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S ELECTRONIC CIRCUITS LECTURES

Robert Mozley
12/5/47

Fundamental Properties of Vacuum Tubes

The two-slectrode wvacuum tube, or diode, consists of an electron-
emitting cathode surrounded by a positive anode (plate). A plot of
plate current (i) vs plate voltege (e,) is shown in Figure l-l,

____.-—-"// . « .. .
e T~ field emission

e e e e e e

saturation

®b
Figure 1l-1

At low anode voltages, the anode current is limited by the repelling effect

that the negative electrons already in the space have on the electrons just

/ being emitted (space-charge effect), Wheh a full space charge is present, the

plate current depends upon the plate voltage according to Childs' law}
3/2
i~ ey (1-1)
Increasing the plate voltage eventually results in an electron flow equal
to total cathode emission, after which further increases in anode voltage

will produce practically no additional current (voltage saturation).

However, for high field stresses, additional electrons are pulled out of

x_g\,/'

the cathode (field emission), increasing the current even further (see

Figure 1-1),
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. The limitations upon current inside the tube may be considered as a
resistance; i.e., the ratio of a change of plate voltage to the corresponde
ing change in plate current,

r_ =/ g% 1-2
P %—ifb‘- ; . ( )
: o,
is called the "plate resistance” of the tubei qute that Th is the reciprodal
of the slope of the curve in Figure 1l-1, and is not equal to the ratio of the

total plate voltage to the total plate current.

In ordinary vacuum tubes, large plate vﬁltages are required in order
to obtain 1arge plate currents. However; by introducing a small amount of
gas (1=30 microns pressure) into the tube, the plate current can be caused
to jump from nearly zero to saturation current as the plate voltage exceeds
the ilonizing potential of the gas (about 186=20 volts).

total electron emission of cathode

7/
7 ~— no gos

oy

Figuro 1-2

No space~charge effects are present in a gas tube, inasmuch as ionized
positive ions are attracted toward the cathode and neutralize the space=

charge.

Tube “characteristics” (plate characteristic curves, etc.) are plotted
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in tube handbooks and represent average values for a great number of tubes.,
As such, they should not be taken too seriously. Variations in manufacturing
processes; heater temperatureé; contact potentials, ete,, will cause dif-
ferences between tubes.6f the same type. Contact potential may be thought
of as a battery in series with the tube element. The heater temperature
determines the average velocity of emitted electrons; note that even at s

voltage :
2810 plate/ﬁn a diode, the clectron flow may not be zero; ;

——

]

30 mogs V~1 volt
— .
x [
o -~
N +

Figure 1-3

The introduction of a third electrode, or "grid", to electrostatically
control the flow of electrons from cathode to plate forms a triqde; The
grid is normally operated at a negative potential (grid bias) with respect
to the cathode and so attfacts noe electrons, but it affects the electro-
static field in the vicinity of the céthode; Plottiﬁg lines of electro-

static force:

w w ! Pla’to
s ‘, ’ / Grid E
ﬂﬂ r | r Cathode |

Figure 1l-4
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We see that the combined action of the grid and plate potentials determine

the plate current in a triode. The relative effectiveness of a change

change in plate current is known as the amplification.fatbor (P)' Thus,

(oaimoas’) 7~ (o * po) o)

and since the plate current varies as the &/2 power of the effeoctive field,

. ’ 3/2

lb = ‘& (eb o+ }Aec) / ' (1‘4:)
"Cut-off" is obtained when the fields produced by the cathode and anode exs
actly balancey i.e.,

ey +-rec =0 : . (1-5)
For example, a tube with 200 volts on the plate and an amplification factor

of 10 will be cut off at e, = =20 volts,.

