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1.0 SUMMARY.

INADEQUATE CONSIDERATION OF THE EFFECT OF CONTROL-GRID
CURRENTS FLOWING IN COUPLING IMPEDANCES IN LOW-LEVEL AUDIO=
FREQUENCY VACUUM-TUEE AMPLIFIERS HAS IED MAJOR VACUUMTUEE
MANUFAGTURERS TO RECOMMEND OPERATING CONDITIONS WHICH RESULT
IN SERTOUS GRID-CIRCUIT DISTORTION.

THE INVESTIGATION OF GRID-CIRCUIT OPERATION WHICH FOLILOWS
LEADS TO DESIGN RECOMMENDATIONS WHICH ENSURE THAT DISTORTION
WILL NOT EXCERD A PRE-DETERMINED PERCENTAGE,

Conventional analyses of vacuum tube (valve) performance have
established the dichotomy of negative control-grid operation withe
out grid current and positive control-#grid operation _with grid cur-
rent, This convention is satisfactory for most valve applications,
but requires modification for some low=bias operating conditions,

Positive control-grid currents are known to approach zero exm
ponentially with increasing negative bias (1) (2) and valves are |
frequently operated under conditions which lead to control-grid cur-

renté between 10"'6

and 10~ amp, The effects of currents of this
order, modulated by a signal and flowing in an impedance in. the cone-
trol-grid cireuit, are investigated,

The analysis proceeds from a review of the theory of retarding-
£i61d control-grid current to a practical investigation of the facm
tors affecting the magnitude and slope of this characteristic, It
is determined that for typical modern AC-operated vacuum tubes an
effective cathode temperature of approximately 1160°K can be assumed,

From existing theory and this one empirical factor the grid-circuit
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distortion caused by the flow of retarding-field grid current in
typical audio-frequency amplifiers is calculated., Approximate
experimental confirmation of the calculated distortion is obtaine
ed.

«000-
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SYMBOLS .

6.

The more importent of the symbols to be used are presented

below.
IR =
Ipg =
Inc =

Ri =
D' =

general symbol for retarding-field grid current (amps).
DC component of Iy (amps).

AC component of IR (emps).

totel emission from cathode at temperature T (amps).

mggified Bessel function of the first kind of zero
order.

electronic charge (coulembs).

applied grid potential (including contact potential
dggferences) %volts).

Boltzmann's constant (joules per degree Kelvin).
cathode temperature (degrees Kelvin). .

3n§rid current multiplying factor, usually less than

ty and dependent uﬁon he voltages applied to el-
ecgrodei other than the control grid in a multi-elect-
rode valve,

eIfective serieg resistance between génerator and con-
trol grid (ohms?.

ghysical series resistance between generator and con-
rol grid (ohms).

resistance between control grid and cathode (ohms).
control-grid input resistance (ohms).

ratio of mean grid current with signal applied to mean
current withou si%nal when Rpg is negligibly small,
and Rpc is negligibly small.

ratio of mean grid current with signal applied to mean
current without signal when Rpg is of significant size.

B
D



i

Te

grid-current multiplying factor caused by application
of voltage + AE to control grid.

grid-current multiplying factor caused by application
of voltage ~ AE to control grid,

=000~
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3.0 INTRODUCTION.

Probably one of the most authoritative statements on the ime-

portance of control-grid currents in equipment design is to be found

in (3). Published by the Advisory Group on Electron Tubes, from the

Office of the Assistant Secretary of (American) Defence Research and

Development, its opening paragraphs arst-

"To the equipment desigmer grid currents are probahLy the most

vicious of detrimental properties of electron tubes. It is

not unusual to have a two year interval between the original

bread-board of a circuit and the timé when a gerious grid cur-

rent hazard is recognized, The frequent lack of recognition

of grid current hazards has no doubt been fostered by the over-

simplified description of an electron tube as a device which

operates with a negative grid voltage and draws no current from

the signal sources

"There are at least eight distinct forms of grid current, which

might be given the following arbitrary titles:=-

1.
2
3e
beo
56
6o
T
8o

Inter-clectrode leakage

Gas ionization current

Grid emission current

Positive grid electron current
Secondary grid emission current
Negative grid electron current -
Grid photo-emission current

UNF input admittance characteristic associated with
transit time and lead inductance,”

Of these currents, the one most familiar to equipment designers
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is the "Positive Grid Electron Current". However ignorance on the
pert of design engineers of the characteristics of "Pogitive Grid
Electron Current" is one of the most frequent causes of trouble in
electronic equipment.

That this current also causes disfortion in audio-frequency
amplifiers had received no serious mention in engineering literaturs
prior to the publication of (4)% although, as shown below, qurren‘bs

even as small as 1072 amp. may be significan‘b in this respect, |

=000~ .

& See, however,(5)’ (6) and Sect. 842 "Comparative Results."”
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4,0 CONTROL-GRID CHARACTERISTICS.

In an investigation of the effects of small values of control-
grid current, both the slope of the current-voltage characteristic
and the magnitude of the current are important., Many factors affect
these characteristics, but investigation shows that nﬁne of them
leads to any appreciable divergence from the slope bf the classical
reterding-field diode characteristices The magnitude of the grid
current, however, is affedted.

4¢l Diode Characteristic.

When, in a multi-electrode valve, voltages are applied only to
the control-grid-cathode system, current flows to the grid under
saturated, space-~charge-limited or retarding-field diode conditionsl
according to the magnitude and polarity of the applied voltage (7) (&),

With a control-grid voltage sufficiently negative to bring

about retarding-field conditions the grid current is approximately %

Ee
IR = IS exp lﬂ‘) anp eoe oo P eoe oee (1)

total emission from cathode at temperature T,

where Ig

E applied potentiel (including contact potential

difference),

e = electronic charge,
k = Boltzmann's constant,

and T = cathode temperature (degrees Kelvin).

& eqn. (1) %gylies strictly to infinite parallel plane electrodes.
Schottky has shown that the retarding-field current is
slightly modified for cylindrical electrodes, which more closely
approximate the construction of valve types subseqently in-
vestigated.
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Taking the logarithm of both sides and differentiating:

dglnIB) = _®
dE M *e® L X N J sde [ XN ) [ X X ] (2)
-2 =
Since T 11606 degrees/volt
d(1nIg) = 11606 .
dE —T- L X X Z L 2 X J [ X X ) 00 oee (3)

i.es the slope of the grid characteristic is inversely proportional
to the cathode temperature, T« It should be noted, however, that
many effects combine to modify this slope (7) (10).

Thus the retarding-field diode (control-grid) current in a
valve having a cathode teﬁpemture of 1161°%K decréases to %, iecee
approximately 0.37 of its original value for each additional 0.1 volt
of negative bias applied.

That the effective cathode temperature‘ of typical modern
valves is in fact approximately 1161%K is demonstrated in Fig. 1,
the control-grid characteristic of a 6AU6 radio-frequency end audio-
frequency pentodes Curve A is the diode curve (grids 2 and 3 and
anode earthed) with 6.3 volts applied to the heater, and it will be
noted that the grid current increases 2,7 times for each 0,1 volt
reduction of negative bias, .

The method of ploﬁting control-grid characteristics aé shown
in Fige. 1 is described in Appendix 1, "The Measurement of Retarding-
Field Control-Grid Current.”

4e2 Grid Characteristic of Multi-Blectrode Valves.

Fig. 1 also shows, in curves B and C, the control-grid charact-

eristic of the same 6AU6 valve with 50 and 100 volits positive applied
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to grid 2 and to the anode, with grid 3 earthed. The tendency to-
wvards non-linearity at currents approaching 10 microamps is due to
the transition from retarding-field to sbace-charge-limited cdn-
ditions. |

Curves A, B and C show that by modifying the electrostatic
field between control grid and cathode; the positive grid 2 plus
anode potential has reduced the control-grid current. The slope
of the linear section of the characteristi§ however is virtually

unchanged.
This effect can be expresseds
Ee - v
IR = F Ig exp (kT) amp vee ese ese eoe (10-)

]

a factor usually less than unity, dependent upon
the voltages applied to electrodes other than the
control grid in a multi-electrode valve,

where F

4Le2e1, Triodes.

Since plate voltage variations in a triode valve nodify the re-
tarding-field grid current, in a normmal triode amplifier the variations
in plate voltage produced by the application of a signal to the cone
trol grid result in a modification of the grid-current characteristic,

It can be demonstrated however from Fig, 1 that the magnitude
of this effect is small. An increase of triode plate voltage in this
figure from 50 volts to 100 volts has an effect on control-grid cur-
rent equivalent to a decrease of negative control-grid bias of 0,08
volt. '

As the impedance in the control-grid circuit is negligible,
this effect can be expressed as an amplification factor from plate to

0,08 1 .. :
control-grid of 50 , i.c. gﬁg'times, in terms of the effect of these
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voltages_on the control-grid current, over the range of plate
voltage from 50 to 100 volﬁs. In typical resistance~coupled audio-
frequency emplifiers the operating plate voltage falls within this
range.

Since the normal 6ontrol—grid-to-p1ate'amplification factor
of a triode-connected 6AU6 is 30, a typical maximum grid-to-plate
gain can be taken as 25 ﬁimes. | . |

Thus the maximum effect of a varying tfiode plate voltage in
modifying the slope of a 6AU6 control-grid current characteristic
can be expressed as the product of the two amplifications, viz. apprdx—
imately 25 x 3%.'5', or 4%,

Similar or smaller factors apply to other triode emplifiers
and it isvthus evident that the modification of slope of grid
characteristics likely to be caused by plate voltage variations in
a priode amplifier are not greater than variations that may be caused
by other factors, e.ge cathode temperature in different valve designs.

4e242 Pentodes.

In pentode applications in which the screen voltage has no AC
conponent, investigation shows that fluctuations in thé_plate volt-
age, at least over a linear excursion of the plate characteristic of
the 6AU6 and other pentode audio-frequency amplifiers, do not sign-
ificantly affect the control-grid characteristic. |

4¢3 - Grid-Cathode Spacing.

An investigation of valves covering the range of differences
in spacing between cathode and control grid that is likely to be met

in modern audio-frequency amplifiers shows that this factor has a
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negligible effect on the slope of the characteristic.

This is demonstrated in Fig. 2 in which Curve A is the con-
trol-grid characteristic of a 6SJ7GT with spacing between adjacent
surfaces of grid and cathode of 0,015 inch, Curve B of & 6AUS with
spacing of 0,008 inch and Curve C of a 6BQ7A with 0,002 inch, The
valves were chosen at random, the pentodes were triode-connected
and in each case the characteristics were plotted with heater and
plate voltages of 6,3 and 50 volts respectively.

The slope of each grid characteristic closely approximates
that of an ideal plenar diode with cathode temperature of 1161°K and
in spite of the difference in grid-cathode spacing the magnitudes of
the grid currents differ no more than do those of different valves

of the same type.

=00 0=
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500 GRAPHICAL REPRESENTATION OF DISTORTION,.

In meny audio-frequency amplifier applications of valves the
signal is applied to the grid through a series impedance, for example
an impedance due to the diode load in the case of the first audio-
frequency amplifier in a radio receiver or due to the impedance of
a previous resistance-coupled stage in a conveﬁtional amplifier,

The flow of grid current moduleted by signal voltages in such
an impedance results in distortion of the signal applied to the grid
of the valve, A graphical construction to demonstrate this is-showﬁ
in Fige 3. _ .

Although the grid characteristics of Fig. 1 and 2 have been
presented in logarithmic form to show their exponentiel nature, a
linear grid-current plot is more suitable to demonstrate the genéra-'
tion of distortion. Curve A of Fig. 3 is a control-grid character-
istic plotted in this way with the bias needed to give 0.l micro-amp
of grid current when applied through a 0,1 megohm grid resistor used
as the grid-voltage reference point,.

