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Abstract:
This Thesis presents an investigation of cathode compensation as applied to the conventional amplifier.
Though not unknown in the field of Radio Engineering, cathode compensation was only applied to
D.C. amplifiers1 to overcome what is sometimes known as grid drift, which is an undesirable change in
plate current due to uncontrolled conditions in the grid-cathode circuit.

Using Kirchhoff's laws and the equivalent plate circuit theorem, voltage equations are derived for the
different circuit loops. From this, the expression for plate current for the amplifier section of the tube is
used to give the expression for the gain, i.e. the ratio of output voltage to the input voltage. The
condition of stability of the amplifier is derived from the gain expression by equaling to zero, the
portion of the expression which varies as a function of the uncontrolled conditions in the grid-cathode
circuit.

The conventional amplifier and Hartley oscillator circuits are selected and the compensation is applied
to them for investigation. The circuit characteristics, as determined by experimental investigation, are
then compared with theoretical calculations which are found to be in good agreement.
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14, Nov. 1941, pp. 27-31. 
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ABSTRACT
This Thesis presents an investigation of cathode compen

sation as applied to the conventional amplifier. Though not 
unknown in the field of Radio Engineering, cathode compensa
tion was only applied to D.C. amplifiers1 to overcome what is 
sometimes known as grid drift, which is an undesirable change 
in plate current due to uncontrolled conditions in the grid- 

cathode circuit.
Usirg Kirchhoff1S laws and the equivalent plate circuit 

theorem, voltage equations are derived for the different cir
cuit loops. From this, the expression for plate current for 
the amplifier section of the tube is used to give the expres
sion for the gain, l.e. the ratio of output voltage to the in
put voltage. The condition of stability of the amplifier is 
derived from the gain expression by equaling to zero, the 
portion of the expression which varies as a function of the 
uncontrolled conditions in the grid-cathode circuit.

The conventional amplifier and Hartley oscillator cir
cuits are selected and the compensation is applied to them for 
investigation. The circuit characteristics, as determined by 
experimental investigation, are then compared with theoretical 
calculations which are found to be in good agreement.

I. filler, ftevart. F ., SENSITIVE E-C AtlFlIFlEF '!TTk A.C. 
OPERATION, Electronics, Vol. 14, Nov. 1941, pp, 27-31.



INTRODUCTION
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In literature dealing with amplifiers, several abbrevi
ations are used to conserve both writing space and time. 
Similarly, throughout this thesis the following abbreviations 
are used quite often, and they are listed below, in order of 
their occurrence, with their complete meaning.

gp Mutual transconductance of Section #2 of the
tube

E Steady voltage applied to grid of Section #1
1 of the tube

«2

Ebb#l

Ebb#2

Steady voltage applied to grid of Section #2 
of the tube
Supply voltage to the plate of Section #1 of 
the tube.
Supply voltage to the plate of Section #2 of 
the tube

A Amplifier gain
Q-polnt Quiescent operating point of the tube
The other accepted abbreviations, such as kc/s for kilo

cycles per second, as are used in the field of Radio Engineer
ing are assumed to be well known to the reader.

The object of this thesis was to investigate in a thorough 
manner the effect of cathode compensation as applied to the 
conventional amplifier and to extend its application to any 
type of oscillator for the stabilization of its frequency so 
that any change in the loading of the oscillator does not pro
duce any drift in the generated frequency. There has been



some work done on special application of cathode compensation, 
but to the author’s knowledge no work of any investigational 
nature has been accomplished or any article written before.

In view of the possible wide application of cathode com
pensation and in view of seme of its inherent merits, a 
systematic extensive investigation was taken up. This thesis 
deals with:

1. General theory and operation.
2. Frequency response characteristics and variation 

of gain with filament voltage, supply voltage, and grid bias 
voltage.

3. Phase shift characteristics.
4. Comparison of experimental results with theoretical 

calculations.
5. Stability of an oscillator for various loads.
The data used to plot curves, and for other comparisons, 

was obtained as a result of laboratory work on the particular 
circuits shown in Fig. I, 2, 12 and 13.