A continuous plot of the rlations between ip, €} and e, would re=

quire a 3~dimcnsional surface., The most importent reletionships ore

(a) Plate current vs. plotc voltage with constant grid voltage, and

(b) Plate current vs, grid voltage with constant plate voltage,

Plots of (&) are most commonly available} representative triode curves are
shown in Figure 1-5, A tube with uniform geometry (spacing of tube clements,

etc, ) would have regularly-spaced curves, as in Figure 1-6a., In practice,

" grid goometry varies within the tube such that the characteristic curves

are parallel only at high plate currents,
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6, =0 =1 -2 -3
ip
Uniform Geometry
%b
ib |
Non~uniform Geometry
TFigure l=5b %

For example, tube cut-off will be debermined by that section of the tube

most difficult to cut-off,

The important chgracteristios of a triode tube can be expressed in
terms of three "constants"bof the tube, which result from a mathematical ex=-
pression for the plate current, Although the above-mentioned wvariations in
tube characteristics make such a mathematical representaﬁion very .approximate,

it's use enables one to make quantitative estimates of tube performance
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followss
. 4 = ; .
iy = I, iy plate current %
op, = By + ey = plate voltage % (1-8)
o =By + e, = grid voltage )
where i = total instantaneous plate current,
I, = static (no-signal) d.c. plate current,
iy = variation (signal) in plate current,

“etec, Then if we regard the plate current (ib) a5 a functioh of ey and e,

we may oxpond ib(eb, ec) in a Taylor's series,

. .
i, = L, i< alb ey * (?ib 2
L % /e é}eb
b S

AP e 5 (1-7)
+12{"3ib 02+231b ce. +/0 M ebz\'

("‘")‘"""‘20 g '-me ~ -é— g P - 3

d e 7 %y

+ terms of higher order.,

Defining,
Cgib =8 " transconductance (1-8)
0 %c
b
2% =T, = plate rosistance (1-9)

1
),

Cc

are constant for the operating region under con-

and assuming that g and rp constar

sideration, so that second~order and highgr-order terms in (1-7) vanish,

then,

iy = oy * ep/}p (1-10)

Similarly, expanding the plate voltage in a Taylor's serics,
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. op = B + f/ﬁeb 3% ip) (1-11)
- . <&ec ib Gc .

and defining

¥ N\ )
é(é Qb) = +}1 = amplification factor (1-12)
J % J, |
i

we have
F - +or i : 1-13
ey }xeg rpiy | ( )
These approximations assume that the characteristic curves of tho tube are
all straight lines, péxr-allel and evenly spaced, This is, of course, even

approximately true only for small signals. Note the relation botween the

three consffmts: 4
~ 7 /,4,.., e *
- /67 AN .@f}?.> - ) (1-1¢)
l} "]GC [£]
Ve g b \ﬁ G/ iy

The goometrlcal interpretoti on of r_ has already been given (note

..... p

that rp is the dynamic plate resistance). Similarly, Bn is the slope of
curves of i, vs, e (for various values of eb;)’

b

b

% = const,

/|

//r

' }
1 0 "+ o
Figure 1-6

\ ' :
X X1r £(x, y, 2) = 0, then dx = e dy +/7x
. gy FE dz and, holding x constant,
g /A y-

(FF ” (ﬁ)
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while u is the negative slope of lines of constant plate current plotted on
‘ ' \ib = const

N

an ey = e, graph

Figure 1-7

e o Sy

one can calculate p and g from the ordinary "plate characteristic" curves
by noting changes in ib (or eb) between adjacent lines of constant grid

voltage; i.c., ' Deg

- "‘/\)-7 €

ib,_- ) S A

Aly

1

‘Figure 1-8

Then, the average values are?

)‘_;c:--_Aeb o (1-14)
.'égzg'Fi . . K

b -
Em"“ _[:\i‘?. ' . (1~15)
N€g op
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A fourth tube elemont,'tho'soreen grid,is introduced botwoen the
control grid and plate in the tetrode., Tho offoct of a fixed positive
screen~grid voltage is much the some as.that of plate voltage (attract
electroné loaving the cathode) but since the screen grid is only a

"grid" of wircs, most of the electrons go on past tho screcn toward the

plate, l
- Plate

~~---- Scroen (*+)

» -+-- -~ Control grid (-)
Tetrode

et e gt

Cathode

Figure 1-9

e i 5 &~ S et i

One value of the screen grid liecs in its eloct;ostatic shiclding action
between the plato and grid, reducing the capacitance between these two
electrodes, In many applications, it is desirsble to have very little
coupling between the grid and plate circuits) the addition of a screenw

grid may reduce ¢, from 10 ny to .01 pyf.

