-5 and up to 2-0, the accuracyagl:ecf:rcr:g;sc:;f
: Y less, and any further extension becomes only a rough indication
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; Screen current 6 mA
o4 06 08 10 "5 2:0 3.510 Mutual conductance 2,000 umhos
10@ f& =5 T = == T Power Output 25 watts,
gEEEstes SSoszecE = 7 It is required to determine the optimum o, i iti i
) perating conditions for a plate
8 7—]° of 200 volts. 8 plate voltage
i A The Voltage Conversion Factor (F,) = 2007250 == 08,
. - 6 The new screen voltage will be 0-8 X 250 = 200 volts.
; « Y The new control grid voltage will be —(0:8 X 15) = —12 volts.
: = SR Reference to the chart then gives the following :
) g = H T E===5 Current Conversion Factor (F,) 0-72
4 FaSSs==s7 Mutual Conductance Conversion Factor (F,,) 0-89
b g Power Output Conversion Factor (F,) 057
£ 3 7 o b 7 3 wThe new plate current will be 0°72 X 30 = 216 mA.
& , = The new screen current-will be 0:72 X 6 = 4-3 mA.
. / The new mutual conductance will be 0-89 x 2000 = 1780 pmbhos.
- s -7/ 4 The new power output will be 0:57 X 2-5 = 1-42 watts.
i 7 A There are two effects_not taken into account by conversion factors. The first
. rAmmys is contact pqtentlal, but its effects only become serious for small grid bias voltages.
(e Sl —/ g The seclond is secondary emission, which occurs with the old type of tetrode at low
" =SHRE // plate voltages ; in suqh a case the use of conversion factors should be limired to regions
4 LT Ay - of the plate charactcusuc.m which the plate voltage is greater than the screen voltage.
9, R Ly o With beam power amplifiers the region of both low plate currents and low plate
o 10 EEEifsmEpEmmns St = = voltages should also be avoided for similar reasons. .
£ o “_f picaciaESSEatE =3 Fei = =H e The apphcgnon of conversion factors to resistance-capacitance-coupled triodes
Lo EERS and pentodes is covered in Chapter 12 Sect. 2(x) and Sect. 3(x) respectively.
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Fig. 232A. Conversion factor chart (by courtesy of ‘R.C.A4.).
values of screen voltage (Ref. E2).

Greater securacy § . .

may getzrb ?;icntlrgcyfm the use of conversion factors over a wide range of screen voltages
it curves are available for zero bias at : i X

v Obtal > ro bias at 2 number of 5
; 01\;3 }gle& as in Fig, 535 (hes. pon different screen

en ;

ire multid;iee glate; screen, and grid voltages of a pentode or beam power amplifier
p y the same voltage conversion factor, the ratio of the plate current

The example given below is a straightforward case of a pentode valve whose charac
teristics are given for certain voltages and which it is desired to operate at a lowe

plate voltage.

Plate and screen voltage 250 volts at a given grid b
rid bias to th ias d -
i famit g at at zero bias does not change. In order to convert a givi
Control grid voltage ~15 volts 'Mily of plate characteristics < L ) given
g 2 ecessary to have erlst{c§ t0 a new screen voltage condition, 1t is therefore only
30 mA a zero-bias plate characteristic for the screen voltage cof interest

Plate current
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Example ) —
Suppose that the family of plate characteristics shown in Fig. 2.34, which obtains

for a screen voltage of 250 volts, is to be converted for a screen voltage of 300 volts,
The zero-bias plate characteristic for E ., = 300 volts, which is shown in Fig. 2.33,
is replotted as the upper curve in Fig. 2.35.

Since all bias values shown in Fig. 2.34 must be multiplied by 300/250 = 12,
corresponding plate characteristics for the new family obtain for bias values that are
20 per cent. higher than those shown in Fig. 2.34. Consider the conversion of
—10-volt characteristic of Fig. 2.34. At a plate voltage (E, of 250 volts in Fig. 2.34,
AB/AC = 100/187 = 0-535. On the new characteristic in Fig. 2.35 which corres-
ponds to a bias of —12 volts, A’B’/A’C’ must also equal 0-535 at E, = 300 volts.
Therefore, A’B’ = 0-535 x A’C’. From the given zero-bias characteristic of Fig.

2.35,A’C’ = 244 at E, = 300 volts ; hence A'B’ = 131 milliamperes. At E, = 200 -

volts in Fig. 2.34 DE/DF = 98/183 = 0-535. Therefore, at E, = 200 X 12 =
240 volts in Fig. 2.35, D’E’ = 0-535 x 238 = 127 milliamperes. This process

is repeated for a number of plate voltages and a smooth curve is drawn through the

points on the new characteristic.
FIG. 2.34
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Fig. 2.34. Plate characteristics for type 807 with fixed screen voltage and eight value

of grid voltage (Ref. E2).

The factor 0-535 can be used for the —10-volt characteristic at plate voltages]
greater than that at which the knee on the zero-bias characteristic of Fig. 2.34 occurs &

for plate voltages in the immediate region of the knee, a new factor should be dete
mined for each point. The plate characteristics of Fig. 2.34 should not be converte

to the left of the dashed line of Fig. 2.34 because of space-charge effects. Thi
limitation is not a serious one, however, because the region over which the val\{

usually operates can be converted with sufficient accuracy for most applicatiogs. ’
converted plate characteristic of Fig. 2.35 for Eq = —30 volts was obtained in

similar manner to that for E, = —12 volts. N
The curves of Fig. 2.35 were checked under dynamic conditions by means of

cathode-ray tube and the dotted portions show regions where measured results
parted from calculated results. .

(iii) The calculation of valve characteristics other than those pub
lished I

It is frequently desired to make minor modifications in the operating conf:htm
of a valve, such as by a slight increase or decrease of the plate voltage, change in gri

i
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pias or load resistance. It is proposed to describe the effects which these changes

will have on the other characteristics of the valve.
The procedure to be adopted is summarized below :—
FIG. 2.35
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Fig. 2.35. Derived plate characteristics for t ; }
] 4 ype 807 with different screen wvolt
making use of Figs. 2.33 and 2.34 with conversion factors (Ref. E2). noess

(a) In the absence of valve curves
'l;ru:;le—Use conversion factors to adjust the plate voltage to its new value, and
apply the correct conversion factors to all other characteristics ; then adjust the grid

bias to its desir . K
resistance. ired new value by the method given below, and finally adjust the load

vml::ntodg or beam power amplifier— Use conversion factors to adjust the screen
teristge t.o its new'value, and apply the correct conversion factors to all other charac-
ics 3 then adjust the plate voltage to the desired new value by the method given

below ; then adj id bi i i
ey adjust the grid bias to its desired new value, and finally adjust the load

(bzrVYhen valve curves are available
lishe‘;zgzle:h' no d.c. load resist?nce in the plate circuit : Refer to the pub-
plate g ;}r;]s.u;s to find the maximum plate. dissipation ; calculate the maximum
able plare ™ 1: fcan}qf:te per{mtted at ttfe dfesxred new plate voltage ; select a suit-
mumy ¢ an rc;n orht e particular apphcat.!on _(whlch must not exceed the maxi-
It th,e . fer to the curves to find the grid pxas to give the desired plate current.
the methay eisa power amplifier, the load‘ resistance may be determined by one of
0ds described in Chapter 13 [e.g. triodes Sect. 2(iii) ; pentodes Sect. 3(iii)A].

Trio . . . . .
de with resistor in plate circuit : Use conversion factors, with adjustments

as requi i ;
48 required in accordance with the method given in (iv) below.

P .
entode or beam power amplifier : If curves are available for the published

value in (i
for 1 ;Jli tZcreeln voltage, use the method in (iv) below to obtain the characteristics
: voltage such that, when conversion factors are applied, the plate voltage

S the desi i
sired value. For example, if curves and characteristics are available for

Plate an, iri
d screen voltages of 250 volts, and it is desired to determine the characteristics

T a
ﬂk‘a?tl:r[ii IYOItage of 360 volts and screen voltage of 300 volts : firstly determine the
‘ ics for a plate voltage of 300 and screen voltage of 250 ; then apply voltage
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conversion factors of 1-2 to the plate, screen and grid voltages so as to provide the

desired conditions.

If curves are available for the new value of screen voltage, use conversion factors
to bring the screen voltage to the desired value, then apply the method below to adjust

the plate voltage, load resistance and grid bias.