6



GENERAL THEORX AND OPERATION
The most difficult problem which is encountered in design

ing a wide band amplifier is tie change in plate current of the 
amplifying tube due tc whet is sometimes known as grid drift.
The major cause for this is the changes in cathode temperature 
which is either due to ambient temperature changes or to fila
ment voltage fluctuations. If oil other voltages remain con
stant, the plate current is a function of heater voltage unless 
the current is limited by the space charge. These changes in 
heater voltage are reflected directly in the plate circuit and 
therefore change the plate current of the tube. This change 
in the plate current is also due to random changes in the work 
function of the cathode and grid surface. These current changes 

are usually small, but are aIweys present.
Attempts have been made to use a balanced or push-pull 

amplifier to eliminate these effects due to temperature changes 
in the cathode, but this is not a successful way of doing away 
with these difficulties because the rate of heating for two 
cathodes is not the same; and, therefore, the plate current 
changes in both the tubes will be different, which in turn does 
not produce the complete cancellation of these effects. The 
output, therefore, is not at all independent of filament volt

age changes in such a scheme.
Negative feed back also cannot eliminate these changes

7
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because they act as if they were the part of the input signal 
variations and as such cannot be distinguished from the sig
nal itself.

The circuit under consideration was a double triede with 
a common cathode, and the elements are so arranged that, if 
one triede behaves in the same manner as the other, cancella
tion of the variation takes place. Fig, I shows the basic 
circuit in which the potential difference in the cathode, due 
to temperature changes, is replaced by a fictitious voltage V, 
which is placed in series with the cathode. Since the section 
#2 operates at much lower negative grid bias than the section 
#1 , and has a lower load resistance in its plate circuit, the 
change in this fictitious voltage produces a greater change in 
plate current of Section #2 than that of Section #1, as Is evi 
dent from Fig. 3«

Now suppose that the fictitious voltage increases slight
ly. This Injroaae produces a greater reduction in plate 
current of section #2 than that of section #1, which reduces 
the grid bias to both sections of the tube, thus increasing 
the plate current of section #2 to a greater extent than that 
of section #1. Thus the section #2 acts entirely as a control 
ling tube, leaving the plate current of section #1 completely 
unaffected which acts as an amplifier.

The gain of the compensated amplifier is given by Be. 13, 
which is derived in Appendix, In order that the gain of the
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amplifier becomes independent of the voltage variations in
the cathode circuit, the condition that Rg should be equal

to I must be satisfied.
«2

Gain » A s Ho. = if (13)
Eln rx / r2 / R3

The assumption that /4 is quite logical only if 
both sections of the tube are operating on the linear portions 
of the characteristic curves; otherwise the gain expression is

ri / »3^  # #  <12)
as derived in Appendix.
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EXPSRimmTAti SETUPS
Experimental investigations were undertaken to study the 

effectiveness of the cathode compensation as applied to the 
conventional amplifier and oscillator circuits. The main 
object of these experimentsI studies was to determine the 
frequency responset phase shift} gain vs. heater voltage* and 
gain vs. supply voltage characteristics and compare them with 
those of a conventional amplifier. In case of the compensated 
oscillator, frequency stability with variation of the load was 
to be compared with that of a conventional oscillator.

Amplifier Setup
Tube 6f.N7 was arbitrarily chosen and was used as a class 

A amplifier. Since there are no set formulae for finding the 
circuit parameters and the operating points of the tube so that 
Eq. 11, Appendix, is satisfied, trial ana error method was used 
to find the values of R^, B2 and R^»

For the convenience of the reader, the characteristics are 
copied here from R.C.A. tube manual and Ip-ep curves are drawn 
on a larger scale as shown In Fig. 3»
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Tube 6SK7-GT - Each Section 

J

For Clasa A APPI IfAfiT
Plate 90V 2 50v

Grid # 0 -8v

Amplification factor 20 20

Plate resistance 6700 ohms 7700 ohms

Transconductence 3000 micromhos 2600 micromhos

Plate Current 10 m.a. 9 m.a.

# Under maximum rated condition d-c resistance in the grid 
circuit should not exceed 1 .0 megohm.
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OPERATION OF THE TUBE AND CIRCUIT PARAMETERS 
It is always possible to obtain a value of R2, such that

R2 ■ - by fixing any grid bias voltage to section #2 of the
&2

tube and varying the operating point of section #2. The only 
criterion for the best operation is that the tube should oper
ate on the linear portion of the characteristics.

Taking this into consideration, the quiescent points 
and Qg ^or sections I and 2 were chosen to be at Ec^ * -6V 
and Ec2 « -2V respectively. Therefore from Fig, 3:

Ql is at Eqi s —6v and lpi ■ 4 m«a«

Q2 is at Eeg * ~2V and ipg « 5*3 ni,a.
Total plate current » ipj / ip2 s 4 / 5.3 ■ 9.3 m.a.
Since grid bias for section #1 is -6V

Rl / R2 e * 645 ohms therefore,

R2 * 645 x £ • 430 ohms and,

Rl s 645 x -i = 215 ohms.