A sinusoidal signal, B, with a peak~to-peek amplitude of O.Z
volt is shown at the bottom of Figs 3. Each point on B is considered
to be projected from fhe base line to the grid characteristic by a
line parallel to G, The slope of G represents the slope of the ime
pedance between the signal generator and the grid of the valvg in
accordance with the voltage and current scales used, Inbthe figure
the slope is that of a series impedance of O.l megohm,

Waveform C in Fige 3 is the distorted signal voltage applied

to the grid of the valve, The voltage drop across the series impedance
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at any point in the excitation cycle is the voltage, as read from
the control-grid voltage scale, traversed by the lines parallel to
Ge

Thus Curve G of Fige 3 represents the distorted signal pro-
duced by applying a 0.4 volt peesk-to-peak sinusoidal input through
a 0.1 megohm series impedance to the control grid of a valve draw-

ing 0,1 microamp of positive grid current in the absence of a signal

=000~
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6,0 GRID-CURRENT EQUATION.,

To obtain an equation representing the grid current in a
typical audio-frequency amplifier, consider the circuit of Fige e

Let the effective series résistance between generator and
control grid be Rpg, i.es Gy is very large and'%lzg- = 'I-i—i. + E%_c'_,
and let the valve be biased into the retarding-field region of its
grid characteristic by Epg, which includes the effect of contact-
potential differences ﬁithin the valve,

Ry *+ BpC
Further, let the generator output voltage be Rpg (Eag sin

wt) so that whatever the velues of Ry and Rpg the dlternating voltage
applied to the grid of the valve in the absence of grid current ié
Epg sin whe |
It has been shown that, to a close approximation, when Epc = 0
and Rpg = 0, the grid current under these conditions, that is
. Ipg = FIgexp (10Bpg) 8mP  eee  eee  ees  ees  (5)
If now the bilas voltage be applied to the grid through Rpg the
voltage drop across the resistor increases the negative bias on the
valve and this reduces the current. ILet the current in the presence
of Rpg be Ipg, then
Ing = F Iz exp {-10(Epg + Ipc Bpg) ] D eee  ees (6)
Let Epg have a finite value so small that it does not affect
the average value of current. Then the current flowing in the grid
circuit of the valve is
Ipg+ g = FIgexp E—lo (Epg * Ipc Rpg * Eag sin W))

anp eee (7)
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In general, however, the applied sinusoidal signal will in-
creagse the average value of grid current.

With Rpg and Roc negligibly small let the ratio of mean cur-
rent with applied signal to mean current without signal be D'. Then

D+ =5l Ozwexp (10 B, sinwt) at cee eee (8)

= I, (10By0)
where I, is the modified Bessel function of the fifst kind of zero
order (see for example (11) p. 103).

Similarly when Rpg is not negligibly small, and assuming tem-
porarily that the increase in current does not flow in Rpg, let the
ratio as above be D. Then |

D = I §1o (Byg - Iyg Ryg) 3 veeeeeeee (9)
since the voltage drop across Ryg reduces the signal applied to the
grid. -

B ut because Rp, is also of significant size the increase in
current due to the applied signal results in a greater negative vol-
tage being developed across Rpg and thus in a smaller inérease in
current than the ratio D. |

Let B be the actual ratio of mean grid current with signal ap-
plied to mean current without signal when Ryn is of significant size.
Then

B = Dexp E-_m I, Ry (B-l)g ver  eee  eee  (10)

Since the éxcursions of a signal applied to the grid result of
necessity in an increase of average direct current by the ratio D as

compared with the current at the point of zero excitation in the op-

erating cycle, and since the actual increase in current under the
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operating conditions being considered is the smaller ratio B, the
grid current equation becomes
Ipgc+ Ipg = CF Igexp f—1° EE‘DC + Ipg Rpg *+

(Bag=Inc Rac) sin wt) g'amp...- (12)

B o
D =exp =10 Ipg Rpg (B"})g see  ees  eee (12)

whexre C

6.1 Graphical Representation
The direct current and voltage effects are as shown in Fig. 5

with the curve D F Iy exp (=10 Epg) drawn for a particular value of
applied alternating voltage.

Fig. 5 shovs in particular the relationship between Ipg, the
standing current in the grid resistor in the absence of a signal,
Blpg, the actual grid current flowing ih the presence of a signal,.
and CIpg, the grid current which when multiplied D times by the
application of a signal, becomes eqﬁal to Blpge

Durves similar to those of F Ig exp (-IO‘EDG).are published
in valve data handbooks as diode detection characteriétics for
various signal levels,

6.2 Generation of Distortion.
Equation 11 evaluates the direct and alternating currents flow=-

ing in the grid circuit of the valve in ?ig. 4 ahd although the sig-
nal applied to the circuit is sinusoidal the harmonic components of
the retarding-field current develop harmonic voltages across Rae
which must also appear between grid and cathode of the valves Thus

a solution of eqn. 11 would give the distortion of the signal ap-

plied to the valve,
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However a solution of eqn. 11 cannot be obtained. Dis-
tortion has nevertheless been evaluated by deter;mining the effect
of applied signals on the operating condition, ie.es the factor C in
eqne 11, and then by a point-by-point investigation of the excursion
of the signal voltage.

=00 0m
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7.0 DISTORTION ANALYSIS.

The construction of Fig, 3 demonstrates the distortion intro-
duced into a 0.2 volt peak signal when applied through a 0,1
megohm resistor to the grid of a valve drawing a standing grid
current of 0.1 microamp.

The distortion, bowever, is a function of the geometry of the
figure rather than of the particuiar values of the scales used.
If, for example, the current values of the grid characteristic
were doubled and at the same time the series resistance were halved,
the figure, and hence the distortion, would be unchanged.

Thus, for a given input voltage the distortion is constant so
long as the product of standing current and series resistance is
a constant,

By plotting input voltage against distortion for a limited
range of Ips Rya prpducts it is therefore possible to present a
wide range of possible operating conditions. The range chosen for
subsequent investigation is IDC RAC = 10‘2, 10=3 and 10~4 volt,
the 1072 volt condition representing for example "grid-leak bias"
conditions with O.,1 microamp of grid current and an AC series re-
sistance of 0.1 megohm, and the 10‘4-volt condition representing
perhaps 0.1 microamp of grid current with a series resistance of
1000 ohms or other conditions such as 0,001 microamp of grid cur-
rent and 0,1 megohm series ?esistance.

It vas shown in Fig. 3 that for a given set of conditions the
waveform at the grid of the valve can be obtained graphically, and

from the waveform the distortion can of course be derived.
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Without reconstructing the whole waveform however, well-known
techniques can be used to determine the magnitude of any number of
distortion products for any set of conditions, For example, the
magnitude of the first four harmonics (including the fundamental)
and the DC component can he obtained from a knowledge of the voli-
age at five particular equally spaced points on the grid swiné,
see (12) and Appendix 4 - "The Caleulation of Distortion.

To determine the chanée in voltage at the grid of the valve
due to a given voltage increment at the generator end éf the series
resigtance, assume that in Fig, 4 the input resistance of the valve
is much greater than Rp, and that the time constant Cj (Ry+ Bpg) is
sufficiently large that the charge on capacitor €4 does not change
appreciably during an audio-frequency cycle. These conditions are
those normally encountered.

Now let a small alternating woltage, such that in the absence
of grid current the signal at the grid of the valve would be'AE
volt peak, be applied from the generator., The alternating retard-
ing-field grid current will set up a voltage across Ryg and thus
reduce the signal applied to the grid.

Initially Ip = F I‘s oxp 2—10 (Epg+ I RAG)gamp.

At the instant when the maximum positive voltage is applied from
the generator, suppose the current to have increased by a factor
P, Then

PIp = FI_exp (-10 (B - AB +P Ty Ry amne  (13)

. P = exp glo [;\E - Ip Byg (P—l)_B R ¢ 73
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Similarly, when ~AF volt is applied, let the current decrease
by a factor Q. Then
QI =F I, exp 2—10 (EDC +AE + Q IR RAG)g amp.. (15)

) exp E-lo[AE - L R, (1-@3 ; cee ees ees (16)

.

i

Eqn. (13) and (15) give the current flowing in the grid cir-
cuit at the maximum and minimum peaks of an applied alternating
voltage of peak magnitude AE volt. Eqn. (14) and (16)13190 con-
tain the peak voltages actually applied to grid, these being one
tenth of the argument of the exponential function.

Thus a smell alternating voltage of péak magnitude AE volt
in the absence of grid current, applied to the grid through a
series resistance Ry, fesults, in the presence of a standing re-
tarding-field current IR' in positive and negative peaks of

n RAC(I-Q) volt respectively

AE - I, R, (P-l_) volt and - AE + I

at the control grid of the wvalve.
The evaluation of P and Q has been effected by plotting IR RAC

against P and Q withAE as a paremeter, for a convenient range of

values of AE and I, R,., as shown in Fig. 6 to be described below.

7.1 Variation of Current with Applied Siemal.
No account has been taken in this section of the effect of

the applied signal on the magnitude of the average value of grid
current, i.e. the factor C in eqh. (11). This can be evaluated
however by plotting D égainst C with values of IDG RAC as a para-
meter.

To simplify this calculation eqn. (9) has been reduced to

D= Io (10 EAC)
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the justification for the omission of the IAC R.AC term being that
in practical cases valves are not used under conditions in which
the loss of signal due to valve input conductance is more than a
small fraction of the signal. (Subseqient calculations show that
a maximum reduction of signal of less than 1db occurs under the
conditions considered.)

In selecting suitable values of IDc R.AC the following con-

siderations apply.. As already suggested, the plotting of dis-
tortion for a limited range of IDC RAC values can cover typical
operating conditions. A complicati&n is introduced however by

the fact that the inerease in mean current due to applied signals
flows not in RAC’ but in RDC’ the value of which bears no direct
relationship to the value of RAC’ the distortion-producing resistor

This difficulty can be overcome however by the same technigue
of taking a limited number of values to cover the usual range of
operating conditions. For example, two ratios of RDC/RAC of 2 to 1
‘and 20 to 1 have been selected, the former to represent the con=-
dition of equal plate load and following grid leak and the latter
the other extreme of approximately a 0.1 megohm plate ;oad with 2
megohm following grid leak or a 0.25 megohm series resistor and a
grid-leak-biased following stage with 5 megohm grid leak.

Thus eqn. (14) and (16) are to be solved not only for cases
in which the applied signal has no effect on.the average grid cur-
rent but also with larger inputs, for a range of values of C de-
pendent upon the applied input voltage and for RDC/BkC values}of.

2 and 20. The solutions are obtained by mesns of Fig. 6.
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7.2 Use of Nomoggam.r

In using Fig. 6 to evaluate P and @ there are two operationﬁ,
firstly the determination of C Ine R.AC from a knowledge of IDC RAC’
of the value of the applied signal and of the ratio RDC/RAC’ and
secondly the evaluation of P andQ after the operating condition
C Ips Ry; hes been determined.

To simplify the use of the nomogram, suitable "Applied Voltages"
are marked at the left-hand side. These points are the plot of
I, (10 Epg), as derived from eqn. 9, on the two-decade logarithmic
scale 1 to 10° from bottom to top of the figure.

To determine for example C In, Ry, when I, Ry, = 107 volt,
the applied signal = 0.36 volt peak and RDC/RAG = 20, pass hori-
zontally from "Applied Voltage" = 0.36 volt to the RﬁC/RAC =20
line origineting at IDc RﬂC = 102 volt., It will be found that
C IDC RAG = 2,21 x 10-3 volt, which is the operating condition.