(iv) The effect of changes in operating conditions

(A) Effect of Change of Plate Voltages of Pentodes and Beam Power

. Amplifiers
(a) On plate current

The plate current of a pentode or beam power valve is approximately constant over
a wide range of plate voltages, provided that the plate voltage is maintained above the
<« knee ” of the curve. The increase of plate current caused by an increase in plate

voltage from E,, to Ey, is given by the expression
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Since the power output is proportional to the area of
it is also p;:opomonal to the value of the load resistan
common side. It may readily be shown that

the triapgle under the loadline,
ce, all triangles having ML as a

R, —En = Emi,

Imaz - be
and R, = By “Emiﬂ
L T .
Imaa: - Ibg

Therefore

E—é :::_E""'2 _Emiz I:ma.z _..Ib]

. L E}u — E i N I‘%_._I__ (17)
which is also the ratio of the outpu: POwer: » dmas va

is neglected as an approximation, then

If I, = I, or the rise of plate current

E, En—E ~ .
Al = BT 2 D2 OF B Ry B = By,
) he plate characteristi re available, and the change in pl A I i Eo ~ Buie as
n many cases the plate characteristic curves are available, and the change in plate s an example, apply this to type 6V6- .
cutrent may be read from the curves. ype 6V6 G’II‘) u;zlc_le; the following conditicns: --
‘ublished Desired
(b) On screen current ) Plate voltage Condition Condition
In the case of both pentodes and beam power valves the total cathode curren Screen voltage 250 300 V
(i.e., plate plus screen currents) js approximately constant over a wide range of plat Grid voltage 250 250 v
voltages (see Fig. 2.4). The increase in plate current from E,; to E;, is approxi Load resistance —125 ~125V
mately equal to the decrease in screen current over the same range. Plate current /7,,) 5000 {see below) ohms
Peak plate current (7,,,,) gg* 48* mA
. M{n. plate current U in) . g+ 90* mA
F16.2.3 Ililhn. plate voltage (E ;) 35 8% mA
£ero ower output ’ 3BV
- *From curve. P 45 (see belew) W
Y - Using equation (17)---
| R/ _300--35 90-47 265 43
R, 35035 5048 " spn 5 126
f S whence R, = 126 % 5000 = 6300 ohme 215 42
; \\\ \\§ _ The increase of power output is in pr S .
tos | f—ytote ‘ P €, S he P, =45 % 126 = 566 watts proportion to the increase in load resistance.
Y] — = This . :
| NG method is remarkably accur: . :
plate circuj . . rate when there is ver i oo
. \ I B of th:lg?ét,a isd laSI(;;quy the case with power pentodes. Vgx:}?l glcla:; Ct:)f‘i:mon in the
E RO L .Y armonic comuon class, in which the rectification is considerablep(st:;ril mphﬁexs
| 3 . -values of 7 pI e'nt), the “ corrected ” loadline should be used as a >basisg SZCOD
I ™ g . - o If the rimw-’ ml 4 iy should be those corresponding to the corrected,lcz::dliixhee
e kS St Se 1n plate current (A7) i 3 . :
G ; ) 18 considera P .
R 75 T2 x ,hzntre point of the loadline MH; a?;ld theresiviiidk?ele; the poinc P will be above the

Emn

Fig. 2.36. Plate characteristics of power pentode illustrating effect of change of pl

voltage.

(c) On load resistance and power output

The plate characteristics of a typical power pentode are shown in Fig. 2.36 in wh
I,, is the  published »* plate current at plate voltage Ey, and grid bias —E 4. TH
loadline MPJ swings up 10 I nq, at E, = 0 and down to [..;, at 2E ., the assumpt]
being made that the 2E, curve is straight and horizontal over the range of pl

voltages in which we are interested.

If the plate voltage is increased to E s, the new loadline will be MP'H, the point
being common to both, since it is at the knee of the characteristic. The quiesc
operating point P’ is at a higher plate current than P, the difference being AJ,

n appreciable amount of second

Imonic distortion i
f desired) by increasing the load

€Sistance slightly, § this may be reduced to zero ¢

B) g
ﬁegt[ﬁ{) dc:eh:zl:zgeffof l(;dd resistance
he e effect of a change i in i i
h:pﬁ 11: 1>2 57, In any case where :;henc{zealﬁgg z;angrfofai)n etlected aqmr e
- Sect. 2 may be used to calculate stage gain. ¢ neslected: ean. () of

Inarc,

fchamercizp %r;t?td; tl;’e effect.of a change in R, on stage gain is given by e 7,
e current iy i:1 -3 caring in mind that the mutual conduceance at the); ?n ,( J

QJIage gain is pro Crea_sed when R, is decreased. As a rough approxima perating

10 be 0btaimedpornorml o the load resistance.  If Optimu_;l Operatin, ;Emdn‘ "the

Chapter 12 Seq conversion factors should be applied to the whole amulifie

) ect. 3(x)C. e whole amplifier
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(C) Effect of change of grid bias

In any valve which is being operated with fixed voltages on all electrodes and without
any resistance in any of the electrode circuits, a change of grid bias will result in a
change of plate current as given by the expression

Ny =AE: X gy
where A, -- incresse of plate current,
AE. = change of grid bias in the positive direction,

and g, = mutual conductance of valve at the operating plate current.

In most practical cases, however, the valve is being operated with an impedance
in the plate circuit and in some cases also in the screen circuit. The effect of a change
in grid bias is therefore treated separately for each practical case.

(19)

(a) On resistance-coupled triodes
In this case a plate load resistor is used, resulting in a considerable voltage drop
and a decrease in the effective slope of the valve.
The change in plate voltage brought about by a change in grid bias is given by the
expression
Al = AE, % p/ry, + Rp) (20)
where p - amplification factor of valve at the operating point,
r, = plate resistance of valve at the operating point,
and R, == resistance of plate load resistor.
(b) On resistance-coupled pentodes
The change of plate current with grid bias is given by the expression.
AI » = AE g X &a
where g; -+ dynamic transconductance at the operating point,
== slope of dynamic characteristic at the operating point.
The change of screen current (with fairly low screen voltages) is approximately
proportional o the plate current up to plate currents of 0:6 Ey»/R and the change
in screen current is given by the expression
Al = AT, (1.571,) approx.
where I, screen current
and E,, ~ plate supply voltage.
For further information on resistance coupled valves, see Chapter 12, Sects. 2 and 3.

(2

(22)

(¢) On i-f or r-f amplifier

In this case there is no d.c. load resistor and the full supply voltage reaches the
plate of the valve. The change of plate current is given by eqn. (19) while the change
in screen current may be calculated from the ratio of scréen and plate currents, which
remains approximately constant. The voltage gain is proportional to the mutual
conductance* of the valve, and is therefore a maximum for the highest plate current
at the minimum bias. A decrease in bias will therefore normally result in increased
gain, while increased bias will result in decreased gain. The limit to increased gain
is set by the plate or screen dissipation of the valve, by positive grid current, and, in
some circuits, by instability. In most cases the mutual conductance curves are pub-
lished so as to enable the change of gain to be calculated. ;

(d) On power valves
This subject is covered in detail in Chapter 13.

*The voltage gain is also affected by the plate resistance, but this is quite a secondary effect unle:
the plate resistance is less than 0.5 megohm. In most remote cut-ofl pentodes the plate resistance falld
rapidly as the bias is decreased towards the minimum bias, but this is more than counterbalanced by the
rise in mutaal conductance.
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SECTION 7.: VALVE EQUIVALENT CIRCUITS AND VECTORS

(i) Constant voltage equivalent circuit (ii) Constant current equi ireutt (i1
iV
Valve vectors. quivalent circuir  (5i1)

Much qsefu.l information can be derived from an equivalent circuit of a valve, even
though this may only be valid under limited conditions. The equivalent ciréuit is
only 4 convenient fiction, and it must bt remembered that it is the plate supply which
in reality, supplxes the power—the valve merely controls the current by itsyvar ing :
d.c. plate resistance. The equivalent circuit is merely a device to produce inythf
Joad the same a.c. currents and voltages which are produced by the valve when alter;
nating voltages are applied to its grid.

® L VALYE LOAD
7, [V YW S . ‘

[ e R Ty Fig. 2.37. (A) Equivalent
Ul P i circuit of valve using constant

pEs ey ((wEs EI‘P 2 E Eq voltagg generaior (B) Equiva-
Al g | ; Jz, lent circuit of valve and load.
1

SN Sl B O . oA ¥

R e L T H

FIG. 2:37

(i) Constant voltage equivalent circuit

The simplest equivalent circuit treats the valve as an a.c. generator of constant
r.m.s. voltage puE,, which is applied through an internal generator resistance r,
(Fig. 2.37A). This is valid for small alternating voltages (under which conditions
t}}c characteristics are practically uniform) but is of no assistance in determining
direct currents or voltages, phase angles or operating conditions. It is also limited
to freguencies at which the effects of capacitances are negligible.

Tms‘may be elaborated, as in Fig. 2.37B, with the inclusion of the input circuit
GK ar.ld‘th'e load Z,. The input voltage E, is shown by the =+ signs to be such that
the grid is instantaneously positive, and the plate negative (with respect to the cathode)
at the same instant. It is assumed that the grid is biased sufficiently to prevent grid
current flow,

The current I, flowing through the load Z; produces across the load a voltage E;
yvhxch is of.opgosite sign to E,. It will be noted that the “ fictitious”’ voltage pE,
1s opposite in sign to E,, although u is positive ; this apparent inversion is a consé-
quence of treating the valve as an a.c. generator,

In. the simplest case, Z 1 1s a resistance R,;. We can then derive the following
relationships— '

HE, = (rp + Rp) I, @
. R
E, = —I,R, = —pE,- "L __
L 1 pE vr? T RL (2)
and K, . uR
= It [ ke 2
7 voltage gain T R, (3)

I i ¢ .
f the load is made up of a resistor R; and an inductor X ; in series—-
Complex Values Scalar Values

Tm R, VR ¥ X @
rE, = (r, + RL +le_) I, Vi, + RD? + XLZ'IJ' 6

- wyVR,E A+ X2
VIS B

LY rw“*‘RL‘i"".X
and similarly for any other tlypeL of load.