14

82 at Q2 * 7.y,§5.. r. x 10"3 e 2275 micromhos

and 82 = 1575 * 5 5 2

Hence, it is seen that with Q% and Q2 as shown in Fig. 3, 

R2 is approximately equal to I , satisfying the required con-
62

dition:
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Supply voltage to plate #1 - Ebb#l s 250V.
Supply voltage to plate #2 = Ebb#2 = 97*5 / 4 * 101.5V,

R3 ^ Rk = * 21250

where Rjc* Rl / Rg - 645 Ohmsj therefore
R^ % 21250 - Rk 5 21250 - 645 s 20605 ohms.

Usual tolerances In carbon resistors accomodated these 
odd values of resistances R^, R2 and R^ which were carefully 
measured by means of the resistance bridge.

The amplifier was assembled as shown in Fig. I, An audio 
oscillator with a frequency range from 20 cps to 200 kc/s was 
used to supply the input voltage to the grid of the amplifier. 
Inasmuch as the output of the audio oscillator varied for dif
ferent frequencies, the output voltage of the oscillator was 
maintained constant at one volt by varying the attenuator at 
each setting of the frequency. The plate voltage was supplied 
from a well filtered power supply, ensuring a ripple free D.C. 
voltage. The plate of section #2 was kept at 101,5V by means 
of a rheostat and was by-passed by 8 y^^condenser, to provide 
a low impedance path for varying currents. A vacuum tube volt
meter was used to measure the input and output voltages.

To have an effective comparison between the cathode com
pensated and the conventional amplifier, the operating con
ditions of the latter were also kept the same as those of the 
former. Therefore, grid bias of -6  volts was applied to the



conventional amplifier by means of a 1500 ohms resistor, suit
ably by-passed as shown in Fig. 2.

The amplifier characteristics were obtained by measuring 
the gain in the usual way and plotting the curves for the dif
ferent conditions. The phase angles are measured from the di
mensions of the ellipses formed on the oscilloscope screen.

If b * intercept along the x-axis from the center of the 
ellipse,

a e maximum horizontal distance of the projection of the 
ellipse along the x-axis.

The phase angle1 is given as O r sin**1 ̂
Stability witji Variation of Heater Voltage 
Here the object was to determine the variation in gain 

of the cathode compensated amplifier by changing the heater 
voltage and comparing the results with those of the uncompen
sated amplifier at a fixed frequency. This was accomplished 
by measuring the gain for each setting of the heater voltage. 
The frequency was kept at 500 cycles per second. The results 
are recorded in Table I and the curves are shown in Fig. 4.

16

I Schulz, E. H, and Andersen, I. T,, Ik KLEC-
TRONICS AND COMMUNICATION ENGINEERING, pp. 165, Harper & 
Brothers, New York, N. Y. (1943)
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TABLE I

Variation of Gain with Heater Voltage 
Supply Voltage - 250V Plate Voltage #2 - 101.5V

Ecj c -6V Ec2 - -2volts Frequency « 500 ~

Heater
Voltage

With Compensation 
Ein Eo Gain #

Without Compensation 
Ein E0 gain

7.0V I.OV 9.5V 9.5 I.OV 10.5V 10.5
6 .0 n 9.5 9.5 H 10.5 10.5
5.0 M 9.5 9.5 W 10.5 10.5
4.5 n 9.5 9.5 M 10.5 10.5
4.0 n 9.4 9.4 N 10.3 10.3
3.5 it 9.25 9.25 M 9.6 9.6
3.2 it 8.7 8.7 Il 8.7 8.7
3.0 it 8.3 8.3 Il 7.7 7.7
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Frequency Response
The response characteristic is obtained by measuring the 

amplifier gain over a range of frequencies, For this part, 
the input signal voltage was held constant, and before taking 
the readings of input and output voltages, Eci and Ec2 were 
checked to be -6V and -2V, respectively, so that the condition 

Rg" %2 Is satisfied. Frequency was varied from 20 cycles/second 
to 100 kc/s, and at each setting the built-in attenuator was 
adjusted so that the input signal voltage was always one volt. 
Since a by-pass condenser of QZfyr was shunted across the power 
supply, the output voltage was measured by means of a vacuum 
tube voltmeter from upper end of the resistor to the ground.

This procedure was repeated for the conventional ampli
fier as well. Results of these measurements are given in 
Table II and the corresponding curves are shown in Fig. 5*

The frequency response characteristics of the compensated 
and the conventional amplifier was also taken with different 
power supply voltages and the results are recorded in Tables 
III and IV.