P can now be determined by following the C Ipg Rpg value
vertically upwards to the "P-line" corresponding to the applied
voltage (AE = 0.36 volt peak) and reading P from the logarithmic
scale at the right-hand side of the figure. For the example chosen,
the "P-line" for 0.36 volt intersects the value of C IDc RAC =
2.21 x 10~ volt at P = 22.5. The positive peak of the voltage
applied to the grid of the valve under these conditions can now
be calculated from eqn. 14 as 0.36 - 2.21 x 10=3 x 21.5 volt,

i.e. 0.3125 volt.
The negative peak can be calculated separately in a similar

manner using the "Q lines" and the distortion can be determined
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from these values. Intermediate points on the grid swing necessary
for the calculation of higher-order distortion can also be cal-
culated in & similar manner.t

For reasons set out in Appendix 3, "Construction of Nomogram,"
it is necessary only to plot a limited section of the Q lines.
They are used in conjunction with the "Values of Q" at the left-
hand side of the ﬁomogram in a manner similar to that deseribed
for the "P lines."

An interesting aspect of Fig., 6 is that the RDC/RAC lines
demonstrate the amount of 'biasing-bsck! of the valve that occurs
with signal for the three initiel I, R . conditions of 10~2,

103 and 104 volt. v

Thus for a static I, R, value of 107 volt and Ry, [Ry = 20,
i.e. & grid-leak resistance value twenty times greater than the
effective series resistance, the operating condition in the presence
of an inlpu‘b. gignal of 0.b48 volt is C I, R\ = 9.5 x 104 volt,
more than a ten times reduction in IDC'(since RAC is uncbanged).

With a smaller grid leak and with smaller initial values of
IDC RAC the 'biasing-back' is reduced, until with IDC RﬂC = 10~%
volt and RDC/RAG = 2 it is negligible for signals up to 0.48 volt

peak.

-000~

¥ See Appendix 4 - "The Calculation of Distortion."”



27.

8,0 CONFIRMATION,

The circuit of Fig. 7 was used to obtain experimental confirm-
ation of the calculated results. A problem in devising a test circuit

-3 ana 1074

was the obtaining of accurete IDC RAC values of 10-2, 10
volt with RDC/RAC ratios of 2 and 20, without using unduly large
values of grid-circuit resistance, without exceeding some few
microamps of grid current (in order to maintain operation on the
exponential part of the grid characteristic) and without intro-
ducing unwanted signals into the grid circuit, as several elec-
tronic microammeters, when used in conjunction with the necessary
biasing circuits, were found to do.

This problem was overcome by using the valve under test, in
conjunction with appropriate grid-circuit resistors, to measure
grid currents of 10‘6, 10=7 ana 10~8 amp, while the parallel re-
sistance of R1, Rpg and the 1 megohm input resistance of the wave
analyser was adjusted to 104 ohms, Different ¢ombinations of R1

and Rpg were used to give Bpg/Ryg ratios of 2 and 20, the values

beings~-
il Ing
RDG/RAC = 2 20,410 ohms 20,000 ohms
Ryo/Byg = 20 10,640 ohms 200,000 ohms

To obtain a distortion reading with a grid current of, for

example, 10'7 amp, the switch S, was opened, the switch Sé set to

1
the 1 megohm resistor, the appropriate bias applied, as determined
from the grid characteristic, and the plate current meter set to

zero by means of the shunting circuit. (4 100 microamp centre-zero

meter was used in this shunting circuit thereby greatly increasing
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the accuracy of plate-current indication over a direct measurement
of plate current). Switch 84 was then closed and the plate current
meter re-adjusted to zero by means of the grid-bias control. If
the required change in bias was 0.1 volt the grid current flowing
after this adjustment was 10~ amp. If the initial bias setting
was incorrect, modifications were made and the procedure repeated.
The 400 c¢/s signal wes then applied to the grid and the distortion
was measured.

" After each distortion reading had been carfied out the grid
current wag re—checked to ensure that it had not drifted during
the measurements. This precaution was necessary because the grid
current could not be observed continuously.

As distortion was to be measured for particular levels of
signal spplied through 2 series resistor to the grid of the valve,
the signal could not be measured at the grid, but rather the
generator output was.adjusted to suitable values such that, when
voltage~-divider effects were taken into account, the signal at
the grid would be of the required magnitude in the absence of
signal damping.

For example, when RDC/RAC = 2, it has been stated above that

R, = 20,410 ohms and RDC = 20,000 ohms. As the 1 megohm input

b
impedance of the wave analyser was in parallel with RDG between

the control grid of the valve and ground, the effective resistance
from grid to ground was 19,610 ohms. Thus of the signal generator out-

19,610
put 20410 + 19610 i.e. 0.490 was applied to the grid of the

valve.
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Similarly when RDC/B‘AC =20, R, = 10,640 ohms and

1

RDC = 220,000 ohms, the signal applied to the grid of the valve

was 0.940 of the generator output. The output was adjusted to
provide the required signal at the grid in the absence of grid
durrent allowing for this effect.

8.1 Experimental Results.

Calculated and measured results are set out in Fig,S
and in Table 1 (page 37). Correlation is not perfect, but in
view of the difficulties of the experimental technique, it is
felt that verificétion of the analysis has been obtained.

Factbrs which.militated egainst complete correlation
results are -

(1) the output of the signal generator conteined
distortion products of the samé order of

magnitude as some of the lowest distortion

readings, viz.:-

Harmonic order 2 3 4
Distortion percentage 0.10 0.06 0.02

These readings were obtained by comnnecting the

output of the signal generator directly to the

wave analyser ahd it is possible that some of

the measured distortion was due to effects des-

eribed in (ii) below:

(13) small distortion percentages can

(ii) as showm in
be due to distortion generated internally in a

wave analyser.

of
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As the method of combination of these spurious harmonics
with those it is desired to measure is unknown, it is realised that
the accuracy of the results is less than that implied by the figures

in Table 1.
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TABLE 1.

MEASURED AND CALCULATED VALUES OF GRID-GIRCUIT DISTORTION

= 10-2
Ipg Byq = 107% VOLT

Boo/Ryg =
Signal Second Third Fourth Total
Voltage Harmonic Harmonic Harmonic Harmonic
(Peak ) (% (%) (%) Dis?o§tion
Volts %
M c® M C M C M C
0.06 1.0 1.2 | 0.5 nc¥ | 0.05 nc 1.0 1.2
0.12 1.9 2.3 | 0.2 0. | 0,05 0.1 | 1.9 2.4
0.18 e 3.6 NM NC M NC M 3.6
0.24 3.7 45 0.7 0.9 0.05 0.1 3.8 4.6
0.32 5.3 NC 1.1 NC 0.05 NC 5.4 NG
0.36 W 5.8 | WM 1.7 | WM 0.3 | MM 6.1
Ryo/Ryg = 20
Signal Second Third Fourth Total
Voltage Harmonic Harmonic Harmonic Harmonic
(Peak (%) (%) (%) Distortion
Volts) (%)
M C M C M C M C
0.06 1.0 1.2 -* xc - NC 1.0 1.2
0.12 1.9 2.2 0.2 0.1 - 0,07 1.9 2.2
"0.18 M 2.8 NM NC ™ NC M 2.8
0024 3.2 301 007 009 - 002 303 302
0,32 3.4 NC 1.0 NC 0.1 NC 3.5 NC
0.36 NM 3.3 M 1.3 NM 0.3 Jule 3.6
0.40 3.7 NC 1.2 NC 0.2 NC 3.9 KC
0.48 3.7 3.3 1.5 1.7 0.3 0.5 L0 3.7
& M = Measured; NM = Not Measured.
& C = Calculated: NC = Not Calculated.
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IDC RAC 10~ VOLT.

RDC/RAC 2
Signal Second Third Fourth Total
Voltage Harmonic Harmonic Harmonic Harmonie
(‘I;eilé ) (%) (%) (%) Dist(-.g;-tion
Ve v M C MG MG
0.06 mE o2 | m w? | m M 0.2
0,12 0.2 0.4 0.05 NC 0.05 NC 0.2 0.4
0.18 NM 0.6 M NC NM NC NM 0,6
0.2 0.6 0.8 0.05 0.3 0.05 0,01 0.6 0.9
0.32 0.9 N 0.3 XC 0.05 NC 0.9 N
0.36 WM 1.8 M 0.8 NM 0.2 N} 1.9
0.40 1.3 NC 0.5 RC 0,2 NC 1.4 NC
0,48 1.8 2.7 0.8 1.4 0.3 0.4 2.0 3.1
Rpo/Fy = 20
Signal Second Third Fourth Total
Voltage Harmonic Harmonie Harmonic Harmonic
 (Peak (%) (% (%) Distortion
" Volts) (%)
M c M c M C M C
- 0,06 M 0.2 NM NC NM NC W 0.2
0.12 0.3 0.3 0.05 HNC -% e 0.3 0.3
0.18 NM 0.5 M NC NM NC M 045
0424 0.6 0,7 0.3 0,2 0.05 0.05 0.6 0.7
- 0,32 0.8 N 0,3 NC 0.1 NC 0.8  NC
0.36 U 1e1 M 0.5 NM 0.16 N 1.2
0.40 1.0 XNC 0.4 NC 0.2 XNC 1.1 XNC
0,48 1.2 1.5 0.6 0.8 0.2 0.3 14 147
& M = Measured; WM = Not Measured.
% C = Calculated; - NC = Not Calculated.
I - =<0,05,



33.

= aoh ot
IDC BACv 10 ™ VOLT

RDC/RAC. 2
Signal Second Third Fourth Total
Voltage Harmonic Harmonic Harmonic Harmonic
(Peak (5% (% - (%) Distortion
Volts) \ (%

ME g2 M c M C MG

0.06 m* o001 { m wmF| om  w M 0.0
0.12 0.1 0.04 0.05 KC . 0,05 KNC 0.1 0,04
0.18 NM 0.08 NM HC M NC U1 0.08
0.24 0.1 0.1 0.05 KC 0.05 NC 0.1 0.1
0.32 0.15 NC 0.05 NC 0.05 NC 0.15 XC
0.36 NM 0.2 M NG M NC M 0.2
0.40 0.2 NC 0.1 NC 0.05 NC 0.25 NC
0.48 0.4 0454 0.2 0.36 0.1 0.1 04 0.6

RDC/R.A 20
Signal Second Third Fourth Total
Voltage Harmonic Harmonic Hermonic Harmoniec
(Peak (%) (%) (%) Distortion
Volts) (%)

M C M C M c M C

0,06 ™ 0.01 MM NC NM NC ™ 0,01
012 0.1 0,04 | =% 1mC - XNC 0.1  0.04
0.18 M 0.08 M NC NM NC NM 0.08
0.24 0.1 0.1 0,05 KC - NC 0.1 0.1
0.32 0.15 TC 0,06 NC - NC 0.15 XC
0.36 R 0.2 M NC NM NC M 0.2
0,40 0.2 NC 0.1 NC 0,05 NC 0,25 XC
0.48 0.3 0.4 0.2 0.2 0,06 0,09 0.4 0.5

& M = Measured; N1 = Not Measured.

% C = Calculated; NC = Not Calculated.

X -= <0,05
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8.1.1 Discussion. Considering Fig. 8, the shape of the
distortion curves is of interest, and is due to the following fac-
tors. In the absence of ‘'bizsing-back' with signal, due to ad-
ditional negative bias being developed across the grid resistor in
the presence of a signal (see Fig. 5), the distortion curves tend
to increase sharply as the signal increases. This curvature is
offset in varying degrees however by the reduction in distortion
due to the signal-generated bias for high values of Ip; Ryq and
Ryo/Ryge  For the curve I, Ry =107 volt and Ryy/R,, = 20
the increase of bias with signal compensates at high inputs for
the tendency for distortion to increase with increasing signal
voltage.

This reduction in distortion is however applicable
only to steady—state conditions. In normal amplifier usage in-
stantaneous distortion will vary with the charge on the grid-
coupling capacitor between the limits of the distortion applicable
to the RDC/RAC ratio in use and a meximum which would occur with

R . equal to R The variation of instantaneous bias with signal

DC Ac®
will in fact add to the signal a secondary type of distortion
particularly noticeable on square waves.