Pg

In o pentode o fifth (suppressor) grid is placed between scroen
and plate and is biascd ncgatively with respect to plate. Secendary
emission clectrons which might otherwise be drawn to the screen arc ro=-
pelled back to the platc by tho suppressor. This provents the "dip”
in plate current which normally occurs in tetrodes at plate voltages

corrcsponding to initial sccondary emission. (Ses Fig, 1-10).
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o
v » tetrode "dip"
’ eC =0
b - Pentode plate
s ] characteristics
Y
<
YR
/
" -3
/ “ ‘4,-
........... eb

Eiggre 1-10

The action of the screen and suppressor grids is to make the plate current
almost indepondent of plate voltage (above a cortain critical value), Thus,
from equations (1-9) and (1-12) one con see that the plate resistance of
pentodes (and totrodes) are very hipgh compared to triodes, while the

amplification factor is almost infinite,

~

Refarencesg

Termen, F, B, - Rndio Enginecring, Chap; IV,

i VZP/vt

ot
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ELECTRONIC CIRCUITS LECTURES

Robert Mozley-
12/12/47

Load Line
S .

We shall consider primarily circuits in which the load will be a pure

resistance, or may be considered as equivalent to a resistances

Ep Resistive load in
S -4 plate circuit,

...........

ey :
‘ r) : Eyp = plate supply voltage
1 Ri, = load resistance

Figure 2-1

oo a2 given & and R-, the vaiues which the plate current (i can assume
< bb A b

are directly related to the (instantaneous) plate voltage (ey) by the relation:

iy Ry, + €p = Byp or ip = Bpp = 6b (2-1)
: L
Since equetion (2+1) is that of a straighf line on the i, ~ e, diagram and

P

hue g slope determined by the load resistance, it is often called the 'load-

line equation.” The line is determined readily by it's two limiting values:

LR

e B )
b P (2-2)

ip =Epp at e, =0 g

{This of course assumes that the control grid does not draw grid current,)
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rp # 7000 ohms
gn ® 3000 micromhos
P = 20
Ebb = 300 v,
Plate characteristics
of 6SN7,
|
, 400
Figure 2«2
rs = 0,7 mog,
By = 0 gm = 1600 micromhos
”"Mr ' Ebb = 300 V.
-1
- .
Plate characteristic:
of 68J7.
~3..... N
N i
< o
— 5
) |
300 400

('/> . ' )
N Pigure 2«3
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Load lines for Ry = 30 K, 60 K, and 100 X are drawn in Figures 2«2 and 2«3

for a commonly used triode (68N7) and pentode (63J7).

The load line defined by equation (2~1) is called the static load

line, since it represents the locus of corresponding values of plate current

wnd plate voltage as the grid voltage is varied undef,static conditidnéi if

the load is reactive, the dynamic "path of operation” will not be & straight
lines rather, it will be an ellipse or someé ﬁore‘comﬁiicated curve; depéﬁding
upon the type ofvgfid excitation and previdus hiétof§ of the circuit. If the
load mey be treated ag a pure resistance, However; the dynamic_patﬁ of operation
is a straight lixve ahd coincides with the statioc load linei ¥e will rmake this

assumption in our further considerations,

If we also assume that the control grid does not draw current,
cquatica (2~1) will hold for triodes even if the load resistance is divided

betweer late and cathode circuitss

Ny—

}’. /

'
-

{
|

R, =R, +R

Figure 2-4

Huwe#er, in tetrodes and pentodes the screen grid draws some of the cathode
electron current and this must be taken into account in using the load line

equation,

The load line is a useful tool in estimating the linearity of the tube

in amplifying signals. Assuming a "middle point" or average grid bias (Ec)’
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symmetrical the variation%'in'instantaneous plate voltage will be in response
to a given sinusoidal input grid vbltage. PFor example, for the 6SN7

(Figure 2-2) with the following conditionssg

1

= 300 v.