Tables V and VI show the variation of gain of the compen
sated amplifier for different values of plate voltage to sec
tion #2 and grid voltages Eci, Ec  ̂respectively, and the cor
responding curves are drawn in Fig. 8 and 9.
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I
Frequency

TABLE II
Frequency Eeeponse

With Compensation
Gain

Without Compensation
E, Gain

20 I.OV 9,757 9.75 I.OV 6,3V 6.3
4C M 9,6 9.6 M 6.4 6.4
60 ft 9.6 9.6 It 6 .8 6 .8

80 W 9.55 9.55 Il 7.1 7.1
100 it 9.55 9.55 M 7.6 7.6
200 M 9.55 9.55 Il 9,6 9.6
400 Il 9.55 9.55 n 11.5 11,5

1 ,0 0 0 If 9.55 9.55 M 12.4 12.4
2 ,0 0 0 M 9.55 9,55 M 1 2 .5 12,5
4,000 M 9.55 9.55 H 12.5 12.5

1 0 ,0 0 0 M 9.55 9.55 It 12.5 12,5
2 0 ,0 0 0 W 9.55 9.55 ft 12.5 12.5
40,000 SI 9.55 9.55 Il 12.5 12,5

1 0 0 ,0 0 0 M 9.55 9.55 M 12.5 12.5
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IABIE III

IaeiaMflG sit Gain .rIllU supidLv voltage

Ebb #1 200V 150V 100V 50V
' Ebb # 86V '65v 46V

tirld egi
Voltages eg2 -3.15V

-3.4V
-2,3V

-2.3V
-1.5V «•»«*»

Frequency GAIN with Compensation 
Input * 1,0V

20 9.5 9.25 8.75 7.50 .
40 9.4 „ 9.10 8.50 7.35
60 9.4 9.10 8.50 7.35
80 9.4 9*10 8.50 7.35

100 9.4 9.10 8.50 7.35
200 9.4 9.10 8.50 7.35
400 9.4 9 .1 0 8.50 7.35

1 ,0 0 0 9.4 9.10 8.50 7.35
2 ,0 0 0 9.4 9.10 8.50 7.35
4,000 9.4 ' 9.10 8.50 7.35

1 0 ,0 0 0 9,4 9 .1 0 8.50 7.35
2 0 ,0 0 0 9.4 9.10 8.50 7.35
40,000 9.4 9 .1 0 8.50 7.35

1 0 0j000 9.4 9.10 8.50 7.35



Without Compensation 
Variation of Gain rlth Sunplv Voltage 

Input s I.C volt
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TABLE IV

Supply
Voltaee

200V 150V 100V 50V

Grid
Voltaee

-4.6V -3.4V -2.2V

Frequency GAIN without Compensation

20 6 .2 6 .0 6 .0 5.5
40 6 .2? 6 .1 6 .0 5.5
60 6 .6 6.5 6,3 5.8
80 7.0 6 .8 6.7 6 .0

' 100 7.5 7.2 7.0 6 .2

200 9.5 9.0 8.7 7.2
400 1 1 .1 1 0 .8 1 0 ,0 8 .0

1,000 11.9 11.4 10,7 8.5
2,000 1 2 .1 11.6 10.8 8.5
4,000 1 2 .1 1 1 .6 1 0 .8 8.5

1 0 ,0 0 0 1 2 .1 1 1 .6 1 0 .8 8.5
2 0 ,0 0 0 1 2 .1 1 1 .6 1 0 .8 6.5
40,000 1 2 .1 1 1 .6 1 0 .8 8.5

1 0 0 ,0 0 0 1 2 .1 1 1 ,6 1 0 ,8 8.5
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Compensated Amplifier 
of (lain iiili Voltage 03  ̂Plate ££
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TABLE V

E b ^ s 2?0V. Input a 1.0 volt
Voltage on Plate #2 125V 75V 50V

Frequency GAIH

20 9.40 10.0 1 0 .0

40 9,25 9.8 9.8
60 9.25 9.8 9.8
80 9.25 9.8 9.8
100 9.25 9.8 9.8
200 9.25 9.8 9.8
400 9.25 9.6 9.8

1 ,0 0 0 9.25 9.8 9.8
2 ,0 0 0 9.25 9.8 9.8
4,000 9.25 9.6 9.8
10,000 9.25 9.8 9.8
2 0 ,0 0 0 9.25 9.8 9.8
40,000 9.25 9.8 9.8