Under practical conditions however the variation in
distortion between RDC/R.AG ratios of 2 ahd 20 is of minor signi-
ficance since operating conditions’should always be such as to

allow at most a very smaell value of grid-circuit distortion, for

examnple not more than +%. Under these conditions distortion is

little affected by variztion of the RDC/'RAC ratio.
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To interpret the curves of Fig. & in terms of practical
circuits, a "grid-lesk biased" audio-frequency amplifier with grid
current of 0.1 microamp and series grid resistance of 0.1 megohm
(IDC Ryo = 10-2 volt) could be expected to develop about é%ﬂdis—
tortion in its grid circuit for an applied signal as small as 0.1
volt peak.

Al ternatively if high fidelity were required from a
resistence-capacitance coupled stage at 0.5 volt peak input with a
O+5 megohm plate load in the preceding stage and with a2 1 megohm
grid leak, then the control—grid current would need to be smaller
than 3.10"4 microamp, since at this value of grid current the grid-
circuit distortion for this stage alone would be about 0.5%

8.2 Comparative Results.

It is possible to make some comparison between the ex-
perimental results described and figures produced by other workers,
at least insofar as the order of magnitude of distortion is con-
cerned.

In Ref. (5), "The Influence of the A.F. Input Stages
on Quality of Reproduction," grid-circuit distortion is plotted
against variation of input impedance for a "grid-leak biased" single-
stage audio-frequency amplifier. As would be expected from the
preceding analysis, maxihum distortion occurs when input impedance

is a maximum but unfortunately the control-grid current is not

stated.
However the following information is evailesble:-
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Bpc = 10 megohms
RAC = 0,25 megohm maximum
Stage gain = 50
Output voltage - = 5 volts r.m.s.
Stage Distortion (for Rgyg = 0.25 megohm) = 3.5%

Valve input resistance 1 t0 3 megohms,
The following assumptions seem justified:—
(i) As valve input resistance lies between 1 and 3
megohms the grid current is between approximately
0.1 and 0.03 microamp (See Sect. 9.0 "Input Impedance"
below).
(ii) The stage distortion with Ry = 0 is less than 0.5%
| so that the grid-circuit distortion will be approxi-

mately equal to the total stage distortion of 3.5%.
= Lubput voltage _
(111)  Input voltage = —eubyolbage ., . o oy nmus.

Stage gain
i = 40.
(v)  Ry/Ry, =4
Taking Ipe as 0.04 microamp, which 1lies in the range
stated, and IDC RAC = 10-2 volt, a check against calculated dis-

tortion in Fig. 8 with RDC/RAC = 20 shows that for a peak input
voltage of 0.14 volt (0.1 volt r.m.s.) a distortion of 2.4% can
be expected.

The agfeement between the 3,5% distortion measured in (5)
and the 2.4% obtained from calculation is good, and a much larger
variation could be accounted for by the 3 to 1 range within which
the control-grid current may lie., Examination of Fig. 8 shows

that under the conditions detailed, no‘great variation in distortion
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would be expected from the fact that the calculation was carried

3 = 1 (5) =
out with RDC/RAC 20 wheress in RDC/RAC 40.

Ref. (6), "Low Distortion Operztion of Some Miniature
Dual Triodes," describes experiments in which grid-circuit dis-
tortion is produced by variation of signal—source impedance and
of bias voltage (and thus of control-grid current). This dis-
tortion is not measured directly but instead the total distortion
(including the plate-circuit distortion) of a single triode audio-
frequency amplifier stage is measured and variations produced by
modifications to the Source impedance and the bias voltege are
plotted.

Since the second harmonic distortion generated in the
grid circuit is out of phase with the plate-~circuit second harmonic
distortion, cancellation oécurs and second harmonic minima appear
in the results.

The following data are supplied or can be calculated:-

Input Voltage = 0.04 volt (probably r.m.s.)

Ine = 1,56 microamp

’RDG = 0.5 megohm
Conditions o + o o ¢« ¢ o o A B C D
RAC (megohm) = 0,005 0.045 0.08 0,25
B/ R = 100 1.1 595 2

Ipg Ry (volt) 0,0078 0,07 0413 0.39

Stage Distortion (%) 0.4 3.9 5.6 8
In each condition, stage distortion is 0.6% in the ab-

sence of grid-circuit distortion, so that for conditions B, C and
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D the grid-circuit distortion will closely approximate the total
stage distortion. Whilst no close check can be made in these cases
it can be said that the order of distortion is not unexpected.

For condition A, I, Rys = 0.0078 volt and it is not
possible to check distortion from Fig. 8 at this lsvel. However
at a slightly increased IDC RAC value of 0.01 volt, a distortion
of 1.0% would be anticipated for the 0.05 volt input signal. Since
this distértion is out of phase with the constant 0.6% distortion
in the plate circuit a resultant of 0.4% distortion can be expected.
This can be compared with the 0.44% tabulated above. The closeness
of this correlation is probably fortuitous but at least it can be
said that the order of the results calculated above hes received
confirmation.

8.3 = Graphical Confirmation.

Whilst the complications of a full graphical repres-
entation of control-grid circuit operation (including the factor C)
are considerable, the distortion shown in Fig. 3 can be readily
obtained and a comparison with calculated results is of interest.

Fig 3 is constructed for conditions in which the signal
is applied to the control-grid through a series O.1 megohm resistor
without an isolating capacitor and grid leak. The RDC/RAC ratio
is therefore unity.

Examination of the celculated results in Table 1 (or
Fig., 8) shows that for Ipy Ry; = 1072 volt and with a 0.24 volt
peak signel a decrease in the RDC/RAC ratio from 26 to 2 increases

the total r.m.s. distortion from 3.2% to 4.6% but a smeller increase
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in distortion above 4.6% would be anticipated from a decrease of

RDC/RAC from 2 to 1.
It can be expected therefore that for Fig. 3 with
a2
Ing Bag =10 RDC/ e
dition 1 below) the distortion would be similar to but perhaps

=1 and a signal of 0.2 volt peak (Con~

‘less than that for IDC RAC = 10‘2, RDG/RAC = 2 and a 0.24 volt
signal (Condition 2).
The actual distortion in Fig. 3 can be readily deter-

mined by the methods already used and the comparison is set out

below:-
2nd 3rd 4th
Harmonic Harmonic Harmonic
Condition 1 .. Lol . 0.,8% 0,06%
Condition 2 ..  4.5% 0.9 0.1%

The closeness of the result of this comparison with
that anticipated is an indication of the validity of the preceding

analysis (excluding the effects of the factor C).

=000~
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9.0 INPUT RESISTANGE.

&in interesting aspect of the constancy of slope of the grid
characteristic of modern AC-operated valves, as demonstrated in
Section 4, is the fact that the approximate input resistence of
any valve of this type, biased into the retarding—field region
of its grid characteristic but without an applied signal, can be

readily approximated from a lmowledge of the magnitude of its grid

current. 7
. (Ee)
Since, from Eqn. (4), Inpg = F Ig exp (kT) ampe
4 ¢ =& FI_exp (Ee) amp/volt.. (17)
iz KT s (k1)
Thus, since E% 2~ 10 volt ~1

the magnitude of the

valve input resistance,Rj 1

10F Ig exp %%%g

i.e., small-signal valve input resistance in megohms is the recip-
rocal of ten times the grid current in microamps.

Thus if en inpu£ resistance only as low as 10 megohms
is required, bias must be sufficient to reduce retarding-field grid
current to not more than 1072 microamp.

9.1 Experimental Confirmation.

Confirmation of this statement is shown in Fig. 9 in
which the control-grid current and measured control-grid input
resistance of a 6AU6 with heater voltage of 6.3 volts and triode
plate voltage of 50 volts are plotted against control-grid voltage.
It will be seen that the grid-input resistance follows thé rule

above within the limits of experimental error.
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9.2 Signal Damping.
From egqn. 18 it is evident that valve input resistance,
Ry, is inversely proportional to refarding-field grid current. Thus
for any particular IDC RAC product, RAC/Ri is a constant and when
a2 small signal is applied to the control grid through Ry; the cir-
culit can be considered as a voltage divider with a constant fraction

of the signal applied to the grid.

From egn. 18, when Ing RAG = 102 volt,

10 Ry = Ri,

.". damping = 1.

11
= 0,828 db.
Similarly for I R = 1073 volt
DC AC

damping = 0,088 db.
and for Ip. Ry. = 104 volt,
demping = 0.008 db.

For larger signels, however, the degree of damping is
affected by the variation of valve input resistance over a cycle
and it is necessary to calculate the fundemental component of the
distorted waveform.

, A szmple caleulation is presented in Appendix 4 and
Fig. 10 shows the variation of damping with input sighal for

I values of 102, 10> and 10~% volt and for Rpy,/R,, ratios

DC RAC
of 2 and 20.

It will be noted thet in general demping increases with

i i = 102 = 20, th
signal input, but with I R, =10 volt and RDC/RAC 20, the
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"biasing back" that occurs with increase of signal input more than
offsets this effect.

As the loss due to signal damping with I, R, = 1072
volt approaches 1 db., it is evident that larger values of IDC RAC
should not be permitted in designs. Unless this precaution is ob-
served the gain of the equipment (in the absence of feedback) will
be variable by the amount of the possible damping, and will depend
upon the actual amount of control-grid current flowing, which will
vary from valve to valve, with any one.valve as it ages, and with

variations of voltages applied to the valve (especially the heater

voltage).

-000-
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10.0 RELATIONSHIP BETUZLEN CONTROL-GRID BIAS AND CURRENT.

Whilst this analysis has been of necessity cérried out with
reference to values of control-gfid current, valve operating con-
ditions are invariably set up for particular values of control-
grid bias.

The reletionship between bias and current is, however, de-
pendent on many factors, such as valve type and construction,
valve processing schedules, age of valve and type of service, ap-
plied voltages, factors causing reverse grid current, aﬁd other
less important considerations.

Nevertheless, since recommendations are to be made for the
avoidance of grid4circﬁit distortion, investigation is necessary
only into conditions likely to lead to meximum grid current.

10.1 Variation of Control-Grid Current with Use.

The effect of operating life on the control-grid current
of a valve is generaliy acknowledged amongst valve engineers to be
a smoothing-out of variaéions due to initial valve processing. Thus
valves of similar type and design with high and low grid current,
if operated under the same conditions, should tend towards an
average value determined by the state of tle cathode and by cathode-
material deposits on the surface of the grid. In valves with
higher than usuﬁl control-grid current the effect of operation
should therefore be a reduction of this current.

To test this hypothesis thirty valves were placed on ex-
tended life test under two sets of operating conditions. In the

initial test twenty 6AU6 valves ran with plate and screen voltages
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of 150 volts, heater voltage of 6.3 volts and a cathode bias resistor
of 250 ohms, This resulted in an average cathode current of about 7
milliamps and a bias of 1,7 volts,

After this test had been running for some months other tests
raised the possibility that the lower cathode current experienced
under resistance~coupled conditions might lead to higher grid cﬁrrents
during operation, and a second life test was organised under resistance-
coupled conditions with a heater voltage of 6.3 volts and a B supply
of 250 volts., Plate and screen resistors of 0,27 and 0,47 megohm were
used and a 2200 ohm cathode resistor gave an average bias of 2,2 volts
and a cathode current of 1 milliamp. -

These tests were continued for 27,000 hours and 20,000 hours re-
spectively (i.e. over 3 years and approaching 2% years of continuous
operation) with results as shown in Fig. 11,

Although the originel hypothesis does not seem to be completely
verified, at least in the first year of continuous operation the av-
erage value of grid current fell, and the subsequent increase, although
unexpected, had not resulted at 27,000 hours in any values of grid-
current higher than the initial values. No significant variation in
the behaviour of the valves operated under the different conditions
could be observed.