Bpp =
Ec = ’5 vc
Rb = 20 k. }-

and a sinusoidel signal voltage of e, = 3 sin Wt (v). Then, for

g

8, = -8 v, - ey = 170 v.

5 / f\
-3 v, 125 v, // 45

0 v. 7% v. \ ,50
-50_

Figure 2-5

The plats current is thus rougialy sinusoidal, However, for a 100 K load,

w

Te = ~6 v., and & signal velbage eg = 6 sin Wt. The distortion is appreciables

o 100}~ ool

Q,C = '52 Ve eb - ~ s Vo & "~
’ 40 ,/19%\
- V. 40 v, 0 i i \ .
106v
0 v, 35 v, \\
[
-100 :

- -

Figure 2-6

isadg of vver 1 megohm are seldom used since tube current variations are
sufficient to completely shift the "operating region" of voltages if high re-

sistances are used.

The plate characteristics of a 68J7 tube are given in Figure 2-2 for

Zge = 100 v. To estimate the distortion in a pentode as compared to a triode,
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let us use the 30 K load line and find the plate current swing, for

EC = “3 Vfo
= 2 si t
eg_ sin w. +100.L.
then, for JW;;;\
ep 0 ! \
e, = -5 v, ey 285 v, \ ~110v,
-3 v, 210 v, «100---
-1 v, 100 v, Figure 2=7

In general, a pentode gives more distortion of }_:g_r:_gi éignal voltages thém a
‘triode, but for small signals the distortion can be neglected in both types

of tubes., To avoid distortion, the load line should not pass below the "knee'
of the saturation curve. As a "rule of thumb" the load line should pass through

th.e knse in order to conserve power,

We have already notad tnat if the load is not a pure resistance, the
dynamic path of operation {ii#sws from the static load line. Graphical analysis

" of the behavior is, in genwrcul, complicated,

in certain cszur .1 wnich the reactive component of the load is neg-
ligibls, the dynamic 1naé iine is chosen so that it passes through the statie

operating point and har = slepe equal to the reciprocal of the a-c load re-

sistoncu. For example. if the a-¢ load resistance is less than the d-c
resistancs, S By v 300 v, Statﬁic'vcon(liitions:
R :;:—-‘MM | Eo =~ 6 v, Eyy =300 v,
60 K Em“'(,'!m;—i;r,{z =60 K B, =Ry = 60 K,
e 1
AP e e = = ' - Dynamic conditionss
B, = =B VT P S Assume X << Ry

4%

' ' r. =Ry R = 3530 K
b 2
Figure 2«8 I_{inf{-g-
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Ec =“'6

N

P static operating point
\(//static load line

e

®p

~
> ~3-010

Fig&re.Z-Q

Another'example, for which the a=¢ load resistance is greater than the de~c

load resistencet (assume coils with no resistance, and unity coupling)

Figure 2-1Q

Figure 2«11

iy //Ec
. : : / 0<% d-c resistance of coil L,
\\ ’ ’] )
\\\\\\\ff R = a-c resistance in plate
i //xan'l 1 circuit,
LA T
' ///ﬁ ~
// : \\\\
®b

Finally;»if a bypass condenser is used in the cathode, with Xé<g(Ré at the

zignal frequenciest
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W I
Eg T B
Use static 30 K load line,
C — RO = 10 K '

:l{

Figure 2ml2

Couplipg Between Stages

The first consideration in coupling two stages together is to block
the d-c plate voltage of the first tube from the grid of the second tube.
Furthermore, the impedance of the blocking condenser, X,, and the grid resistor,
Rgz, form a dividing network determining_the fraction of the a~c plate voltage

of V-1 appearing on the grid of the second tube,

B+ B+
<
= R
Rpl ol 2 eg2 ----jg-g—-g—-- oP1
Rgz + e
E—
Vel T - 1°22 T v.e2
- > -
=
[

Figure 2«13

In practice, Rg?;£>xc or Rpl so that the load impedance of V-1 is essentially
its plate resistor and the entire a-~c plate voltage appears on the grid of V-2,
~ The upper value of Rgz is limited by tube socket leskage resistance, Further-

more, in some tubes a very high grid resistance may cause the grid to become

positive (due to secondary emission grid current) and "run away", destroying
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the tube. These tubes are usually pentodes (BACT7, etc,) and the handbooks

give limiting values for Rg.