(6)
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TANT CU NT EQUIVALENT CIRC
; UIT
nt circuit of Fig. 2.38, 47

This circuit may be each capacitance is split into an electrode part and a circuit part (Ref. B21 Fj ‘ 38)
. ig.

“the cifcuit is tco complicated for analysis, an L

- beent fl.ntroduc.ed C;nnot be measuredydir’ectl;" ;’?oen? etvlvlecgirelrtngllement? that have
) Tl)z:tcéi?l?frxg‘s:: i:‘;f,;lﬁ:ut 50 Mc/s, transit time effects also becher:mmals alone.
whi : only used for frequencies above 50 Ma/e 14 bor o gy .
wmcp the valve is treated. as a four terminal network with two i c/s is Fig. 2.47 in
terminals. This is described in Sect. 8(iii)e 1th two input and two output

The interelectrode capacitances are shown in the equivale
and may be taken as including the stray circuit capacitances.
applied at frequencies up to nearly 10 Mc/s, beyond which the inductances of the
leads and electrodes become appreciable. It may also be applied to a screen grid -
(tetrode) or pentode, provided that the screen is completely by-passed to the cathode ;
in this case C,; becomes the input capacitance {Cy1.x + Coreo2) and C,; becomes
the output capacitance (C, to all other electrodes).

VOLTAGES.

Epd T
o I

AA%@
b

t

l

|

(ii) Constant current equivalent circuit

An alternative form of representarion is the constant current generator equivalent
circuit (Fig. 2.39), this being more generally convenient for pentodes, in which the
plate resistance is very high. Either circuit is equally valid for both triodes and :

pentodes.

Fig. 2.fll. .Voltage and current
relationships in a resistance-

Fig. 2.38. Eguivalent circuit of
loaded valve.

valve on load, with interelectrode

capacitances. CURRENTS.

2P|

|

Ty

FIG. 2:38
b

i
f
|
l

TIME
m——

T Fig. 2.39. Equivalent circuit of
o . e valve on load, using constant
+ current generawr.

[}
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(iii) Valve vectors

Vectors [see i
relationshilgs mcahi};fsz 6bS€Cf- 5(iv)] may be used to illustrate the voltage and current
ditionss.  Vecrors a » but great care must be taken on account of the special o
currents when e :i (rix(_)rmall.y restricted to the representation of the a.c. volta escon&
the operation is 1i fe i is ;);ICIYed'Wlth a sine-wave voltage limited to such a vaﬁ;e tax:lt
are normally of o os'i . <;. grid and output voltages (with respect to the cathoda)
noted above this ispflmoe: 51(1) arity when the load is resistive ; under the COnditio:s

. st the same as bei: ° .
W%; time lag between them, 08 180" out of phase except there is no half-
e vol i ;
Fig. 2.41 'tfez l?rtldt clurrent relationships for a resistance loaded valve are shown j
in maximixm Volcao ea agrlate current occurs with peak positive grid voltage and resnv.lltn
€. It will b - ege ’ thg:s the load (¢,) and minimum voltage from plate to cathod:
-and that ¢, is naturally rﬁga;zr(zeé ?;1 Iil'bxb ((rihe supply voliage) under all conditions
‘alternating co, C e downward direction from ¥,,. ’
Peak e, angd . ,r‘l‘;lg’;’gslelt;e:ieeconsﬁe;ed, a nlegative peak ¢, corresponds tbob.a ;gs?t?‘l,i
Ot . the su i i -
\en;; ‘;Cult, we are left withL e, = —e, PPy voltage BusIs omitted from the equival-
ch ca; : o g E
the condiﬁs(?ngms'; }1:: ;:I?lnsxdered lmd;vxdually and the vectors drawn to accord with
| o y general rule 1 N
o o.f OgPOSlte phase. is that B, and uE, are always either in phase
18. 2,42 s , i
plifying V;}l;oews .tﬁe vector diagram (drawn with respect to the cathede) of
€ grid-to-cath ;m a resistance load and a.c. grid excitation. Commencin it
Utis u times aC; fa r"g‘gmg% f o the vector — uE, is drawn in the opposite diricv:it:txl:
t Smaller . e output voltage E, is in the same directio _

the Ceni)r}; the. value I,r,. All of these voltages are with respect tox:hzs catg%)

880 F, ot o, e recor dagram hus accondinly boen marked K The
across resistance is thus 180° out of p) i <

th bej S ut of phase with the
2 is in ph:s%: ‘&x:t};r;spac{t to the cathode. The a.c. component of the p%;cei :Sgage
i ith Iy, since E is the voltage drop which it produces in R ent

L

FIG. 2-39

Fig. 2.40. Eguivalent circuit of
valve on load, using constant
current generator, with inter-
electrode capacitances.

In the constant voltage generator equivalent circuit, the current varies with I

impedance and plate resistance ; in the constant current equivalent circuit, the volt
across the load and plate resistance varies with load impedance and plate resistan

A constant current generator equivalent circuit, in which account is taken
capacitances, is shown in Fig. 2.40. This circuit may be applied at frequencig
up to nearly 10 Mc/s, beyond which the inductances of the leads become appreciablg
It will be seen that C,; (which may be taken to include all capacitances from plai
to cathode, and the output capacitance of a pentode) is shunted across both and Z
In the case of a resistance-capacitance coupled stage, Z; would be the resultan
R, and R, (following grid resistor) in parallel.

Maximum power output is obtained when the valve works into a load resist
equal to its plate resistance provided that the valve is linear and completely distortio!
less over the whole range of its working, and also that it is unlimited by maxim 1
electrode dissipations or grid current. In practice, of course, these conditions
not hold and the load resistance is made greater than the plate resistance.

At frequencies of 10 Mc/s and above, the effects of the inductance of connec!
leads (both internal and external to the valve) become appreciable. Althoug
is possible to draw an equivalent circuit for frequencies up to 100 Mc/s, in wi

2
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K
FiG.2-44

Fig. 2.42. Equivalent circuit and vector diagram of resistance-loaded valve.
Fig. 2.43. Vector diagram of valve with resistance load and capacitance from grid to
plate.

Fig. 2.44. Vector diagram of valve with partially inductive load and capacitance from

grid to plate.

When the equivalent circuit includes more than one mesh, it is usual to proceed
around each mesh in turn, using some impedance, common to both, as the link
between each pair of meshes. For example Fig. 2.43 shows a valve with a capacitor
C,, from grid to plate, and a resistive load. Firstly, set down E ; in any convenient
direction (here taken horizontally to the right) and I, in the same direction ; then |
draw I, leading by approximately 90° (actually I leads E . by 90°) and complete the
parellelogram to find the resuhant current /,, ; then draw I,r, in the same direction
as I, and complete the parallelegram to find the resultant pE,—this completes the
first mesh. Finally take E, along pE, and complete the parallelogram to find the
resultant of E, and E;, which will be E..

It will be noted that this procedure gives different vector relationships from thos
derived for the simpler case, this being the result of the different approach. With
respect to E,, both E, and E are nearly in phase ; with respect to nE,, both I,r

and E, are nearly in phase.
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If the load is partially inductive (Fig. 2.44) the plate current and 1,7, lag behi
E, and the resultant pE, is determined by the parallelogram ; E, ampi DE j %:oni!l;lix::

to give the resultant E e 1, leads E, by 90° and I, is determined b i
the parallelogram of which I, is one side and I » the reLsultant. ¢ by completing

FIG.2-45

Fig. 245. Vector diagram of valve with partially capacitive load and capacitance
from grid to plase.

With a partially capacitive load (Fig. 2.45) the plate current and I
_ : .2, T, lead E ,, and
the resultant pE, is determined by the parallelogram ; E;,and E, ::c;nbine té give
the resultant. E,.; I.y leads E, by 90°, and I, is determined by completing the parallelo-
gram of which 7. is one side and I, the resultant.

SECTION & : VALVE ADMITTANCES

@) Grid inpt{z impedance and admittance (ii) Admittance coefficients (i11) The com-
ponents of grid admittance—Inpur resistance—Input capacitance—Grid inbu't‘ admittance
(a) wt.th plate~grid capacitance coupling; (b) with both plate-grid and grid-cathode
capacirance cor.tpling; (¢) with grid-screen capacitance coupling ; (d) with electron transit
time ;" (e) equivalent circuit based on admittances (v) Typical values of short-circuit
;Zf)utG c};sd:;tzzgz;e (o) Qhange of ‘s_hort-cz'rcuit-input capacitance with zransconductancé
s - e ca : ; y 5 3

oy Gt o Capﬁcj;;;c’zlrzce'e (vi?) Input capacitances of pentodes (published values)

(I)W(l-‘:rld input impedance and admittance
erid ien a yalve is use'd at loy audio frequencies, it is sometimes assumed that the
seriour;put 1mped;mce 1; ;nﬁmte. In most cases, however, this assumption leads to
error, and careful attention is i i ic ¢ ic i
pedance. s desirable to both its static and dynamic im-
As with any ot i =
b y other impedance (se¢ Chapter 4 Sect. 6) it m ivi i i
Various oot I p ) ay be divided into its

g:;:jlsl:lpnent . Normal Reciprocal

Reactj:e Gr{d input resistance (r,) conductance (g,)

Resals e Grgd Input reactance (X, susceptance (B,)
Htant Grid input impedance (Z,)  admittance (Y,

Norm: : ; !
teCI'pr(;:;Mll values are meastg-eq in ohms, while reciprocal values are measured in
a rcsistaa Ohn;s (mhos). It is interesting to note that

nce o
a reacts ) ) a conductance of
an im;‘;:-] Coef ] is equivalent to a susceptance of
¢} an admittance of

1 megg
gchm 1 micromho

"1 me,
10000 gohm 10 micromhos
ohms i
100 micromhos
1000 ohms

{ 1000 micromhos
= 1 mA/volt
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The following relationships hold :

Ty &v
- , r = 20
&s ng -+ X¢2 ! g92 -+ Bl‘l2
X, B
B, = w2 X, = 2 - 2
Tg* + Xg o + Bg

1Yl """\/gvz'*‘ﬁnz:l/lza]: Y, =2 +jB, = 1/Z,

Similar relationships hold for other electrodes.