The failures that occurred during the test, although at first
sight high, are in fact very good, since 60% of a random selection of
commercial valves is still operating s&tisfactorily after 27,000
hours of use.

On the basis of this test and the commonly accepted theory bf
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the behaviour of so~called "contact potential" it was decided that
conditions which would give satisfactory control-grid current in
new valves would also be satisfactory throughout the life of the
valve.

10,2 Grid-Current Cut-Off Bias.

An analysis was therefore carried out on the "grid-current
cubt-off" bias of more than one thousand unused valves of different
types. The "grid-current cut-off" bias is the bias required to re-
duce grid current to O,2 microamp, a value in the retarding-field
region, and measured in the Amalgamated Wireless Valve Company at nom-
inal heater voltage and without potentials applied to other electrodes.
- Valves are "preheated", before the measurement is made, for a period
of time sufficient to allow the fontrol-grid current to reach its
maximum value, isee. for at least several minutes.

Under these conditions 500 type 6A06‘valves showed a mean "grid-
current cut-off" bias of -0,97 volt with a standard deviation of 0,17
volt. Corresponding figures for 337 type 6AV6 high-mu triodes were
-0,72 volt and 0,28 volt, for 100 type 6SJ7GT valves -0,81 voltvand
0,17 volt and for 72 type 6BQ7A triodes =0.85 volt and 0,1/ volt,

It is realised that valves of the same type made to a different
vmechanical design by enother manufacturer would not necessarily have
the same "grid-current cut-off" bias or standard deviation., Exper-
ience has shown however that in general variations of this characterg
istic between valves from different manufacturers are no greater

than those amongst valves from the same manufacturer.
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10,3 Influence of Other Electrodes.

The influence of potentials applied to other electrodes
varies considerably with individual valve types. The retarding-
field grid current of a 63J7GT may be decreased fifty times by in-
creasing the grid 2 and anode voltage from O to 100 volts.

On the other hand, with the close-spaced 6BQ74 an increase of
anode voltage from zero may result in an initial two or three times
increase in control-grid current, followed by a decrease to the ori-
ginal value when the anode voltage has reached approximately 100
volts. _

With the 6AU6 and 6AV6 an incréase in triode-anode voltage from
0 to 100 volts may result in retarding-field grid current reductions
of the order of twenty times and four times respectively.

Accordingly, the value of "grid-current cut-off" bias determined
as above without potentials applied to outer electrodes can be used
conservatively as the bias required to reduce cqntrol«grid current to
0.2 microamp in the majority of valves operating with normal voltages
applied to other electrodes.

10.4 Genersl Recommendation for Minimum Control-Grid Bias.

On the assumption that a standing grid current of 10~ amp will
be satisfactory for general purpose audio-~frequency amplifiers, a
minimum bias figure of -1.8 volt can now be recommended. This value
is the sum of ~0,5 volt, to reduce the current from 0.2 to approx-

imately 0,001 microamp, and =~l.3 volt& to allow for "grid-current

¥ It is of interest that in the "Electronic Tube Handbook" and other
publications of N.V. Philips Gloeilempenfabrieken the grid-current
cut-off bias (0,3 microamp in this case) for all valve types for which

it is quoted (ee.ge EBF32 in the handbook mentioned) is given as 1.3
volt maximum.
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cut-off" bias plus twice the standard deviation. Under these con=-
ditions not more then one valve in fifty should exceed the desired

maximum grid current.

=000~
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11.0 REVERSE GRID CURRENTS.

The effect of reverse grid currents on the value of bias
required to avoid grid-circuit distortion has been ignored for the
reasons belov.

11,1 ZProportion of Valves with Reverse Grid Current.

Of 1,009 valves examined, only eight - three of these from
oﬁe day!s production - had reverse grid currents of 0.2 microamp or
more when operated at maximum ratings.

11,2 Effect of Overating Gondit;ons'On Reverse Grid Current.

Audio-frequency amplifier valves operated under low-bias
conditions are almost invariably resistence coupled. Since gas
current is approximately proportional to plate current and to the
square of the plate voltage, this low-current, low-voltage operating
condition greatly reduces the tendency for reverse grid current to

flowe

11,3 Effect of Reverse Grid Current on Distortion.

Since gas current increases with increasing plate current, i.ee.
with decreasing negative bias, any values of gas current likely to
be presént in a valve minimize the curvature of the positive grid-
current characteristic and thus reduce the grid-circuit distortion.
The condition for maximum distortion is thus a valve with minimum re-

verse grid current,

=000=
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12,0 RECCMMENDATIONS.

With low-level audio-frequency amplifiers, negative grid bias
is usually kept as small as possible because maximum gain is obtained
from resistance-coupled pentodes in this condition and because high-
mu triodes cut-off rapidly as bias is increased.

For these reasons existing valve manufacturers! recommendafions
(see Appendix 2) usually specify bias values which are inadequate in
the light of the preceding analysis. It is realised that these re~
commendations are accompanied by satisfactory values of measured
distortion, but the reason for this, it is suggested, is that the
measurements are made with zero driving-source impedance and thus do
not include the grid-circuit distortion that would occur in more prac-
tical conditions.

To restrict id=-circuit distortion to a maximum of 0,1% the

following recommendations are made.
12.1 Regigtance-Coupled Pentodes.
For valve types in which it is not essential to use the smallest

possible bias, e.g. normal resistance-coupled pentodess-
For signals up to 0,25 volt peak and for driving-source impedance
not greater thaﬁ 0,1 megohm the recommended bias is =18 volt.

12,2 Recommendations where Minimum Bias is Required.

Where negativé bias must be kept to a minimum, e.g. with high-
mu triode amplifiers, the following more detailed recommendations
apply.

12.2,1. For sigmals not greater then 5 millivolts

peak the Ips Ryg product should not exceed 10

millivolts;
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12,2,2 For signals between 5 and 50 millivolts

peak the Ipa Rpg product should not exceed 1
millivolt;

12.2.3‘ For si 8 betwyeen 50 and 250 millivolts
peak the Ipg Raog product should not exceed 100
microvolts.

12,3 Determination of Grid Current,

To determine Ipg, allow ~le3 volt of bias to reduce the grid
current to 0,2 microamp. Each additional 0.1 volt of negative bias
will reduce Ins to 0.37 of the original figure.

12,/ GConditions with Increased Distortion.

For applications in vhich greater distortion can be tolerated,
larger Ipg Rpg products and thus smaller values of negative bias can

be used in accordance with the results set out in Fig, 8.
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13.0 EVALUATION.

In vacuum~tube operated audio-frequency electronic equipment
not containing semi-conductors only two sources of harmonic distortion
have in the past been taken into consideration in distortion calcula-~
tions, firstly the non-linear transfer characteristic of the vacuum-
tubes and secondly non-linearities due td the presence of magnetic
materials used in other components.

In analysing and evaluating grid-circuit distortion as a third
non-linearity it has been necessary in the preceding sections to
igolate the effect and to examine it in the absence of other forms
of distortion. It is then possible to carry out designs in such a
way that grid-circuit distortion does not exceed a calculable probable
meximum and if desirable to use known methods of distortion reduction,
i.e. various feedback circuits, to minimize all typesof distortion
arising from the various sources in an amplifier,

Moreover with the design criteria for grid-circuit distortion’
established, it becomes the responsibility of equipment designers to
avoid this type of distortion (where necessary) equally with other
types, while realising that variations between valves with respect to
their liability to introduce distorfion of this type are many times
greater than their variation with respect to transfer-characteristic
distortion. As shown in Sections 13.1 and 13.2 it is possible to
reduce grid-circuit distortion to any desired level while still con-
trolliﬁg other forms of distortion as required.

In the following sub-gections the inter-relationship between the

design requirements for low grid-circuit distortion and the overall
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Trequirements for low=-level audio-frequency input stages and for a
complete low=distortion fifty-watt audio-frequency amplifier are
considered.

13.1 ZPErevention of Grid-Circuit Distortion.

It is usually when valves are operated as low-level audio-

frequency amplifiers that circuit conditiOps are such as to lead to
grid-circuit distortion,

An example is Ref, 16, a design for a pre-amplifier for use
with high~fidelity power amplifiers in which the input stage is grid-
leak biased. The specified 0.05 percent intermodulation distortion
at leo5 volts output could probably be met only with a low-impedance
signal source, |

However, it is not only when grid-leak bias is used that grid-
circuit distortion is likely to be encountered. Any of the ten sets
§f operating conditions set out in Appendix 2 would lead to grid-
circuit distortion with a significant percentage of valves (with ine
put signals of the order of 0,1 volt or more) and only one of these
sets of conditions is grid-leaﬁ biased.

With either triodes or pentodes grid-circuit distortion can be
avoided by an increase in biss, A low=-level audio-frequency amplifier
stage is usually resistance coupled and as the effect of increasing
bias on resistance-coupled triodes and pentodes is different, the two
valve types are considered separately below, after a brief review of

the main agpects of resistance-coupled operating conditions.

13.2 Resistance Coupling.

Amongst the better discussions on resistance coupling is Ref,

17, in which is demonstrated the significance of the ratio of the
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plate current flowing in the load circuit of a resistance-coupled
stege to the current that would flow if the plate of the valve were
short-circuited to cathode. This ratio is designated K, and the
design of a resistance-coupled stage is best carried out by adjust-
ing K to a suitable value. |

The dynamic characteristic of a resistance-coupled triode or
pentode is approximately S-shaped (Ref. 14 p. 509) the lower gection
of the curve being primarily the three-halves power law of the valvels
transfer characteristic and the upper section being curved in the
opposite direction due to the decreasing plate voltage as the plate
current increases.

The gain of a resistance~coupled stage is proportional to the
slope of the dynamic characteristic and because of the reverse slope
at higher current values there is a region of reasonably constent
slope between approximately K = 0,5 and K = 0,8, Although it is de~
sirable, when large output voltages are required, to restrict K to
velues less than 0,7, nevertheless moderate variations in K, and
equivalent variations of bias voltage, can be made with little effect
on the gain or digtortion of the stage.

13.2.1 Resistaence-Coupled Triodes.

In Ref. 17 are presented a large number of graphs of
intermodulation distortion vs. K for different values of out-
put voltage and following grid leak and for different valve
typese.

Fig., 9 of this reference consists of grephs for a

triode-connected 63J7,-and, egpecially with high values of
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following grid lesk, as commonly used, and small out-put
voltages, e.g. 10 volts, as might be expected from a first
stage, intermodulation distortion is practically constgnt be-
tween K valuas of 0.56 and 0,80 corresponding to a plate-
current variation from 1.4 to 2.0 mi.

In this case at least, appreciable variation in bias
voltage, such as might be'required in order to avoid grid-
circuit distortion, could be tolerated without increasing
plate-circuit distortion unduly.

Furthermore the factors which contribute to the flex-
ibility of the stage in this respect, e.g. low output voltage
and high value of following grid leak, are those most likely
to be met in a low-level audio-frequency stage in which an in-
crease of bias in order to avoid grid-circuit distortion may be
necessary.

Neverthéless it must also be recognised that conditions
may arise in which an increase of bias in a triode resistance-
coupled stage increases the plate-circuit distortion of the
stage more than ip reduces the pdssible grid-circuit distortion.

If this should occur, an increase Of.plate supply volt-
age will allow plate-circuit distortion to be reduced to the
original velue in spite of increased biés voltage. As an example
of this effect see Table 2 in Section 13.3 below.