1 0 0 ,0 0 0 9.25 9.8 9.8





Compensated Amplifier 
Variation of Gain with eg/ and egp

28
TABLE VI

Ebb #1 s 250V Ebb #2 » 101.4V Input Voltage . 1.0V 
Grid Voltage egl »8V *7V »5V

Grid Voltage eg2 gI -0 .9 V -3 .6 V

Frequency GAIN

20 7.75 8.8 10.5
40 7.70 8.7 10.4
60 7.70 8.7 10.4

80 7.70 8.7 10.4
100 7.70 8.7 10.4

200 7.70 8 .7 10.4
400 7.70 8.7 10.4

1,000 7.70 8.7 10.4

2,000 7.70 8.7 10.4

4,000 7.70 8.7 10.4

10,000 7.70 8.7 10.4

20,000 7.70 8.7 10.4

40,000 7.70 8.7 10.4

100,000 7.70 8.7 10.4
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Phase Shift Characteristics
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The phase shift is the angle between the input signal 
voltage, which is applied between the grid and the ground term
inals of the amplifier, and the output voltage developed across 
the load.

The Fig, 10 shows the setup for the measurement of the 
phase angle which consists of the oscillator, oscilloscope, 
amplifier and the power supply. A double pole double throw 
switch was used to apply the input voltage to both vertical 
and horizontal amplifiers of the oscilloscope at each frequency 
setting, so that the standard pattern wl Ich represents zero 
phase shift in the amplifier under test was obtained. The out
put from the amplifier under test was applied to the oscillo
scope by throwing the switch to the output position. This 
pattern shows the phase angle between the two voltages which 
are applied to the two amplifiers of the oscilloscope. This 
angle also includes any phase shift which might exist between 
the amplifiers of the oscilloscope itself. The true angle, 
therefore, is the difference between the angles obtained by 
the two patterns. The phase angle was measured for both com
pensated and the conventional amplifiers. The readings are 
recorded in Table VII and the curves are shown in Fig. 11,
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Phase Shift Measurement

32
TABLE VII

Initla:
POzvf-

Frequency

L phase shift observed 
IÔ -zS zero,
__M t h  Compensation

in both cases from 

. __ Without Compensation
..flh... Cd Slnf Sir\'*g ab cd Sinf f=S In-ŷ

20 0 1.8" 0 180° 0.15" 1.8" .qB35 164.8°
40 0 1 .8" 0 180° 0.35» 1 .8" .1940 191.2°
60 0 1 .8» 0 1800 0.45" 1 .8" .2500 194.0°
80 0 1 .8" 0 1800 0.55» 1.8" .3 0 1 0 197.5°

100 0 1 .8" 0 180® 0 .60" 1.8" .3340 199.5°
200 0 1 .8" 0 180° 0.55» 1 .8" .3 010 197.5°
400 0 1 .8" 0 1800 0.40» 1 .8" .2 2 2 0 193.0°

I1OOO 0 1 .8" 0 180° SOCM•O

1 .8« .1 1 1 0 186.4°
2 ,0 0 0 0 1 .8" 0 1800 O S s 1.8" .0 560 183.3°
4,000 0 1 .8" 0 180° 0 1 .8" 0 1 8 0.0°

1 0 ,0 0 0 0 1 .6" 0 180° 0 1 .8" 0 1 80.0°
2 0 ,0 0 0 0 1.8" 0 180° 0 1 .8" 0 1 80.0°
40,000 0 1 ,8" 0 180° 0 1 ,8" 0 180.0°

1 0 0 ,0 0 0 0 1 .8" 0 180° 0 1 .8" 0 1 80.0°
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DISCUSSION AND COMPARISON BETWEEN 

EXPERIMENTAL AND TiJiORETICAL RESULTS
Variation of Gain with Heater Voltage
A close examination of Fig. 4 shows that the cathode com

pensation does improve the stability of the amplifier as the 
gain remains fairly constant with heater voltage varying from
3.5 volts to 7,0 volts. The conventional amplifier gives a 
constant gain only in the range 4.5 volts to 7.0 volts. Below 
4 volts heater voltage for the uncompensated amplifier, and
3.5 volts heater voltage for the compensated amplifier, the 
gain falls off quite rapidly because of the insufficient supply 
of electrons. The reason for a lower gain with the compensated 
amplifier will be discussed fully while dealing with frequency 
response characteristics of the two amplifiers.

The compensation is not of any use at heater voltages 
above 4.5 volts as the plate current is limited by the space 
charge, and therefore, the gain remains constant even in the 
uncompensated amplifier. The effectiveness of the compensation 
can be observed in the intermediate position, when neither the 
current is limited by space cliarge nor the supply of electrons 
is insufficient, viz. between 3.5 volts - 4,5 volts.