Referencess
m

Reich, Theory and Applications of Elec¢tron Tubes, Chapi IV,

VZB/vt
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ELECTRONIC CIRCUITS LECTURES

Robert Mozley
12/19/47

Vacuum Tube Amplifiers

Equivalent-Circuit Theorems
Consider the variations in plate current (ip) produced by the
epplication of a signal voltaged(eg) to the control grid of a vacuum~tube with a

resistive load (Ry)s .

. By . Epp
1y = I + ipf% A =

S ST e
og = B, I e tf;__:i? e

ft

ep + i Ry, (dynamic)
B, + I Ry (static)

o
e
t

Substituting (3-1) in the load line eyuation

ip = eg B &+ ep/l"p

we obtain

ey €y - ip'RL/}p

-
e
]

g tm  =6©g BmTp

P 1+ RL/rp rp + RL

.~ 0r, since g rp =}1 = amplification factor,

ioo= %g -2
?Pji'i?BT:*ﬁf. (3-2)

Thus the effect on the plate current is exactly as though the plate-cathode

circuit were a generator developing a voltage -peg and having an internal

resistance equal to the plate resistance of the tube; i.e.,
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W [
A = < ‘ : Constant-voltage generator
- . 2 =g form of equivalent circuit.
~pe g ip AL p ,
l

Figure 3«2

(The generator voltage is negative to agree with the direction of flow of con-
ventional current,) The constént~voltage form of equivalent circuit is

particularly useful in calculating the gain of the bube?

Gain = -%p =p RL - (3-3)
e e ..6 . rp +RL .

It is sometiues more convonisny to analyze the plate~cathode circuit
in terms of a constant~current source iastead of a constant~-voltage source.

Substituting equation (3-2) in (3-1),

= R
°p T - P &g ER_
Ty L
and using p = g, Tps
op = = gm Og p Ry, (3—4)
The equivalent circuite
Constant~current generator
VL ; ] é form of equivalent circuit,
N , ‘
\M}, T;
P

Figure 33
N i or——ranev———
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This form is particularly useful when the plate resistance is high compared
to the load resistance (as in pehtodes) in which case

op X =gy eg.

Note that both forms ofﬂequivalent circuit are physically identical
though mathematically different, The exactness of either relation depends upon
the assumption that rp,'gm, and p are constants (which is approximately true

only for small signals).

The Cathode~Follower

A circuit widely used in voltage amplifiers is the cathode~
follower in which the input signal is applied between grid and ground, and the
output voltage is taken from the cathode fesistor; Considering only the changes

in‘voltages (noglecting d-c components of voltages),‘

r T B |
.J. : ;T- . %5 T f1- 02

O — = =P :

I I e ot

o0 ?RL 332 e eg - o (3-5)
i 4L =

The voltage gain of the cathode-folldwer iss

Gaingez=-f_g_ =l-eg

i.e., the gain is always less than unity. In terms of tube characteristics,

using equation (3-3)

Gain ® = ®p = PRL = Ry, , (3-6)
- " .
ey - ©p ry Ry, + PRL <?2-—~E%)+ R;
M

Where there is resistance in the plate circuit,
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o - 9p = =6, = je c

. P P & r. +R
? P ; p

— o Gain = Ro (8-7)

© T
1 = } n ﬁji)f Re
s T=te in cathode R
l i zz circuit

i
H

Figure 3-5
In this case it can be seen that 1f }1 is large, the first term in the
denominator affects the gain only slightly. vThus, small variations in p
and Tps due to the curved tube characteristics and to changes in the tubs,
do not affect gain, and a "flat" response results, The gain in the plate cir=

cuit may be greater than unity,

R

Plate gain = "p , ez
Ry ey

and is also stabilized by tho presence of an unbypassed R, and may also be

greater than unity.