However if an increase in plate supply voltage, or other
means of reducing the distortion, cannot be applied in any

particular case, then, if it is a design requirement
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that distortion must not exceed a specified meximum, it be=-
comes necessary to modify the design, perhaps by using a pen-
tode to replace the triode input stage (see Section 13.2.2
below) or by using a triode with a lower amplification factor
which could therefore tolerate a higher value of bias for a
given plate supply voltage (See Section 13.3.3 below). If the
latter alternative resulted in too great-a gain reduction, it
might be necessary to add another triode stage.

13.2,2 Resgistence-Coupled Pentodes.

With a pentode stage which is liable to grid-circuit
distortion, all of the comments of Section 13.2.l. are relevant,
but one further feature of the performance of the stage must be
considered; the factor K has exactly phe same significence as
with triodes but in addition to being a function of controle-grid
bias it is aiso a function of the screen-grid voltage of the
stage.

Thus if an increase in bias is necessary in order to
avoid grid-circuit distortion, similar performance can be obtain.
ed from the stage by increasing the screen voltage until K re-
turns to its originel value, see Ref. 18, page 115, "The distor-
tion of any (pentode) valve is however only slightly affected by
small changes in grid bias provided that the screen voltage is
adjusted to keep the value of K constant."

The réason for this effect is made clear in Fig, 12,1A
page 504 of Refs 14, In this figure the dynemic charactéristics

of a resistance—coupled%6J7 pentode valve are presented for
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eleven values of screen voltage from O to 100 volts., The
characteristics for screen voltages of from 20 volts to 100
volts are similar in shape and slope, being merely displaced
to higher negative control-grid bias voltages as the positive
screen voltage is increased.

Thus with a pentode resistance-coupled input stage
there should be no difficulty in applying sufficient control-
grid. bias to avoid grid-circuit distortion.

13.3 Measurements on Fifty-Watt Amplifier.

To demonstrate the incidence of grid-circuit distortion in a
complete piece of equipment, measurements were carried out on the
50 watt amplifier described in Ref, 17. The circuit constants of the
first stage are (ses Appendix 2) those recommended by a valve manu-
facturer for the valve in question (12AX7, B339 and ECC83 are different
numbers for the same valve type) but in the amplifier the plate volt-
age of 'the stage, and hence the bias voltage, is much greater than
that in the valve mamufacturer's recommendation, 380 volts instead
of 200 voltse | |

In the form in which it is described in Ref, 19 the amplifier
.should alvays be free of grid-circuit distortion, since the bias on
the first stage is, as indicated on the circuit, =R.3 volts. Had the
12AX7 operating conditions of Appendix 2 been adopted by the equii:ment
designer however, the measurements show that the performance of the
amplifier would have been imi)aired with a significant percentage of
input valves whenever a high-impedénce driving source, e.g. 2 orystal

pick-up, was used with the amplifier,
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The experiment was planned in the following way. Since it is
contended that the recommendations of Apnendix 2 are unsatisfactory,
it should be possible to demonstrate grid-circuit distortion in the
anplifier when driven from a high-impedance signal source merely by
reducing the plate-supply voltage of the first-stage 12AX7, which has
circuit constants as in Appendix 2, until the control-grid bias is the
recommended ~1l.2 volta, Under these conditions the distortion should
be apparent with valves with grid-current cut-off voltages near the
top limit (see Section 10.4) of -1le3 volts.

Furthermore, when grid-circuit distortion is evident in the
input half of the 12AX7 it could also appear in the other half
because this operates at the same signal level and from a high~im-
pedance sburce.

In order that the distortion could be demonstrated to be a
function of driving-source impedance however, a 12AX7 was selected
with a grid-current cut-off voltage of ;1.2 volts on the input triode
and ~0.8 volt on the other triode. The second triode thus did not at
any time introduce grid-circuit distortion and a comparison of meas- ‘
urements made with signals applied from high-impedance and low~imped-
ance sources demonstrated the incidence of grid-circuit distortion
in the first triodes | \

In addition this procedure had the advantage of showing the
effect of negative feedback appliedth’the cathode of a valve in
vhich grid current was causing grid-circuit distortion. The usual
proof of the effect of negative feedback in reducing distortion shows

that a feedback loop completely containing a valve and its grid-circuit
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would reduce grid-circuit or any other type of distortion by a factor
equal to the amplifier gain reduction. The seme conditions, however,
do not necessarily apply when the grid-circuit in which the distortion
is generated is not contained within the feedback loop, as is the case
in the amplifier of Fig. 13.

Using a distortion-factor meter, distortion measurements at the
nominal amplifier output of 50 watts were carried out at the output
of the first stage without feedback and at the output of the amplifier
both with and without feedbacke A preliminary test showed that first
stage distortion was not affected by the push=-pull operation of the
second 12AX7 triode. The measurements were mede over a range of plate
supply #nd bias voltages and with high ahd low driving-source imped-
ances,

The results of the measurements are set out in Table 2.
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TABLE 2,
Si Source edance = 606 ohmg
Plate Supply| Control-Grid| lst Stage Total Amplifier Distortion
Voltage(l) | Voltage | Distortion(il)| (No Feedback)|(With Feedback)
(Volts) (Volts) (%) (%) (%)
380 -2430 0,28 2,9 © 0,30
. 270 =1.67 0.32 2.9 0,30
200 -1.33 0.35 3.0 0,32
180 =1,18 0.38 3.1 0632
160 -1,08 0.37 3.0 0.31
140 ~0.,95 0432 249 0.30

Signal Source Impedance = 100,000 -ohms

Plate Supyly

Control~Grid

1st Stage

Total Amplifier Distortion

Voltage(i Voltage Distortion(ii) (No Feedback){(With Feedback)
(Volte) (Volte) %) @) ()

380 2,30 0.28 2.9 0430

270 1,67 0.32 3.0 0.30

200 1,33 1.0 3.2 0.33

180 -1.18 3.8 440 0.8

160 ~1.08 Ted, 7.7 1.8

10 0495 11,0 ©12,0 3.8

(1) Measured at junction of Rs, Rg and Ry

(11)

the second stage grid leak.

Measured with distortion meter in series with R1é,

Signal input for 50 watts output, amplifier as described,
= 0453 vOlts Trem.s,

Signal input for 50 watts output, amplifier as described,
but. without feedback, = 0,056 volt rem.s.

Signal source distortion

0423%
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13.3¢1 Analysis of Measurements, -

The following points are of interest.
(1) Plate Supply Variation. With the amplifier driven from a
low-impedance signel source an increase in control-grid bias
from =0,95 to -2,3 volts, when accompanied by a pléte supply
voltage increase from 140 to 380 volts, with circuit constants
unchanged, did not result in any marked variation in distor-
tion in the first stage of the amplifier. This is not unex~
pected because of the low output voltage of the amplifier.
stage, i.e. slightly less than five volts peake
(1i) Feedback Factor, The increase in input voltage with feed—
back for 50 watts output represents a feedback gain reduction
factor of 19,5 db. This compares with 22 db nominated in Ref,
19. |
(iii) Grid-Circuit Distortion. In ref, 19 the bias developed
by the input 12AX7 triode in the amplifier as given is =2.3 volts,
which agrees with the measurements in Table 2, Unfortunately
the bias voltage developed with a 200 volt plate supply voltage
is greater than that stated in the recommended conditions of
Appendix 2, and this minimizes the effect of control-grid cur-
rent, The bias developed with a 180 volt plate supply is how=
ever identical in the vﬁlve used with that stated in the Appen-
dix 2 conditions with a 200 volt supply. |

Nevertheless even with & bias of -1,33 volts, re~
presenting a control—gri& current of less than 0,06 microamp,

grid-circuit distortion %s marked in the first stage measurements,
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and detectable in the total amplifier distortion without
feedback.

With =1.2 volts bias as recommended in Appendix 2 and
with a high-impedance signal source, grid-circuit distortion is
ten times greater than the plate circuit distortion in the first
12AX7 triode énd has increaged total amplifier distortion with
feedback applied aliost threefold. |

Moreover the design of the amplifier is such that the
first stagg grid-to-cathode signal voltage of 56 millivolts re-
quired to drive the amplifier to full output is lower than com-
monly experienced in such applications. With a less sensitive
amplifier grid-circuit distortion would increase by Very approx-
imately the same proportion as the increase in signal required

to drive the amplifier to full output (see Fig. 8).

The O.1 megohm signal-source resistance used in the
grid-circuit distortion measurements is felt to be a not unduly
high value since at 1000 ¢/s the impedance of many typical
crystal pick=-ups (such as might be used with an amplifier of
this sensitivity) is about 0,5 megohm (Ref. 14, pe720) and of
ceramic pick-ups about 0,15 megéhm (Refels, Pe72ls) The ime
pedance between slider and ground of the commonly used,O,S megohn
volune control also rises to 0.125 megohm in the mid-position
of the control. |

Further, of the ten sets of valve operating conditions
recommended by valve menufacturers in Appendix 2, six and perhaps

seven would cause the valve to be opérated with lower negative
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bias than that for the 12AX7 as measured.
13.3.2, Effect of Negative Feedback on Distortion.

Exemination of Table 2 shows that for conditions under
which there is no grid-circuit distortion, the application of
feedback gives a reduction of distortion approximately equal to
the reduction of géin, i.e, almost ten times. This is in ac=-
cordance with existing theorye.

However, with high values of grid-circuit distortion
the feedback is less effective in reducing oversll distortion
and this is because the grid-circuit in which the distortion is
produced.is not completely contained within the feedback loop;
The effect can be explained as follows.

In Fige 13 let the input impedance, grid to ground, of
the input 12AX7 triode Vi, without feedback, be Ry and the input
impedance with feedback be R{. Also let the gain of the émp—
lifier from input grid to output be A and let a fraction fof
the output be fed back to the cathode of Vj. Ignoring the ef=
fect of the unbypassed 100 ohms in the cathode circuit of Vj as
having only a second-order effect, this negative fbedback will
reduce the gain to 1;%%; of the original in accordance with
well-known theory.

In the absence of feedback apply a signal E; between
the grid of Vq and ground and let a current Ij flow in the grid
circuit.

By

Then Ry = TIj

Now apply negative feedback and let the input signal
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to produce the same amplifier output be Ei and the input

current with this signitl applied be Ij.
E

I} °
But since the grid-to-cathode voltage of Vy with feedback is

Then R} =

unchanged to produce a given amplifier output voltage,

Ef = E;(1+48),
and since a given grid-to-cathode voltage will result in the
same input grid current (ignoring cathode-to-ground impedance
as being very much less than grid-circuit impedance)

1} =1; .

E (1 + 48)

Therefore Ri =
) I
i

Ri(1+24).

The input impedance of the input stage in Fig. 13 is
therefore increased by negative feedback by the gain reduction
factor of the feedbacke. The effective current-voltage character-
istic of the input circuit is consequently altered and the re-
duced slope of the characteristic reduces the distortion. The
following reasoning however allows the grid-circuit distortion
in the presence of'ﬁegative feedback, applied as in Fig. 13,
to be evaluated without a fresh»calculation of distortion for
each value of feedbacks

Suppose that in a particular case negative feedback -
giving a tenfold gain reduction is applied to an input stage as
in Fig. 13. This will fesult in a tenfold increase in input

impedance and also necesgitate a ten times larger signal input
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to give the same output.

Now if the resistance of the signal source were al-
so increased ten times, each static and dynamic impedance in
the input circuit would be fen times larger with feedback than
without feedback end the signal voltage for a given amplifier
output would also be ten times larger with feedback. Under
these conditions the input current at each point on the ex-
citation cycle would be the same either with or without feed-
back. The grid-circuit distortion would therefore not be af-
feéted by the feedback,

In a practical application of feedback however the
resistance of the signal source would not be altered and would
in fact be ten times léss than the value which would give iden~
tical distortion for the same amplifier output with feedback,

- This results in an Ipg Ryg value ten times smaller than the
value without feedback and also in distoriion in accordance with
this figure when determined for the original signal input i.e.
for the actual grid-to-cathode first-stage input.