It is usual to carry out calculations with admittances, even though the resultant
may then have to be changed to the form of an impedance. With a number of con-
ductances (or susceptances) in parallel, the total conductance (or susceptance) is found
by adding all together, with due tegard to positive and negative quantities :—

g gy =& +8& —& + ... &k 4)
B,_=B,+Bz+83+...—’r-Bk (5)
Inductive rezctance is regarded as positive.
Capacitive reactance is regarded as negative.
Inductive susceptance is regarded as positive.
Capacitive susceptance is regarded as negative.
With Complex Notation (see Chapter 6 Sect. 6) we have
Z,=R, + 5 X0 Y, =g, —jBs R 6
(The “j” merely indicates a vector at 90° which must be added vectorially.)

(ii) Admittance coefficients
The operation of a valve may be expressed by the two equations
i,=Ae, + Be, Q)
i,=Ce;+Dey (8)

where A, B, C and D are complex values determined by the valve characteristics, i

being in the form of admittances and known as the Admittance Coefficients. The
effect of these Admittance Coefficients may be understood more easily by considering
two special cases, one with a short-circuited output (i.e. short-circuited from plate
to cathode) and the other with a short-circuited input (i.e. short-circuited from grid
to cathode).
Case 1: Short-circuited output (e, = 0).
From equation (7), i, =Ae,
From equation (8), i, =Cey
where A is defined as the short-circuit forward admittance,
and C is defined as the short-circuit input admittance.
Case 2: Short-circuited input (¢, = 0.
From equation (7); i, = Be,
From equation (8), i, = De,
where B is defined as the short-circuit output admittance,
and D s defined as the short-circuit feedback admittance.
At frequencies up to about 10 Mc/sy the Admittance Coefficients are given approxi
mately by :
Short-circuit forward admittance (4) = gm — j@Cup A Em
Short-circuit output admittance (B) = 1/r, +j &{Cyr + Cyp)
Short-circuit input admittance (€)= 1/r; + jo(Coz + Cyp)
Short-circuit feedback admittance (D) = jwCyyp
1f the grid is negatively biased to prevent the flow of positive grid current, the gri
resistance r, becomes very high, and 1/r, may be negligible in the expression for

At frequencies above 10 Mc/s the Admittance Coefficients are somewhat modified

the capacitances and admittances containing a term-which is proportional to the squa;
of the frequency.

The short-circuit forward admittance (4) is affected by-the transit time of electron
and the inductance of the cathode lead, thus causing a phase shift between anod
current and grid voltage. This is treated in detail in Chapter 23 Sect. 5.

- *Sturiey, K R,
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The short~circuit output admittance (B) is affected by the reduction in » which
»

occurs with increasing frequency due to the capacitance i
. 3 s and inductan
electrodes. The capacitance term is practically constant. ces of the

The short-circuit input admittance (C) is affected by the transit time of electrons
'y

the inductances of the electrodes (particularly the cathode) and th i
- r e ca -
tween grid and cathode. The capacitance term is practically consm;:acuance be

Thes hort-circuit feedback admittance (D) remains purely reactive even at very high

&eglaencx.es, altllllimillgh it char}ges from capacitive at low frequencies, through zero
to inductive at high frequencies. This can cause instability in certain circumsrances,

(iii) The components of grid admittance

Input resistance may be due to several causes :
1. Leakage bet_ween the grid and other electrodes.
2. Nega_nve gpd current (caused by gas or grid emission).
i. g(())smlv"e grl;d currenlt‘l (may be avoided by negative grid bias)
. Coupling between the grid and any other el in i
tTo the Toput froquency (g, C,,,).Y electrode presenting an impedance
5. Transit time of the elect: i i
s e electrons between cathode and,grid (at very high frequencies
{n;;;g catg?cizaxxlze (C;y) is dependent on several factors :
. e static (co| i ; i
h plater' ) capacitance (C;) from the grid to all other electrodes, except
For a pentode, C, = C,,.;, + C
- For a triode, C: = C:;.k e 83
- The very slight increase in capacitance ca
used by thermal expansi
s %a;goge (0-1 to 0:6 puF for the majority of r-f pentodes). pansion of the
. increase in capacitance caused by the space ch ) i
(05 to 24 uuF for r-f pentodes). pace charge and by conduction

4. Coupling between the grid and any other electrode presenting an impedance

to the input frequency ; this holds b i iti i i
VLot freque bel:)W}. | s both with capacitive and inductive reactance

5. Transit time of the electrons between cathode and grid (at very high frequencies

only).

References to change of input capacitance : B13, B15, B16, B17, Cl, C4, C5

The i i i

togetherrn:’xistl;ltesr:;nt of mte;‘electrode capacitances is covered in Chapter 3 Sect. 3(ii)g,
e general comment: i it signi

nd mesuem 5 and a list of references to their significance

- Grid Input Admittance
(@) With plate-grid capacitance coupling

In the circui i i i
be shomns (t:E::t of Fig. 2.46A, in which C,;.; and Cy,.,, are not considered, it may

N (¢ + G + (B, + B,

and g Bylgn.B; — B, (g, + G, + gml (15)
C, =B _Collgr + Gy +8m) (&r + G + B, (B, + B,,) ,
, @ (g, + G)* + (B, + B,)* 16)
where 8y =1/ g.’ L 1+ By
, =1r,Y, =G, +jB, =1/Z,,B,, = 1 =
As an applroximation, if g:< G Lf and‘B,L: <”B s (%o = 1/2m(Cos.
) o= o e ..
‘T et L., when the load is inductive a7
- c
- o é — when the load is capacitive (18)

Radio Receiver Design, Part I ” (Chapman & Hall, London, 1943) p. 37 et seg
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&n Gy,
Cﬂ - CPP [1 + GLZ + BLZ]

When B is infinite, i.e. when Z; = 0, R, is infinite and C, = C,,.

When the load is inductive, the input resistance is usually negative, thus tending
to become regenerative, although for values of B between 0 and

—Bg, (&» + G{, + gm)/Ems

the input resistance is positive. )

When the load is capacitive, the input resistance is always positive, thus causing
degeneration.

As an approximation, if B,, < g, and B,, < (g, + G ), the positive and negativ
minimum values of r, are given by

2g, + G (20
&m BUD

ro (min) v +

and these occur at B; = + (g, + G ).

— B+

FiG, 2:46 A. FiG.2-468.

Fig. 2.46. Conditions for deriw"ng input admittance (A) with plate-grid capacitanc
coupling (B) general case including cathode circuit impedance.

Similarly, the maximum value of the input capacitance is given by

R R
=C L Em Ty K - 1 ri L
C,, (max) ap [1 “r"'"——'-—rﬂ * RL :l Cu [ + -T,, -+ RL (21)

which occurs at B; = — B,,. This is the well known  Miller Effect ”’ {see Chapte.
12 Sect. 2(xi) for a-f amplifiers]. The effect on the tuning of r-f amplifiers is treated
in Chapter 23 Sect. 5, and on i-f amplifiers in Chapter 26 Sect. 7.
In the circuit of Fig. 2.46B, which includes an impedance Z ; in the cathode circuit
with the screen decoupled to the cathode, the input resistance is given approximately by
1 G, + B,? Emlgnm + 2G3)
= — 1+ ™
i nggmBan[, [ + G? + B;?
where B,, and g, are neglected in comparison with the other components, and
(B ;G — B;G,) is very small. Thus the reflected resistance is increased, and t
damping decreased, as the result of the insertion of Z,.
The input capacitance under these conditions is given by
(Gl_ +g,,.)GL+BL2_g,,.[gmgGL+g,,.(GkGL—B,,BL)] 23
G;*+ B,? (G;* + B DGk +gn)?® -+ B, :
which is less than with Z, = O.
If the screen is by-passed to the cathode, -
. =L=GL’+BL2 1 g.(g: +2Gy)
g g gmBunBL Gk2+Bk2
C,=C,, .(GL + 8m) GL + B[,2 ___4§'m[gl2 G;_ + g (GkGL - BkBL)]
¢ G, +B,? (G + B, D [(Ge +2° + Bi']

C,= Cv»[
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where g¢ = triode g,, (whole cathode current)
=&m (Ip -+ Iv?)/lw-

- (b) With both plate-grid and grid-cathode capacitance coupling

The circuit is as Fig. 2.46B with the addition of a capacitance C, between grid
and cathode. The input resistance is given by
ry = _ G+ gn)? + BLIG,® + B
&mlByB [(G* + By®) — B, uB{G® + B )]
This becpx.nes inﬁpite when B,,B,(G,* + B, = B,xBy(G* + B,;?), which
is the condition for input resistance neutralization (see Chapter 26 Sect. 8 for i-f
amplifiers). This condition may be put into the form
B 2y Ca'n — Lk .
Bﬂk CU-’( - Lll (27)
Thus, by includi.ng an inductance L, = L, C,;/C,, between the load and the
plate, the input Tesistance may be increased to a very high value. The same effect
may also be achieved by means of an inductance in the screen circuit.