Frequency Iiesnonse
Fig. 5 shows a perfectly flat frequency response for the 

compensated amplifier from 20 bps' - 100 kc/s in comparison to 
that of the conventional amplifier whose response is flat only



from 2 kc/s - 100 kc/s. The reason why the gain of the compen
sated amplifier is considerably lower than that of the conven
tional one is that the plate resistance rg appears in the denom
inator of the gain expression, Eq. (12), which brings down the 
gain of the compensated amplifier* The gain of the compen
sated amplifier is 9*55 and that of the uncompensated amplifier 
is 12,5 at the flat portion of the response curve. The values 
of the gain can be calculated theoretically by means of Eq. (13) 
as followst

Comnansatea Aianlll ier
ry ■ - 28 &  M s  • 11150 ohms from big. 37,0

T2 = 2 Z x l o 5  - 0300 elms fro- rig. 3o.J

35

Gain R-I^z _  ?0600 _y_20_____
9300 /  11150 /  20600

- 412000 
■ 4 305A m o

This checks fsirIy well with the experimental result,
which is 9,55.

or ConygRtlQDml 
The gain of this amplifier at mid frequencies is given 

by the expression1 where Rv is the lead resistance,
1V  rp

I:— Cruft Electronic”" ELECTRONIC CiRcUil1T  Alt 1 UbTS,
pp, 3 38, FcGraw-HilI Ecok Ccmpany, Inc., Nev York, N.Y., 
(1947).



fp is the a.c, plate resistance of the tube a n d i s  the am
plification factor.

To find the value of fp

Total resistance in the plate circuit g 1500 / 20600 *

36

22100 ohms.
Plate Supply Voltage * 250V 
Grid bias Voltage - -6V,

therefore, Tp - = 35 pt 103 e 94^0 ohms From Fig. 3
3*7

Hence, gain = . JJU2
This also compares quite well with the experimental 

result, which is 12.5*
The peculiar behavior of the conventional amplifier at 

frequencies lower than 100 cycles/second is attributed to the 
cathode degeneration, which is due to the appreciable reactance 
of the cathode by-pass condenser at lower frequencies. This 
fact can be very easily confirmed by calculating the gain* at 
20 c.p.s, and comparing it with the experimental result.

Gain with cathode degeneration $ rp / Rl / Rk(

where Rl, Rk and rp are load, cathode and the plate resist
ances, respectively.

T.— Cruft Electronics' Staff, ELECTRONIC CIRCUITS AND TUBES, 
PP* 336, 414, 416, McGraw-Hill Book Company, Inc., New 
York, N. Y., (1947).
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Galn * 945b /206000/°i500 (1/20) 8 ^

The experimental gain at the lowest frequency, namely 
20 c.p.s., is 6 ,3  which checks closely with the calculated 
values.

Figs, 6 and 7 show the variation of gain with supply volt
age. It is apparent from the curves in both cases that as the 
supply voltage is reduced, the gain decreases because the plate 
resistance r^ of the tube increases. After the supply voltage 
drops below 100 volts, the gain of both the amplifiers re
duces fast, as/4 also reduces and the Q-point falls on the 
curved portion of the tube characteristics. This can be shown 
by calculating the gain in both cases.

Uncompensated Amplifier
(a) When plate supply voltage * 150V

Grid bias voltage - -3.4V From Table III,

rP = 2N 7- 8 m 107CO ohms (at 250 V,

rp s 9450 ohms)
Therefore, gain - ^ K.k 8 5 l8^88 / IbOO *

(at 250 V, gain - 1 3.0 )
(b) When supply voltage is 100 V:

Grid bias voltage * -2,2V From Table III,

rp * x  A  * » 11900 ohms From Fig, 3*/O* CA 4 .8
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= ^ e 9 = 19

Gain ^ P l
eL / rp / Hjc

From Fig. 3.

= ^ g u f I W  * JJLlZ

Which is lower than that at 150 V.
Compensated Amplifier
When supply voltage is 100 volts, the voltage on the plate

of Section #2 | 40 volts.

Eci e -2.3V , EC2 m -0.8V,

rI r 11900 ohms from Fig. 3. (at 250 V, ri * 11150
ohms)

r2 « - 14600 ohms, from Fig. 3
(at 250V. rg * 9300 ohms)

Therefore, gain . ^

which is lower than that at 250V. The experimental result is 
6.5, which is quite close to the calculated value. For the 
compensated amplifier, both rj and rg Increase as the plate 
voltage is reduced.