The meaéurements in Table 2 allow a comparison to be
made between the effect on grid-circuit distortion of the applica-
tion of tenfold negative feedback and of a tenfold reduction of
grid current.

From Section 9.0 it can be assumed that a tenfold
reduction of static control-grid current will be produced by an
increase of negative bias of 0,23 volt. The total amplifier

distortion at ~0,95 volt bias with negative feedback and a signal
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source resistance of 0,1 megohm is 3.8% and this is almost
entirely grid-circuit distortion, since the distortion under
similar conditions but with.low signal-source résis’cance is
only 0.3%.

A comparison with either the first stage distortion
(3.8%) without feedback but with an additional 0,23 volt of
negative bias, or with the total amplifier distortion (4.0%)
under the same condi'tf,ions ,- shows that very close cozjrelation of
distortion at full amplifier output is obtained beﬁreen 8 ten=
fold decrease in the I Ryg product and the use of tenfold
feedbacke. _

A gimilar chéck can be made with -1,08 volts bias and
tenfold negative feedback (L.8% distortion) and -1.33 volts bias
without feedback (1.0% first staege distortion, 3.2% total dis-
tortion)s The correlation is not so good in this case but the
bias inérease is =025 volt, which accounts for some decrease
in the no-feedback first stage distortion. Moreover,' the total
distortion is obviously increased by components from stages other
than the input 12AX7 triode,

The effect on grid-circuit distortion of negative feed=
back applied to the cathode of the valve causing the distortion
can therefore be expressed as a reduction of Ipg Ryg by a factor
equal to the gain reduction of the negative feedback.

The grid-circuit distortion of a valve with negative
feedback applied to its cathode can therefore be calculated as

previously described by-assuming both Ipg Rjg and the actual
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signal input to be reduced by a factor equal to the gain-
reduction factor of the feedback.

13.3.3 Conclusions.

The plate current of a triode valve can be expressed

as
I, = »E+E/ m

where I, = plate current,
o) = perveance, a constant,
E = grid potential,
E, = plate voltage,

and /u = amplification factor,

From this equation can be obtained an approximation of
the negative grid voltage required to reduce to zero the plate

b

current of a valve, viz. 7% volts. Thus the higher the amplifi-

cation factor of a triode valve, the smaller the value of nega-
tive bias required to cut-off its plate current with a given
plate voltage.

Where therefore it is considered necessary to use a
higher than usual value of negative bias on a valve, plate-
circuit distortion is most likely to be experienced in valves
vith a high amplification factor.

The 124X7 valve used in the input stage of the amplifier
of Fig. 13‘is in fact the valve type with the highest effective
triode amplification factor of any commonly used valve. This
statement applies not only to triédes but also to pentodes, in

which the amplification factor between grid 1 and grid 2 has a

similar significance to the grid-to-plate emplification factor
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of a triode.

Thus difficulties brought about by increasing of bias
in order to avoid grid-circuit distortion are at their greatest
in the amplifier tested., Where it is necessary to accommodate
an input signal as large as 0,25 volt peak, the bias of =1.8
volts recommended in Section 12.1 should be used, and from
Table 2 it can be seen that this would necessitateva plate
supply voltage of approximately 300 volts under the conditions
used i.e. with a plate load of 0,22 megohm, The actual voltage
on the plate of the valve under these conditions would be
approximately 200 volts (the maximum plate voltage permitted by
the valve menufacturers is 300 volts). '

In most low-distortion amplifiers plate supply volt-
ages of this order are available, so that the special design
procedures mentioned in Section 13.2.1s as methods of over-
coming grid—éircuit distortion in difficult cases should very

rarely be necessarye.

=000~
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APPENDIX 1,

THE MEASUREMENT OF RETARDING-FIRLD CONTROL~GRID CURRENT,

A simple method of measurement of control-grid current in the
range from 10 to 10~3 microamp is described in (15), The circuit
used is shown in Fige. 12 and the principle of operation is that the
plate current of the valve under test is used as an indicator of its
grid voltage, the grid voltage in turn being establishéd by the flow
of control-grid current in a resistor, R, of known and adjustable 8ize,.

The velue of thg voltage developed across the‘grid resistor is
determined by noting the plate current of the valve at zero bias,
short-circuiting the grid resistor and increasing the negative bias
until the plate current returns to its original value.

The applied bias is tﬁen equal to the voltage developed across
the grid resistor and as the value of the resistor is known, the grid
currént can be determined. By substituting progressively larger
values of grid resistor a continuous plot of control-grid current vse

voltage can be obtained.

The "bucking" circuit connected across the plate~current meter
allows a centre-zero microammeter to be used fér the current measure-
ment and thus increases the accuracy with which the grid voltage can
be adjusted after substitution of a variable voltage for the "grid-
leak bias".

In the unit built for grid—currenf méasurements in the preéent
investigation, the resistor R consisted of thirteen resistors selected
for accurate values of 0.1, 1.0, 10 and SO‘megohms,;there being ten

¢

resistors of the last value., These resistors were wired in series on



69.

a ceramic terminal block and bakéd and vacuum impregnated with
moisture~resisting varnish., Comnnection was made to appropriate
junections in the series-string by means of clip leads in order to
avoid any léakage in switches.

Avtypical set of readings in the plotting of a2 control-grid

characteristic is reproduced below:-

RESISTOR VALUE EQUIVALENT BIAS CONTROL~GRID GURRENT
' (CALCULATED)
(Megohms) (Volts) (Microamps)
1 -0,69 0.69
10 ~0,90 0,090
50 =1.04 0.021
100 ~1.10 0.011
150 -1.14 0.0076
200 -1.16 0,0058
300 ' ~1,20 0,0040
500 | ~1.25 0,0025

To obtain readings of smaller values of grid current, e.ge
0,001 microamp, larger valves of grid resistor could have been used
but the alternative of taking measureménts with an initial bies ap-
plied through 500 megohms was used in order to avoid the mechanical
complication of a large number of 50 megohm resistors (the largest
value readily obteinable),

For examples-

RESISTOR | INITIAL FINAL DIFFERENCE _ CONTROL-GRID
VALUE BIAS BIAS CURRENT
(Megohms) (Volts) | (Volts) (Volts) (Microamps)

500 0.8, | =L34 | 0.50 - 0,001
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It was found desirable to operate the valve under test for at
least fifteen minutes before commencing measurements in order to ale
low the control=-grid current to stabilize. Under these conditions and
with controlled electrode voltages, readings were repeatable for at
least the length of time required to také a set of measurements,

Readings approaching 10 microamps of control-grid.current re=-
sulted from the use-of the smallest (0.1 megohm) resistor but with some
valve types non-linearity due to the begimming of space-charge~limited
conditions was evident with currents of this order., Accordingly most
sets of readings were restricted to valuves not greater than 1 micro-
anpe

A disadventage of the method of grid-current measurement describ-
ed above is that it requires a volfage to be applied to the anode of
the valve under test. When a simple diode characteristic is required
howvever (e.g. Fig. 1, Curve A) a sufficient number of readings can
be obtained with & moving-coil meter. Composite characteristics drawm
with moving-coil meter and byvthe ﬁethod described above give good
agreement of readings within the range of overlap of the two methods
provided that the separate sections of each curve are measured without
delay., This is evidenced in Fig. 1 in which moving-coil meter readings
are shown with a dot vhereas readings obtaihed by the method described

are represented by a circle.

=000~
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APPENDIX 2,

VALVE MANUFACTURERS! RECOMMENDATIONS.

Examples of valve manufacturers! recormended operating condi-
tions in which it is considered that the control-grid bias voltage

is too lows-

MULLARD § -

Sources~ "Technical Handbook"

Valve type ECc83 EFg6
Plate Supply Voltage (volts) . 200 150
Plate Load Resistor (megohms) : 0.22 0422
Screen Resistor (megohms) - 1.0
Cathode Resistor (ohms) 3300 2700
Cathode Current (milliamps) - 0.36 0.55
Control-Grid Bias® (volts) | L1 ~L,49
Following Grid Resistor (megohms) 0,68 0,68
Gain | o 56 150
Output Voltage (rem.s. volts) 24 - Rhe5
Total Distortion Percentage * Leb 5.0
*Output voltage and distortion
at gtart of grid current.

¥ Calculated from other data,



e

N.V, PHILIPS GLOEILAMPENFABRIEKEN S«

Source:= "Electronic Tube Handbook“
Valve e ECC82 EF12
Plate Supply Voltage (volts) 100 100
Plate Load Resistor (megohms) 022 0.20
Screen Resistor (megohms) - 0.50
Cathode Resistor (ohms) 3900 2200
Cathode Current (milliemps) 0.33 0.46
Control-Grid Bias® (volts) -1.3 “1.0
Gain 145 128
Output Voltege (1) (volts) 8 5
Total Distortion Percentage 440 0.7

(l) Ig = +0,3 vA

& Calculated from other data.
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RQC ’Ag L

Source:~ "R,C.A, Tube Handbook HB3"

Typical Operation end Characteristiecs -

Valve Type §§§§ 6AVE
Plate Voltege (volts) 250 100
Sereen Voltage (volts) 150 -
Cathode Resistor (ohms) | 68 -
Cathode Current (milliamps) 1449 0.5
Control-Grid Bias (volts) =10 =1,0
Mutual Conductarice (microamps per

volt 5200 1250
Plate Resistance (megohms) 1,0 0,08

R.CeA. information from other sources is to the effect that
resistanceécapitance coupled conditions are adjusted so that the
maximum output voltege is obtained for a control-grid current of 0.1

microamps



The

STANDARD TELEPHONES & CABLES LTD.

Source:~ Brimar Valve and Telétube Manual No. 6

Valve Type 6AT6 A
Anode Supply Voltage (volts) 250
Anode Load Resistor (megohms) | 0425
Grid Resistor (megohms) | 1,0
Cathode Bias Resistor (ohms) 3000
| Control-Grid Biask (volt) -
Peak Output (volts) 43
4 Stage gain - 42
I Hémonic Distortion Percentage 1
§ Figures are for 12 volts pesk output,

Iw

250
0.25
1.0

& Calculated from other data.

Note that condition B is "grid-lesk biased" with only a 1

megohm grid leak, so that Ipg would probably be at least 0.5 micro-

amp, giving Ipg Rpg = 10“2 volt for a series impedance as low as 0,02

megohm,

Further, from the stage gain and peak output figures it is

apparently intended that an input voltage of approximately one volt

(presumably rem.s.) can be handled, although the grid-circuit distor—

tion (deduced from comparison with condition &) is already about 5%

with an input voltage of about 0.3 volt. Thé series impedance, Rpp,

for the conditions of measurement is not stated,
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SYLVANTA,

Sources~ "TECHNICAL MAN UAL: Sylvenia Electronic Products."

Valve Typse
Plate Supply Voltage (volts)

Plate Load Resistor (megohms)
Sereen Resistor (megohms)
Cathode Resistor (ohms)

Plate Current (milliamps)
Screen Current (milliamps)
Control Grid Bias (volts)
Screen Voltage (volts)

Plate Voltage (volts)

Following Grid Resistor (megohms)
Signal Voltage (1) (peek volts)
Outbut Voltage (peak volts)
Gain

Total Distortion Percentage

-

grid current,

6J7GT
100

0e47
1.8
3900
0.168
0,465
0,622
16.3
21
1.0
0.14
17.0
121.5
5.0

Note (1). For self-bias operation this is teken at the

62,8
0627
0.1
4ol
41.0
3.2

grid-current point with less than 1/8 microamp of
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Three points emerge from these tables. Firstly, there is a
lack of uniformity in the minimum values of bias recommended by the
differentvmanufacturers, both from manufacturer to manufacturer, and
with individual manufacturers for different valve-types (the two re—
comnendations quoted for each manfacturer are the two 10west-bias
conditions noted in the sources specified.)