The input capacitance under the conditions of Fig. 2.46B is given approximately by

~ : C, G c (G + Em)
C,~ C Cor + &m L. ZoK
1N Co+ Cor g [G;+BL2 (Gi +€.)° + B2 @8)
If gm <€ Gy it is possible to prevent change of input capacitance when g, is varied
(for example with av.c.), by making
Cov _ Ry
Cyi R,
(c) With grid-screen capacitance coupling
Conditions as in Fig. 2.46B, but with screen by-pass capacitor.
(gyz + C;s)’z + (Bs + Bg!'ﬂ)z

(26)

Ty =
By polgor 02BsB .8 + G, + gore02)] %)
(2o + Go + €01.0)g02 + G} + BB, + B,,.,9)
C — C . Y2 g1 ¢2. g2 s/ s a1 g2/
o [ @ T G + (B, T Brya)® 0

where g,, = screen conductance,
&o1g2 == grid-screen transconductance,

~and  B,.,, = susceptance due to capacitance from gl to g2.

In an r-f amplifier, B,,.,, and (g,. + G,) ma 1l i i
with B o ampLif s Boieaz (g,o s) may usually be neglected in comparison
1

WAL -~ —————— when B, is inductive ‘
ggl'ysths(ng-gz (31)
C, . ..
r, R P — when B, is capacitive (32)

The i . Ea1o92 Co1epn
© Input resistance may be made infinite by making
Cni' y.:/'/cyk = L i /L g (33)

(d) With electron transit time

This subjecr is treated fully in Chapter 23 Sect. 5. °

{¢) Equivalent circuit based on admittances

it in determinfng valve admittances at frequencies higher than approximately 10 Mc/s,
S Dot practicable to introduce voltages or measure them directly at the electrodes

"?:Oac:friv? The lead inducFances and imerelecFrode capacitances form a network
cultios ip ex for.exact analysis. The most practical m;thod of avoiding such diffi-
& s to consider the valv;, the Sockt%t, an_d the associated by-pass or filter circuits

unit, and to select a pair of accessible input terminals and a pair of accessible

;2‘115 terminals as points of reference for measurements. When such a unit is
e ered as a linear amplifier, it is possible to calculate performance in terms of
admittance coefficients. These are :
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‘ E 55

Phase angle of added component == phase angle of voltage gain -+ phase angle

Y. = short-circuit input admittance
— admittance measured between input terminals when the output ter of feedback admitt
minals are short-circuited for the signal frequency. e ; ance. ©(36)
Y;,, = short-circuit forward admittance Grid input admittance (Y,) = Y,, + AY,, : ’
== value of current at output terminals divided by the voltage between, : Y, v
= Y, + Jor e
Yout - Yy I (37J

the input terminals, when the output terminals are short-circuite

for the signal frequency.
Y,,: = short-circuit output admittance
admitance measured between output terminals when the input ter

minals are short-circuited for the signal frequency.
Y,;, = short-circuit feedback admittance

— value of curren- at the input terminals divided by the voltage betwee

the output terminals, when the input terminals are short-circuite

for the signal frequency.
Esch of these admittances can be considered as the sum of a real conductan

See also Ref. B21,
The measurement of the four short-circuj i i i
B O o Dy g short-ct Bl;17t’ é;;iznilfttances is covered in Chapter 3

(iv) Typical values of short-circuit in
: put conduct
Pentodes tested under typical operating conditions (Ref. Bl?)m:e
Type Input conductance approx. (micromhos) ' Mutual
s a

component and an imaginary susceptance component. In the cases of the input an f =50
output admittances, the susceptance components are nearly always positive (unle i - 60 80 100 120 150 Mc/s Conductan
the valve is used above its resonant frequency) and it is, therefore, common practi 6AE7 200 310 s ce
to present the susceptance data in terms of equivalent capacitance values. Th 6ACT 380 600 S0 o 5000
shori-circuit input capacitance is the value of the short-circuit input susceptances 6AGS5 100 145 1200 1970 9000
divided by 2« times the frequency. The capacitance values are more convenie 6AK5 40 5 280 326 480 5000
to work with than the susceptance values because they vary less rapidly with frequens 6AUG 180 287 92 134 185 5100
and because they are directly additive to the capacitances used in the circuits ordinari 6B A’6 150 233 490 759 1100 5200
conrected to the input and output terminals. However, when frequencies high 6CB6 125 170 410 603 950 4400
than 200 Mc/s and resonant lines used as tuning elements are involved, the use 6BJ6 300 4§0 (Ref. B20) 6200
susceptance values may be preferable. 6SG7 190 270 430 g (I)Z (Re16'.7Bl9) 3800
Yin. NPUT OUTPUT ot . : 23?77 200 300 470 632 888 ‘ 4700
§ 260 380 528 . ) 4900
= 6SK7 138 190 320 503 660 1650
9001 44 2000
19003 - o 14] 1400
77 110 at 45 Mc/s (Data from M.O.V.) 1 o

r
1
]
1
]
1
]
i
b

(v) Change of short-circuit i an
( ~Circuit input capacitance with tran
s S
(f = 100 Mc/s).- Ref. B17 unless otherwise’ indicated.condud o

FIG.2:47
Fig. 2.41. Alternative form of equivalent circuit for deriving input admittance Increase in ca
pacitance (puF) from cut-off
In Fig. 2.47 the short-circuit input admittance is represented by a resistor 7, 2 0 gn = 1000 2000 4000 Typical operation
a capacitor G, in parallel across the input terminals. The value of 7, is equal to euF mh
reciprocal of the short-circuit input conductancé and the value of C, is equal to 0-55 1-0 17 18 }LSOO(())S
short-circuit input capacitance. The short-circuit output-admittance is represent 0'6.5 12 18 24 9000
by a similar combination of r, and C, across the output terminals. . 05 0-8 125 14 5000
Since the input and output circuits are separated, allowance may be made for 03 0-6 1-0 11 5100
interaction by an additional constant current generator in each. A constant 0'6_ 11 2:0 2.5 5200
generator is shown at the output terminals producing a current equal to the prod 6BH¢ (Ref. B18) 07 14 22 22 4400
of the short-circuit forward admittance and the input voltage. A similar general . 6CBs (Ref' B20) : 18 4600
is shown at the input terminals producing a current equal to the product of the sho BJ6 (Ref.' B19) 154 6200
circuir feedback admittance and the output voltage. - 68G7 16 3§00
The principal differences in the performance of receiving valves at high and 0.8 - 15 22 23 4700
frequencies can be attributed to the variations of the short-circuit input conduc 075 13 2:05 23 4900
with frequency. The other short-circuit admittance coefficients, however, contr 0-8 - — 10 1650
to the input admittance actually observed in an operating circuit as follows : 822 118 — 12 2000
. — onr Em i o - 05 1400
Vo= A - .
Voltage gain (A) Vot ¥, S Vo ¥ ¥, 7 M.O.v.) 0-39 — 05 1800
fload = 2,4Y,. ; 0-3-08 06-1-5 1022 o 425_22.38 7500

Added current at input terminals due to presence o
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2.8 . (vili)) GRID-PLATE CAPACITANCE 57

Value of unbypassed cathode resistor needed for complete compensatio:

of input capacitance change with bias change (Ref. BIS) (viii) Grid-plate capacitance

Unbypassed The grid-plate capacitance decreases with increasing plate current. Eventually
Valve Interelectrode capacitances cathode  Gain factor the rate of change becomes very small and even tends to become positive. The
type s Cont o resistor 4 total change in triodes does not usually exceed 0:06 x uF for high-mu types, or 0-13
6BA6 55 uuF 50 ppF 00035 puF 100 ohms 0-62 puF for low-mu voltage amplifiers, although it may exceed 2 uuF in the case of
6AU6 5.5 5.0 0-0035 85 0-61 riode power amplifiers (Ref. B13).
6AG5 65 1-8 0-025 50 075 g
6AKS5 40 28 0-02 50 075
6BJ6 45 55 0-0035 135 0-59 c
6BH6 5-4 4-4 0-0035 110 0-59 SECTION 9 : MATH
p >4 o 0009 60 004 9 EMATICAL RELATIONSHIPS
*degeneration due to unbypassed cathode resistor (see below). (O] .General (#) Resistance load (ii{) Power and efficiency (iv) Series expansion ;
) gain with cathode unbypassed resistance lof{d () Se.trz'es equnsion s general case (vi) The equivalent plate circui’t
Gain factor = gain with cathode by-passed theorem (vit) Dynamic load line—generai case (viii) Valve networks—general case
: (#x) Valve coefficients as partial differentials (x) Valve characteristics at low plate
= [ ¥ Rugn s + Lo/L, e
where R, = cathode resistor for complete compensation of input capacitan ) General
change with bias k Valve characteristics may be represented h i)
c sented mathematically a: i
A Coronl If T T/, (see Chapter 6 for mathematical theory). y as well as graphically
AC = change in input capacitance in farads from normal operating co The plate (or space) current is a function (F) of the plate and grid voltages and may
dition to cut-off, be expressed exactly as
C,.» = grid-to-cathode capacitance in farads measured with valve cold; iy = Fley + nec + e) ¢))
gn = mutual conductance in mhos at normal operating condition, where ¢, is the equivalent voltage which would produce the same effect on the plate
I, — direct plate current in amperes current as the combined effects of the initial electron velocity of emission together
and 1., = direct screen current in amperes. with the contact potentials. The amplification factor  is not necessarily constant.