Variation of Gain with Voltage 211 ElaSfi m2
As the voltage of plate #2 is increased the gain of the 

compensated amplifier decreases, due Lc tne fact that with the 
increase of voltage on plate #2, the current in this circuit in
creases, thus increasing the overall negative grid bias. This, 
in turn, lowers the Q-point of Section #1 of the tube, raising 
the plate resistance and, hence, lowering the gain of the



amplifier. Conditions reverse when the voltage on the plate 
#2 is lowered. The Fig. 8 shows this behavior of the compen
sated amplifier.

Variation of Gain with ee1 and ear)

It is quite obvious from Fig. 9 that the stability con
dition (see Appendix) is not at all critical, since by chang
ing the tap on the cathode resistor does not affect the flat
ness of the response curve. The only effect produced is to 
change the overall gain of the amplifier. If the tap is 
brought down from the top of the cathode resistor (see Fig. 2), 
Ec  ̂becomes more positive, while Ec^ becomes more negative.
The close examination of the tube characteristics (see Fig. I) 
shows that rg remains practically constant if Ec2 is varied 
from 0 to -3 volts, since the Q-polnt of Section #2 falls on 
the linear portion of the curves. But increases as the
Q-polnt of Section #1 foils on the curved portion of the curves 
when egj is varied from -5V to -8 volts. The gain, therefore, 
Increases as the tap is lowered on the cathode resistor.

Phase Shift
The output from the cathode compensated amplifier is ex

actly 180° out of phase with the input throughout the frequency 
range. Hence the compensated amplifier does not produce any 
phase distortion. For a comparison, the phase shift character
istic of the conventional amplifier is drawn on the same graph

39
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sheet. Its peculiar shape at the lower frequencies is again 
due to the cathode degeneration, where the cathode by-pass 
condenser offers an appreciable reactance.
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OSCILLATOR SETUP

The tube 6SN7-GT was used as an oscillator In the shunt- 
feec Hartley circuit, which was modified to accomodate both 
sections of the tube as shown In Fig. 12. A low grid leak 
resistance of 50,000 ohms was used to make the voltage develop
ed across the cathode resistors comparable to the voltage 
across the grid leak. Two exactly similar tuned circuits were 
used, one as a tank circuit of the oscillator and the other In 
series with the plate of section #2, which was used to load 
the compensated oscillator. Both these circuits were tuned 
to the same Treavencye

To avoid the effects of stray capacitances, the compon
ents were mounted on a small base board and the tank circuit 
of the oscillator was effectively shielded.

A heterodyne type frequency meter was used to measure 
accurately the frequency Cf the oscillator. To load the 
oscillator, the resistance was shunted across the tuned 
circuit in the plate circuit of the section #2, and in case 
of the conventional Hartley oscillator, the resistance was 
shunted directly across the tank circuit as shown in Fig. 13*

The load resistance Rr was varied up to 5 megohms, and 
the variation of frequency in both compensated and uncompen
sated oscillators is recorded in Tables VIII and IX, and the 
corresponding curves are shown in Fig. 14,
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TABLE VIII

Load Frequency with Frequency with Change in
Resistance______no load ._____________ _load.________ Frequency

Meter
reading

Frequency Meter
reading

Frequency

5 meg 3522*2
kc

434.455 3521.5
kc

434.417 36
2 meg 3522.2 434.455 3521.5 434.417 36
I meg 3522.2 434.455 3521.6 434.422 33
100,000 3 5 2 2 .0 4 3 4 .4 4 5 3521.5 434.417 28
50,000 3521.7 434.427 3521.2 434.400 27
20,000 3522.0 434.445 3521.8 434.432 13
5,000 3521.7 434.427 3521.7 434.427 0
4,000 3521.7 434.427 3521,7 434.427 0
2,000 3521.7 434.427 3521.7 434.427 0
1,000 3521.7 434.427 3521.7 434.427 0

500 3521.7 434.427 3521.7 434.427 0
200 3521.7 434.427 3521.7 434.427 0
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TABLE IX

Conventional Hartley Oscillator
Load Frequency with Frequency with Change in

Resistance no ___  load _____ Freauencv
Meter
reading

Frequency Meter Frequency
kc kc kc

5 meg 3575.0 437.366 3549.8 435.980 1.386
2 meg 3574.0 437.3U 3547.6 435.867 1.444
I meg 3571.3 437.161 3540.2 435.456 1.705
100,000 3563.3 436.728 3514.4 434.022 2.706
50,000 3557.6 436.416 3514.4 434.022 2.494
20,000 3544.3 435.783 3 5 3 2 .5