Secondly, it seems that the valve memufacturers in question -
and they include a sample of the world!s major receiving valve manu-
facturers - consider control-grid currents of some few tenths of a
microamp to be negligible, whereas in fact currents of one thouéandth
of a microamp can cause undesirable distortion under practical con=-
ditions,.

Thirdly, the significance of the combination of source impedance
and control-grid current is not recognised. If the 6J7GT for which
recommendations are published by Sylvania be assumed to be driven by
another 6J7GT with similar operating conditions, the source impedance
of the signal is about 0.3 megohm (assuming the anode impedance of
the driving #alve to be very much greater) and with 0.1 microamp of
control-grid current — less than the nominated maximum - the Ipg Rag
product would be 0.03 volt. This would lead to grid-circuit distor-
tion more severe than the tabulated 5%,transfer—characteriétic dis-

tortion with the signal voltages specified.
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APPENDIX 3.
CONSTRUCTION OF _HOMOGRAM

The calculations for the construction of the nomogram of Fig.
6 were carried out in the following manner:
VALUE COF C,
(1) Since from the simplification of eqn. (9)
D=1, (103Eg),
values of D for required ¥ yalues of Epg are available from a table
of Bessel functions, and these, although plotted on the two-decade
vertical logarithmic scale marked "Applied Voltage" as values of D,
are identified as the corresponding value of EpC.
(2) From the relationship
D = B exp EI_O Ipc Bpe (B-1) ]
values of D over the required range are plotted against empirically
chosen values of B, For the maximum value of Ejpg chosen, 0.48 volt,
D = I, (10 Epg) = 22,79
and values of B ﬁust therefore be chosen to provide a smooth plot be-
tween D = 1 and, say, D = 23,
(3) During the calculation of step (2) the value of C,
¢ = exp~{10 Ing Rpg (-1) ],
is noted and plotted.
Thus to calculate a particular case, take
Ing Bpg = 2 x 10 ~ and Rpg/Ryg = 2
For B = 2,

D =B exp {10 Ing Bpc (B-1) J = 2.442
and C = 0,818

% For the factorsinvolved in choosing values of Ep¢ for subsequent
calculation, see Apendix 4.
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Note that this calculation provides values for
Lo Ryg = 107 with Rpg/Byg = 2 as well as for L, Ry, = 10~ with

Roo/Rag

When a suitable range has been calculated, the values of D are

20,

plotted on the two-decade, 1 to 102 , vertical logarithmic scale of
the nomogram, against the values of C which are plotted on the three-
'decade horizontal logarithmic scale.
VALUE OF P.
From egn. 14 ,
P =exp {10 (48 - Ipg By (¢ - 1)]}
To plot values of P against values of Ing RAC wit}} values of AE

as a parameter, this equation was rearranged to

P
For particular values ofAE end P the value of Ing Ryg can now

be determined. For example, take AE = 0.24, volt, then 93_‘2_59_&)
= exp [:1’0 Ing Rag (P-15_]. ,

However, since exp E]O Ing Rag (P-“l)] < 1,

P#11.023

Assune P = 10,
‘then JJ_%?& =exp (10 Iz Ryg X 9)
but 1.,1023 = exp (0.0974).
o'« Ipg Rpag = 0.00108 volt.

By suitable selection of values of P it is thus possible to
plot P against the required range of values of IDG RAC for selected

values of AE.
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VALUE OF Q.

From eqn. 16
= exp E 10 (AE -1 R (1-0) g

By a technique similar to that described for the plotting of P, Q can
be plotted against Ipn Ryn with values of AE as a parameter,

Because of the form of the equation, however, and because Q
tends towards zero with large valués of AE, it is not necessary to
conbinue the plotting of Q over the range required for P, and this
plotting has been kept to a minimum in order to avoid undue complexitj
in the nomogram. Values of Q not covered by Fig. 6 are readily ob~
tainable by interpolation from the calculations used for the partial
plot of Q lines. | |

For example, when AE = 0,06 volt, the variation in Q values for
the renge of Ipg Ryg from 10-2 volt to 10“4 volt is only from approxi-
mately Q = 0,57 to @ = 0.55. The somewhat larger percentage variations
in the smaller values of Q fo: lerger values of A E are in fact even
less significant because Q in eqn. 16 is subtracted from unity and be-
cause a small Q value is alwéys used in conjunction with a large P
value in the calculation of harmonics (See Appendix L)
PLOTTING OF RESULTS TO CONSTRUCT NOMOGRAM.

Since the values of P for the relevant ranges of AE and of Ipg
Rpn fall only just outside the range 1 to 102, these can be plotted on
the same vertical two-decade logarithmic.scale as was used for plotting
C versus D,

Similarly the values of Q fall in the range 1 to 102 and by
starting from the top of the figure, values of Q can also be plotted

using the same gcales,
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It is now possible to see that by entering the "Applied Volt-
age" scale at the left~hand side of the figure at, for example, 0.36
volt, this action has selected the appropria‘bé ﬁlue of D, viz, 8,028,

By passing horizontally to the curve RDC/RAC = 20 which orig-
inates at Ipg Rag = 1077 volt, the value of C Ipg Rpg is obtained, viz.
2.21 x 1073 volt.

Passing vertically to the "P line" for AE = 0,36 now solves the
equation for the value of P, i.c. P= 2245, from which the peak value

of the signal is available as shown in Section 8.2,

=000~
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APPENDIX L.

THE GALCULATION OF DISTORTION,

On the basis of preliminary distortion measurements it was
decided that the ealeulation of four harmonics (including the funda-
mental) would be sufficient. -

Amongst a mumber of approximate methods of obtaining Fourier
coefficients is one by Espley (12) who describes a method Vof cal-
culating four harmonics of a waveform when the values of five partic-
ular equally spaced points on the excursion are known.

Transposing Espley's formulae, »
- Fundamental (peak volts) =1/3 (Ep o+ Ey,5 = Eo,5 = E_1,0)

' = E1,0* 21,0
Second harmonic (%) = 75 1.0 .
El.o * EOQ5 —E"Oos -T- 00

Third harmonic (%) = 50 E1,0 = Zo,5 * 2Eo,5 = 3.0

Fourth harmonic (%) = 25 E1,0 = 4Bo,5 = 4E.0,5 * B o
B1,0 + Eo,5 = Bog,5 = Eo3,0

Where El;o = maximum positive excursion of grid voltage,

Eg,5 = positive grid voltage when positive exeitation is
one half of maximum,

E-0,5= negative grid voltage when negative excitation is
one half of maximum,

end E.1,0= maximum negative excursion of grid voltage.

Results are exact when harmonics above the fourth are zero and
as it will be seen from calculations that there is a sharp reduction
in harmonic amplitude as the order of the harmonic increases, errors
due to the omission of harmonics of higher order than the fourth are

felt to be insignificant.
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Each of the voltages Eq,00 Eg,59 E_g,5 and E_y o consistsof an
applied-voltage term and a difference term, and examination of Espley's
formulae shows that a re-arrangement is possible which, after the
determination ofvthe amplitude of the fundamental, allows the harmonics
to be evaluated using only the difference terms. This has the advan=-
tage of minimizing calculation and, which is more important, increas-
ing the accuracy of the calculated results for the use of avgiven
nunber of significant figures.

Thus for any particular set of conditions

B0 = AE - Ipg Ry (Ppio- 1),

Bo,5 =.AF ~Ipg Ryg (Po,5 = 1),

B0u5 =TAL + Ipg Ryo (1 - Qo,5) and

E—l.O =-AE + 'IDC RAC (1 - Q—l.O)

Where Pq 0, PO.S’ Q_0‘5 and Q5 o are the values of P and Q determined
for the values of Ey,0, Eg,5s E_g,5 and E_y o Tespectively.

Espley's formulae can therefore be expresseds-
Fundamental (peak volts) =

)
AE - _I_D-(}_;A__g % (Pl.O -1) + (PO.5 -1) + (1~ Q_0‘5) + (1 - Q—l.O) )

25 IDC RAG ; (l - Q—]_.O) - (Pl.o - 1) }
Fundamental

Second Harmonic (%)

Third Harmonic (%)

IDC RAC E 2(P0.5 - 1) + 2(1 - Q_0.5) - G’l.o - l) = (1 - Q-l.o) g

3

Fundamental

Fourth Harmonic (%) = }
23 Ing Bac é 4(Po,5 - 1) + (1=-Qy,0) =4 (1 - Qo) = (P o =1) g
" Fundemental
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In order to minimize calculation, a succession of excitation
voltages each twice as large as the previous one was iﬁitially sél—
ecteds In this way the meximum fqr one excitation voltége beceame
the mid-point for the succeeding one, |

It was found, however, that insufficient points were 6btained,
in this manner and two additiona; excitation voltages were calculated,
the values eventually used being 0.06, 0.12, 0,18, 0.2}, 0.36, and 0.48
peak volis,.

To demonstrate a distortion calculation, take Ing RAC = 10"'2 volt,
RDG/RAC = 20 and applied voltage = 0.36 volt peak, From Fig. 6,

C Ipg Ry = 0.00221 volt o

P =225 v

and Q = 0,03 (from calculations used for plotting Q lines.)

In the plotting of the half-excitation points, i.e. AE = 0,18
volt, thé value of C Ipg Ryq remains unchanged at the value determined
fc;r AE = 0,36 volt since the integrated biasing .effect due to the whole
waveform of the applied signal, i.e. the factor C, is the same. This
requirement to éalculate P and Q for one value of applied signal, from
a value of C Ipg RAC determined from a different value of signal was
one of the requirements in the designing of the nomogram, Fig. 6.

Thus for the half-excitation points C Ipg Ryg = 0000221 volt,

P = 547
and Q = 0,17
Therefore,

Fundamental (peak volts)
0,00221
0636 = = 3 (215 + 447 + 0483 + 0.97)

1t

0.3395
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Second Harmonic (%)

= 25 x 0,00221 -
5.3355 (21.5 = 0,97) %

= 3.34

Third Harmonic (®)

= 50 x 0,00221 _ _
T 0330 (849 + L.66 = 0,97 - 21.5) &

= 1029

Fourth Harmonic (%)

= 25 x 0,00221
s (17:88 + 097 - 215 = 3.32)k

= 0432

Total rms Distortion (%) = u/3034? + 1.292 + 0.322
= 346

Since the applied voltage is 0.36 volt peak and the signal at
the grid is 0.36 - 0,0205 volt peak

damping = 0,0205
04360

= 0.48 dbe

& = Phase neglected.
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GRID CIRCUIT DISTORTION
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F'ig. 3
GRAPHICAL ILLUSTRATION OF GENERATION OF GRID - CIRCUIT DISTORTION
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"GRID CIRCUIT DISTORTION

.. GRAPHICAL REPRESENTATION OF CONTROL GRID- VOLTAGES AND CURRENTS
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GRID CIRCUIT DISTORTION Fig.7

- CIRCUIT FOR. MEASUREMENT
OF GRID - CIRCUIT DISTORTION
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GRID CIRCUIT DISTORTION .  Fig.®

CALCULATED & MEASURED VALUES OF
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GRID - CIRCUIT DISTORTION

MEASURED INPUT IMPEDANCE AND CONTROL-
GRID CURRENT PLOTTED AGAINST CONTROL-
GRID VOLTAGE
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Fig. 10

"GRID CIRCUIT DISTORTION
CALCULATED VALUES OF SIGNAL DAMPING
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GRID CIRCUIT DISTORTION
VAR\ATiON OF GRID-CURRENT CUT-OFF VOLTAGE.
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GRID CIRCUIT DISTORTION Fig 12.

CIRCUIT FOR MEASUREMENT. OF RETARDING-FIELD
CONTROL-GRID CURRENT
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Fig. 13 Circuit of Fifty-Watt Amplifier
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