There will be a small current flow due to e, when ¢, and ¢, are both zero..

As an approximation, when ¢, and pe, are lar,;
As ge, e; may be neglected. The func-
tion in eqn. (1) may also be expressed approximate,ly in the fox'mg '
' . _ 1y & Klep + pe.)” (2)
in Wthh K is a constant. The value of n varies from about 15 to 2-5 over the usual
%peratmg range of elegtrode voltages, but is often assumed to be 1'5 (e.g. Conversion
; }?ctgzs) over the region of nearly-straight characteristics, and 2-0 in the region of .

e bottom bend (e.g. detection). WF may take the total differential* of egn. (2),

YO aib X 61& - -
di, —-BTdeb + Eg_de' . 3)

which expresses the change in ¢, which bc h " i
Now- b o el ini, occurs when ¢, and e, change simultaneously.
: - —provided that the valve is being operated entirely in th i
in which g, g,, and 7, are constant, . p e in e region

(vi) Grid-cathode capacitance

The mathematical treatment of the effects of grid-cathode capacitance has be¢
given above. Methods of neutralization are described in Chapter 26 Sect. 8. |

The published grid-plate capacitances are usually in the form of a maximum val
without any indication of the minimum or average value. In some cases the ave
is fairly close to the maximum, while in others it may be considerably less.
average value is likely to vary from one batch to another, and from one manufactu
to another. Equipment should be designed to avoid instability with the maxim
value, although fixed neutralization should be adjusted on an average vzlue, determi
by a test on a representative quantity of valves. ;

Effect of electrode voltages on grid-cathode capacitance—see Ref. B23.

(vii) Input capacitances of pentodes (published values)

1. Indirectly heated upF @Q - 1_ and El_b .
High slope r-f (metal) 8 to 11 Oey 7, Oe, m2
Ordinary metal r-f ) so . 1
All glass and miniature r-f 43107 thar diy, = — dey + gnde.. (4)
Small power amplifiers 5t 6 If 4, is held constant s .
Ordinary power amplifiers 65 to 1 > 1
Large power ampliﬁ;rs 10 to 15 — dey + gpde, == 0,
Pentode section of diode-pentodes : and th Tnd
Metal 55 to 6-5: : thus — 3 :
3 Bty = — —2
Glass 3 t0 55 . he » . (7, constant) 5)
2. Direc;ly };eate;i 4 506 - :ce &nTy = p [see (ix) below]. )
volt r-f pentodes to p
2 ovolt r-? entodes 33 10 36 curr('::lt:!‘eatxmmt so fa'lr has been on the basis of the total instantaneous voltages and
2 volt power pentodes 8 ] teady (’d ec;,,) eacr’x é »3 1t is nOW necessary to distinguish more precisely between the
1-4 volt power pentodes 45t 5 ) varying (signal) voltages and currents.

For ; —
total differentiation see Chapter 6 Sect. 7(ii).
H—3
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29 (ii) RESISTANCE LOAD 59
Instantaneous total values €y ¢, iy Substituting this value of ¢, in equation (9) we obtain
Steady (d.c.) values Ey Eco Iy, .- —i, R+ pe,
Instantaneous varying values ey ¢ 1, iy = Ty
Varying (a.c.) values (r.m.s.) E, E, 1, e ?
Supply voltages Ey, E.. ie. iy = 20 (16)
E o + R i

For definitions of symbols refer to the list in Chapter 38 Sect. 6. which is a fundamentally important relation but which holds only.in the region where

4y &m and r, are constant.

1 . . ) .
In normal operation each of the voltages and currents is made up of a steady and Substituting — e, (eqn. 14) in place of ¢, in equation (9) we obtain, for the valve

a varying component :

‘ib = Ipo + 1, - alone, 3
ey, = E,, -+ €y } () fr?,: ,.EL___ff”
e.=E. + ¢, y T
Eqn. (4) may therefore be extended in the form ie. . €y = Heg 1y Ty . - (17)
. 1 which is the basis of the constant voltage generator equivalent circuit as in
d(Iy, + 1p) = — d(Ess + €5) + gmd(E e + eg). ‘Sect. 7(i).
: . " . R Egn. (17) may be put into the form
But the differentials of constants are zero, and the relation between the varying com-} ep =75 (gm €y — 1p). (18)

ponents may be expressed in the form This voltage ¢; across the valve and the load can be developed by means of a current

g g, passed through 7, in the opposite direction to i,, so that the total current through
ry is (gmes —1i,). Eqn. (I8) is the basis of the constant current equivalent
circuit as in Sect. 7(ii).

. €.
iy =" + gne,
L)

2p + pey |

or i, = - ) The veltage gain (4) of an amplify-ing stage with a load resistance R; is
This only holds under the condition that p, g, and r,, are constant over the operati 4| PRy 1 mRy 1, (1)
rggion. ’ ey | ey | [r, + R, |
When the load is an impedance Z;, the voltage gain may be shown to be

(ii) Resistance load T N (20)

If there is a resistance load (R ) in the plate circuit, lro +Zp| 1147172,

,. ) et ep =Ey, where r, and Z are complex values (see Chapter 6).

where ¢, is the instantaneous total voltage across R ¢ ¥z, - R, +jX 1» the scalar value of 4 is given by

Brezking down into steady and varying components, ’ : R LxX.: ‘

(E;—l—e,)—}-(EL +ez) = Epp VR 4L (21

= p e
Vi, + Rp® 4 X2
"T'he voltage gain may also be put into the alternative form

where e, is the instantaneous varying voltage across R 7
and E, is the steady (d.c.) voltage across R I

Under steady conditions ¢, = ¢; = 0, and therefore A = —r—”é—Ll ‘ (22)
Ey + E; = Ey,. *}gm ro - Zypi
Now, by Ohm’s Law, B, = I, R, RolgmZp|ifr,>Z,. ’ (23)
Therefore Iy = Bus — B, i
R, 1 (iif) Power and efficiency
Eqn. /12) represents a straight line. on the plate characteristics, passing through thel

When the operation of a valve as a Class A, amplifier is perfectly linear we may
derive* the following :—

Zero-Signal ;

points
Eb = Ebb: Ib = 0 and Eb = 0, Ib = Ebb/RLJ
m other words, the loadline.

. . R . . Plate current = Ly
The quiescent operating point must satisfy both the equation for the valve charac ower input from plate supply Py, = E,» Ib..
teristics (1) and that for the loadline (12), thereg)re . DC power absorbed in load Pd; = Jp? R, == Epo Dy
Fley + pe, + e) = =22 — Zb, (1 Quiescent plate dissipation Pyo = Ey, I,
Ry , But . Eyy = E4 + EL“',
Under varying conditions, neglecting steady components, we may derive frof Therefore Pyy = Ey Ipo + Ero Low 24
equation (11) the relation = Py 4 Pg.. (29

Signal Condition :
"@Ver{!ge value of total input = P, = Egp Ipo (25)
€h is constant irrespective of the signal voltage.

: p;Aﬁ%’ fzf?k by M.LT. Staff *“ Applied Electronics * (John Wiley & Sons Inc. New York, 1943)

e, -+ e; =0
i.e. ey = —e.

Also ¢, =i, R; by Ohm’s Law,
Therefore e, = —i,R,,
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Power absorbed by load = P,
1 27 7
Pp=—5—| #H*Rpd(wr) (26) |
o

1 27
= (Tyo + 1,)* R yd(wi)

[

I

2n
[ 0 0
zlbozRL'{"o‘*‘Pac '
ie.P;, = Py, + P,, (28) 1
1 2m 4
where Py, = = | "R (o) (29) |
w b
o
1 [2 :
Plate dissipation P, = - eyt pd(wt) (30)
o 3

From eqns. (28) and (29) it will be seen that the power absorbed by the load increases 1
when the signal voltage increases, but the power input remains steady ; the plate

dissipation therefore decreases as the power output increases,

ie. P, = :

from (26), (28) = Ebblbo - El,olba - Pur (32) 3
= EbuIbo - Pac

= Ppa - Pac (33>

where P,, = E;,0;,. ]

That is to say, the plate dissipation (P,) is equal to the apparent d.c. power input

to the valve (P,,) minus the a.c. power output.
power output

The plate efficiency %, = m

= Pac
Ebulba
For non-linear operation o —Pac 35) |
Eul,

With sinusoidal grid excitation, linear Class A, valve operation and resistive load,

. P,. = E,J, =I,R,.
Applying equation (16),
2 2
p.. - WER;
(rp + RL)z
Differentiating with respect to R 1, and equating to zero in order to find the condition
for maximum power output,

dPas _ op s [+ Rp* —2R,(r, + RDT| _
= p*E, 0

dR, 7 + Ry

i.e. when (r» + R)* —2R,(r, + R;) = 0

or when R; =r, 3D
and the maximum power output is

(36)

1 27 1 2= 1 [2n
— Iyo*R jd(wt) + 3, 2I408,R jd{wt) + o i,°R jd(wt) (27) .|

Py, — P, G |

(34) |
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u2E,? _ .E"2

Poem = ar, p HE m- (38)

The factor pg. is a figure of merit for power triodes.
If the load is an impedance (Z; =R, -+ jX ;) the condition for maximum power
output is when

, Ry, = vr,* + X% (39)
In the general case, with a resistive load, the power output is given by eqn. (36) which
may be put into the form

P, = LE,? 1
ac — . .
a4 Re “o
R, T,
IfR,/r, = 2, the loss of power below the maximum is only 119, while if R, /r, = 4
the loss of power is 369, so that ‘ matching  of the load is not at all critical.