The chief advantage of the ordinary cathode-follower is its ability to
provide low output impedance from a relatively ﬁigh input impedance, To
determine the output impedance, consider the increased current fequired from
an impedancs measuring device (such as a battery and voltmeter) in érder to
produce an increase of 1 volt (say) in ep., If the tube j'(\rere‘ 11_(_):9_ present and

R, = 1000 ohms, the output impedance would be

C

R = AE = .1 v. = 1000 ohms,
AT 1 ma,

With the tube present, an increase in ey produces corresponding decreeses
B e b s S i d
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in °g and ep which in turn reduce the tube current flowing in R,. Increased
battery cufrent is required to maintain the voltage increase £\ Ej; thus the
output impedance is effectively lowered by inserting the tube. The total

increase in battery current is made up ofs

ZSIl = Aez = current to produce voltage increase without tube
Ro
Alg = - Aleg * By = increase in battery current to compensate for drop
’ in grid voltage -
Alg == A®p = increase in battery current to compensate for drop in
ry: plate voltage

i

Since AE = Aez —Aeg = -Aep, the oubput impedance is

R=AB =" 1 A (3-8)
Coal IR gy /vy :

rm hinbdnngmani - sy

or, the output impedance of a cathode=follower looks likes

—0
. ) S;
g.l...f %’p £R, - R
&
o

Figure 3-6
In case P)§>l, then rp;;>l¢_and‘for small Ry, we have
&m :
R~ 1
&m ‘ A
As an example, consider a 6SN7 tube with R, = 1000 ohms. Since g, =

= 7000 ohms, we have for AE = lv.,

3000 thos, and p
| AT, = +1/1000 » 103 . = 1,0 ma.
| Alp = -(-1)(3000) ~.7 = 3,0 ma,
A1, = -(v-1)/(‘7ooo) » 10° = 0,14 ma,
AT = - 4,14 ma.
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Thus,

R=AE= 1w, > 250 ohms;

b

/ / : e - | o T L
0 — 100 125
ep (volts)
150— Figure 5-7

100
Byt — o e — —
operating point
ey
(volts) 50—

/ P .

/ ! | i ‘ J
o -12 0 50 B, 100 150
ey! (volts)

Figure 3f8
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Although the cathode~follower provides ﬁractically distortionless
output for normal input signal voltages, it should be bbrne‘in mind that it
will distort very large input signals. Consider a 6SN7 with Ep, = 200 v.,
and R, = 20 K |

‘ For convenience, define the d-c
200 v, ’ ’

o (static operating) voltages By, By
_m~._.~£“w - ;Z ‘Ep so that the total instantaneous
. fc ' ._Mi*_o voltages shown ares
* + ; * 01" =By +ep )
| 20 Kg  oaf .
‘¢ . '¢ ep' = By + ep % el',=_§c + eg'
= o, = EC + oy )

Figure 3-9

The limits upon signal amplitude arc set by the instantaneous. grid bias
(O:>ec.;>cutoff). Fof oxample, asswne an operating bias,éf E, # =4 vo Then
(see Figuro 3~7),

| e, = 125 v, , ‘Bz =200 - 125 =75 v.

E, =76 -4 =171 v,

Now if 8, can vary from O to =11 Ves Wo can plot the corresponding values of
él' vs. ep' (see Figure 3-8). This plot illustrates not only the linearity of
the cathode-follower and the gain (slope of curve), but ulsb the limits on
inpuﬁ. For if the input signal e; swings more than 130 » 71 = 59 volts
positive the grid is‘drivgn positive, and if 61.:»(71 + 12) = 83 volts negative
ﬁhe tube is cutoff, To allow moximum voltage swing, a grid bias of Eg & =3 v.,
is best.
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