The treatment above is correct for both triodes and pentodes provided that both
are operated completely within the linear region, that is with limited grid swing. A
pentode is normally operated with a load resistance much less than the plate resistance
on account of the flattening of the output voltage characteristic which would other-
wise occur at low plate voltages.

This subject is considered further in Chapter 13, under practical instead of under
ideal conditions.

(iv) Series expansion ; resistance load

Except in eqn. (1), which is perfectly general, certain assumptions have been made
regarding linearity and the constancy of p, g,, and r, which restrict the use of the
equations. If it is desired to consider the effects of non-linearity in causing distortion
in amplifiers and in producing detection or demodulation, it is necessary to adopt a
different approach.

The varying component of the plate current of a valve may be expressed in the
form of a series expansion :

ip = aje 1 aze® + ase® + aget + ... (41)

This form may be derived* from eqn. (1), and it may be shown that
@
b= 2(r’:2:i R’ ‘g%: @
@ = @'%:5’}?7[(2” ~Rp (3—:)- P (s + R)) g—:’;] (44)

If pis assumed to be constant (this is only approximately true for triodes and not
for pentodes)
e = e, + %2
l\l.
where v, = jnstantaneous value of plate excitation voltage. (Normally for an amplifier
Yy =0and ¢ = ¢,).
_The value of dr,/de, may be determined by plotting a curve of r,, versus ¢, for the
81ven operating bias, and drawing a tangent at the point of operating plate voltage.
he value of 3% ,/0e,* may be determined by plotting a curve of Or, versus Oe; and
treating in a similar manner. .
The higher terms in the series expansion (41) diminish in value fairly rapidly,
S0 that a reasonably high accuracy is obtained with three terms if the valve is being
1jsed as an amplifier under normal conditions with low distortion.

Y'Reich, H. J. “Theory and Applications of Electron Tubes” (2nd edit.). McGraw-Hill, New
otk and London, 1944), pp. 74-77.
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The first term aje = we/(r, + R;) is similar to eqn. (16) above, which was r
garded as approximately correct for small voltage inputs ; that is to say for negligible
distortion. :

W) Series expansion : general case

The more general case of a series expansion for an impedance load and variable p
has been developed by Llewellyn* and the most important results are given in most
The first and second terms _ text books.T

1, = aze + ase*
express the plate current of a ‘‘ square law detector > which is closely approached
by a triode operating as a grid or plate (*‘ anode-bend ”’) detector with limited ex-
citation voltage.

(vi) The equivalent plate circuit theorem

It was shown above (eqn. 41) that the plate current may be expressed in the form
of a series expansion.  If the distortion is very low, as may be achieved with low in[?ut
voltage and high load impedance, sufficient accuracy may be obtained by 'making

The second and higher terms are associated with the production of components use of only the first term in the equation, i.e.

of alternating plate current having frequencies differing from that of the applied iy = N (48]
signal-—i.e. harmonics and (if more than one signal frequency is applied) intermodula- - . 2y I
tion frequencies. where ¢ = ¢, (for amplifier use)

and Z, = impedance of the plate load at the frequency of the applied voltage.

For example, with a single frequency input, For amplifier use this may be put into the form

‘ e = E,, sin ot ' (45) —_ HE, | (49
Therefore : Ttz .
o e* == EB,%sin® wt = $E,* — }E,? cos 2wt (46) | This is the same as eqn. (16), except that R; has been replaced by Z ;.

This is the basis of the Equivalent Plate Circuit Theorem which statesf ‘that
the a.c. components of the currents and voltages in the plate (load) circuit
of a valve may be determined from an equivalent plate circuit in one of two forms—

(1) a fictitious constant-voltage generator (uE,) in series with the plate resistance

of the valve, or

(2) a fictitious constant-current generator (/ = g,E,) in parallel with the plate

resistance of the valve.

These are applied in Sect. 7 of this chapter.

If a distortionless Class A amplifier or its equivalent circuit is excited with an alter-
nating grid voltage, the a.c. power in the load resistor R, (i.e. the output power) is
I*R,.

‘Thé d.c. input from the plate supply to the valve and load (in the actual case) is
Py, = I,, E,,. Under ideal Class A, conditions the d.c. current I,, remains con-
stant, since the a.c. current is symmetrical and has no d.c. component.

Now the a.c. power input from the generator is

e* = }E,®sin ot — }E,%sin 3wz, (47)
The second term (e®) includes a d.c. component (3E,,2) and a second harmonic com-
ponent. The third term includes a fundamental frequency component (3E,,,® sin wt)
and a third harmonic component, [

If the input voltage contains two frequencies (f, and f;) it may be shown that the |

second term of eqn. (41) produces |

a d.c. component

a fundamental f; component

a second harmonic of f;

a fundamental f, component

a second harmonic of.f,

a difference frequency component (fy — fu)

a sum frequency component (f, + f3)

The third term of equation (41) produces

a fundamental f, component P, = pE,l, (50)
a third harmonic of f; E
a fundamental f, component But 1, = —Hoe
a third harmonic of f, - (s +Rp)
a g@gerence ?requency component g{: ~_}'2§ Therefore pwE, = 1,0, + R,I,
a difference frequency component (2f, — f, _ . 2 2
a sum frequency component (2f; + f3) and . ) Py = pE,ly =150p" + Ryly% G
a sum frequency component (2f, -+ f1) In this equation .
P, = a.c, power input from generator
In the case of an A-M mizer valve, f; may be the signal frequency and f, the oscillator rpl,2 = a.c. power heating plate

R, I, = a.c. power output = P,..
The a.c. power P, can only come from the d.c. power P,, dissipated in the valve,
which decreases to the lower value P, when the grid is excited.
The total plate dissipation (P,) is therefore »
P, = P,, — P, +1,0,* (52)
. Where P, = d.c. plate dissipation.
This may be put into the form
P = Py — Py — 1,1,%)
’ = :o — Pg, (53)
= R, I,> = (P, —r,1,?) = a.c. power output,
¥ .
seh SR, By, Pl Sy, Techatcal Jourmal 5 (1926 4 2bes” . 75.

P, for g completely general definition see Reich, H. J. (letter) ** The equivalent piate circuit theorem,”
Toc. LR.E. 332 eb., 1945) 136. :

frequency. The normal i-f output frequency is (f, — f;) while there are spurious
output frequencies of (f; -+ fo), 2f:i + /2 @2f: + fi)s fi — f2) and (2fy — f).
Even though no oscillator harmonics are injected into the mixer, components with
frequencies (2f, + f2) and (2f, — f,) are present in the output, thus demonstrating
mixing at a harmonic of the oscillator frequency. . i

If the input voltage contains more than two frequencies, or if the terms higher
than the third are appreciable, there will be greater numbers of frequencies in the.
output. The effect of this on distortion is treated in Chapter 14.

It may be shown that the effect of the load resistance, particularly when it is greater’ Where P,

than the plate resistance, is to decrease the ratio of the harmonics and of the inter-
modulation components to the fundamental. This confirms the graphical treatment
in Chapter 12. :
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The first term aje = we/(r, + R;) is similar to eqn. (16) above, which was r
garded as approximately correct for small voltage inputs ; that is to say for negligible
distortion. :

W) Series expansion : general case

The more general case of a series expansion for an impedance load and variable p
has been developed by Llewellyn* and the most important results are given in most
The first and second terms _ text books.T

1, = aze + ase*
express the plate current of a ‘‘ square law detector > which is closely approached
by a triode operating as a grid or plate (*‘ anode-bend ”’) detector with limited ex-
citation voltage.

(vi) The equivalent plate circuit theorem

It was shown above (eqn. 41) that the plate current may be expressed in the form
of a series expansion.  If the distortion is very low, as may be achieved with low in[?ut
voltage and high load impedance, sufficient accuracy may be obtained by 'making

The second and higher terms are associated with the production of components use of only the first term in the equation, i.e.

of alternating plate current having frequencies differing from that of the applied iy = N (48]
signal-—i.e. harmonics and (if more than one signal frequency is applied) intermodula- - . 2y I
tion frequencies. where ¢ = ¢, (for amplifier use)

and Z, = impedance of the plate load at the frequency of the applied voltage.

For example, with a single frequency input, For amplifier use this may be put into the form

‘ e = E,, sin ot ' (45) —_ HE, | (49
Therefore : Ttz .
o e* == EB,%sin® wt = $E,* — }E,? cos 2wt (46) | This is the same as eqn. (16), except that R; has been replaced by Z ;.

This is the basis of the Equivalent Plate Circuit Theorem which statesf ‘that
the a.c. components of the currents and voltages in the plate (load) circuit
of a valve may be determined from an equivalent plate circuit in one of two forms—

(1) a fictitious constant-voltage generator (uE,) in series with the plate resistance

of the valve, or

(2) a fictitious constant-current generator (/ = g,E,) in parallel with the plate

resistance of the valve.

These are applied in Sect. 7 of this chapter.

If a distortionless Class A amplifier or its equivalent circuit is excited with an alter-
nating grid voltage, the a.c. power in the load resistor R, (i.e. the output power) is
I*R,.

‘Thé d.c. input from the plate supply to the valve and load (in the actual case) is
Py, = I,, E,,. Under ideal Class A, conditions the d.c. current I,, remains con-
stant, since the a.c. current is symmetrical and has no d.c. component.

Now the a.c. power input from the generator is

e* = }E,®sin ot — }E,%sin 3wz, (47)
The second term (e®) includes a d.c. component (3E,,2) and a second harmonic com-
ponent. The third term includes a fundamental frequency component (3E,,,® sin wt)
and a third harmonic component, [

If the input voltage contains two frequencies (f, and f;) it may be shown that the |

second term of eqn. (41) produces |

a d.c. component

a fundamental f; component

a second harmonic of f;

a fundamental f, component

a second harmonic of.f,

a difference frequency component (fy — fu)

a sum frequency component (f, + f3)

The third term of equation (41) produces

a fundamental f, component P, = pE,l, (50)
a third harmonic of f; E
a fundamental f, component But 1, = —Hoe
a third harmonic of f, - (s +Rp)
a g@gerence ?requency component g{: ~_}'2§ Therefore pwE, = 1,0, + R,I,
a difference frequency component (2f, — f, _ . 2 2
a sum frequency component (2f; + f3) and . ) Py = pE,ly =150p" + Ryly% G
a sum frequency component (2f, -+ f1) In this equation .
P, = a.c, power input from generator
In the case of an A-M mizer valve, f; may be the signal frequency and f, the oscillator rpl,2 = a.c. power heating plate

R, I, = a.c. power output = P,..
The a.c. power P, can only come from the d.c. power P,, dissipated in the valve,
which decreases to the lower value P, when the grid is excited.
The total plate dissipation (P,) is therefore »
P, = P,, — P, +1,0,* (52)
. Where P, = d.c. plate dissipation.
This may be put into the form
P = Py — Py — 1,1,%)
’ = :o — Pg, (53)
= R, I,> = (P, —r,1,?) = a.c. power output,
¥ .
seh SR, By, Pl Sy, Techatcal Jourmal 5 (1926 4 2bes” . 75.

P, for g completely general definition see Reich, H. J. (letter) ** The equivalent piate circuit theorem,”
Toc. LR.E. 332 eb., 1945) 136. :

frequency. The normal i-f output frequency is (f, — f;) while there are spurious
output frequencies of (f; -+ fo), 2f:i + /2 @2f: + fi)s fi — f2) and (2fy — f).
Even though no oscillator harmonics are injected into the mixer, components with
frequencies (2f, + f2) and (2f, — f,) are present in the output, thus demonstrating
mixing at a harmonic of the oscillator frequency. . i

If the input voltage contains more than two frequencies, or if the terms higher
than the third are appreciable, there will be greater numbers of frequencies in the.
output. The effect of this on distortion is treated in Chapter 14.

It may be shown that the effect of the load resistance, particularly when it is greater’ Where P,

than the plate resistance, is to decrease the ratio of the harmonics and of the inter-
modulation components to the fundamental. This confirms the graphical treatment
in Chapter 12. :
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The statement may therefore be made, that the plate dissipation is eaual to the d.c,
plate dissipation minus the a.c. power output. ;
A more general statement covering all types of valve amplifiers and oscillators i
that the plate input power is equal to the plate dissipation plus the power output
This analysis, based on the equivalent plate circuit, reaches a conclusion in eqn. (46
which is identical with eqn. (33) derived from a direct mathematical approach. It ig
however, helpful in clarifying the conditions of operation of a distortionless Class A
amplifier.
The preceding treatment only applies to amplifiers (¢ = ¢, in eqn. 41), but i
may be extended to cover cases where the load impedance contains other e.m.f’s,
by using the principle of superposition—see Chapter 4 Sect. 7(viii).
It is possible to adopt a somewhat similar procedure to develop the Equivalen:
Grid Circuit, or that for any other electrode in a multi-electrode valve.

(vii) Dynamic load line—general case
If the a.c. plate current is sinusoidal,

i, = Ipp sin wt
and e = — In|Z;| sin (wt + 6)
where § = tan *X,/R;.
From this it is possible to derive*.
ey + 2e,i,R; + 1,221 = I,.2X " (54

which is the equation of an ellipse with its centre at the operating point, this being
the dynamic path of operation.

(viii) Valve networks ; general case

The ordinary treatment of a valve and its circuit—the Equivalent Plate Circui
Theorem in particular—is a fairly satisfactory approximation for triodes or eve
pentodes up to frequencies at which transit-time effects become appreciable. If i
is desired to calculate, to a higher degree of precision, the operation of a valve in
circuit, particularly at high frequencies, a very satisfactory approach is the preparatio;
of an equivalent network which takes into account all the known characteristics
This method has been describedt in considerable detail, and those who are intereste
are referred to the original article.

(ix) Valve coefficients as partial differentials
Valve coefficients, as well as other allied characteristics, may be expressed as partia
diﬁerent.ial coefficients—see Chapter 6 Sect, 7(ii).
Partial differential coefficients, designated in the form g% are used in consider
ing the relationship between two of the variables in systems of three variables, when
the third is held constant.

“%: ” is equivalent to “Z—i (z constant) ” when there are three variables, x, ¥

and z. Partial differentials are therefore particularly valuable in repx;esenting valvi
coefficients.

Let e, = a.c. component of plate voltage,
e, = a.c. component of grid voltage,
and {, = a.c. component of plate current,

(These may also be used with screen-grid or pentode valves provided that the screen
voltage is maintained constant, and is completely by-passed for a.c.). |

*Reich, H. {? “Theory and application of electron tubes * (2nd edit.), é: 99,
tLlewellyn, F. B. and I.. C. Peterson * Vacuum tube networks,” Proc. LR.E, 32.3 (March, 1944), 144
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-

Then p = - g—z? (i, = constant), (55)
g
01,/0
or more completely -i- a—:,%—a::,
gm = + gif (e, == constant). (56)
€y
. Oe, 57
o= s (e, = constant), 67
»
or more correctly* + BT';;&,,'

In a corresponding manner the gain (A) and load resistance (R ;) of a resistance-
loaded amplifier may be given in the form of total differentials—

4 = |deslt (58)
de,
o ey, (59)
and R, = Z,

Particular care should be taken with the signs in all cases, since otherwise serious
errors may be introduced in certain calculations.

(x) Valve characteristics at low plate currents

In the case of diodes and diode-connected triodes at very low plate currents (from
1 to about 100 microamperes) an: increment of plate voltage of about 0-21 volt pro-
duces a 10-fold increase of plate current. If the log,, of current is plotted against
plate voltage, the result should approximate to a straight line with a slope of 1/0-21.

In the case of triodes operating as triodes the relationship of plate current to grid~
cathode voltage is still approximately logarithmic, up to a value of plate current which
varies from type to type, but the slope of the curve is decreased by the plate-grid
voltage. The decrease in slope is approximately proportional to the grid bias and,
therefore to 1/ u times the plate voltage. The curve at a given plate voltage is, in
general, steeper for a high-mu than for a low-mu triode. Over the region in which
the logarithmic relationship holds, the mutual conductance is proportional to the
plate current. For a given plate voltage and plate current, the g, in the low-current
region is greater for high-mu than for low-mu triodes, regardless of ratings. Also,
for a given triode at a given plate current, g, is greater than at lower plate voltages.
Maximum voltage gain in a d-c amplifier is obtained if the valve is operated at as
low a plate voltage as possible, and at a plate current correspending to the top of the

- straight portion of the characteristic when log, , of current is plotted against the grid

-voltage.

With pentodes at low plate currents, the maximum gain is obtained when the screen
voltage is as low as is permissible without resulting in the flow of positive grid current.

Reference A12 pp. 414-418.

——— .

*The simple inversion of partial differentials cannot always be justified,

thg Ahis a complex quantity which represents not only the numerical value of the stage gain but also
Ap ase angle between the input and output voltages. The vertical bars situated one on each side
and its equivalent indicate that the numerical value only is being considered.
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B15. Jones, T. I. * The dependence of the inter~electrode capacitances of valves upon the working
conditions > Jour. LE.E. 81 (1937) 658.

B16. Humphseys, B. L., & B. G.James. * Interelectrode capacitance of valves—change with operating
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Rev. 1.6 (June 1936) 171. 5 i
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