5,000 3541.4 435.512
4,000 ( )

Inconsistent Readings
2,000 C )
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DISCUSSION

Comparison of the stability of the oscillators for dif
ferent loads reveals that the compensated oscillator is much 
more stable than the conventional one as the maximum frequency 
change under loading is only 38 cycles per second, whereas in 
the case of conventional oscillator, this change is 2.706 kc/s. 
It is interesting to note that the performance of the conven
tional Hartley oscillator with load resistances below 20,000 
ohms is rather inconsistent, whereas for the compensated os
cillator, the variation of load produces only a small change 
in frequency. Fith loads below 20,000 ohms, though the volt
age developed across the tuned circuit is rather low, the 
frequency of the oscillator remains unchanged.

The curves in Fig. 14 show this comparison between com
pensated and the conventional Hartley oscillators.



SUMMARY AND CONCLUSIONS
The investigation of cathode compensation shows that the 

condition Rg equals for the stable operation is not at all 
a critical one. This amplifier, therefore, does not require 
a T i t l e d  design.

The frequency response and the phase shift characteristics 
are absolutely flat from 20 c.p.s, to 100 kc/s which guarantees 
a perfect reproduction of the input signal without any ampli
tude or phase distortion. The variation of supply voltage or 
grid bias voltages do not produce any effects upon the flat
ness of the response curves but simply change the gain of the 

amplifier as a whole,
In the case of the oscillator, it can be seen from the 

experimental results that cathode compensation does produce 
a stabilizing effect upon the generated frequency of the 
oscillator as the maximum frequency change from loaded to un
loaded condition is only 38 c.p.s., whereas for the conven
tional Hartley oscillator the maximum frequency change is more 

than 2 kc/s.
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APPENDIX

Let V represent the fictitious voltage which is supposed 
to exist in the cathode circuit shown in Fig. 15) due to small 
variation in the filament temperature which causes some poten
tial difference between small segments of the cathode. Ein 
and E0 are input and output voltages, respectively, and the
gain of the amplifier is defined by the ratio , Assuming

Ein
that no grid current flows, the equivalent circuit1 can be 
represented by Fig. 16, where r^ and rg are the plate resist
ances of sections I and 2 of the double triede t u b e , a n d  
are their respective amplification factors. The disposition 
of the component resistances and the polarity of the voltages 
are as indicated in the figure.

Applying Kirchhoffs laws to the different meshes of the
circuit, the voltage and current relations become

Cr1 / Ri / R2 / R3) Li / (R1 / R2) ̂  V . O ---- (I)

(R3 / R2) / (rg / Rj / R2) ̂  V e O  -——-—(2)

V / (Ri / R2H  + y  ) = Ein  (3)

ed2/ V / R1 ( )  s 0  (4)
Rearranging equations (3) and (4)

e3, * El n - V -  (R1 / R2) ( U La)  (5)

% *  - V - R1 (i, + i% )  (6)

TI E . E . Staff, r.I.T., APHIEb EIFCTROKICE, pp. 392, 
John Wiley and Sons, Inc., New York, N, Y. (1947)
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Substituting Eq. (5) in Eq. (I)

(I"! /  Ri  /  R2 /  R3 ) iI /  (R1 /  R2) 4> -> ,{ E l n  - V -  
(R1 / R2 ) ( V iZ )J / V s O or

^ r 1 /  R1 /  R2 /  R3 /  > ,  (R1 /  R2 )]  /  { H i  /  R2 / / 4  (R1 /  R2 ) ] ^

= X R l n  -/4 V - V ----- (7)
Substituting Eq. (6) in Eq. (2)

(R1 /  R2 ) /  ( r 2 /  R1 /  R2 ) { -  V - R 1 ( 4 )  /  V s  O

or (R1 / R2 / A R l )  / Cr2 / R1 R2 /y4>Rl) ̂ e - V  - X V
---- (8)

Applying Cramer’s rule to Eq. (7) and Eq. (8), the current 
through resistance R^ becomes

( X  Ein - X  V - V) ^R1 / R2 / X  (R1 / R2 
- (V / X  V) ^r1 / R1 / R2 / X  R1}

L1= - - - - - - - - - - - - - - - - - - - - - - - - - -
P 1 f  R1 /  R2 /  R3 /  A  ( P1 /  R2 )

^R1 / R 2 / A  (R1 / R2)}
(R1 / R2 / X Rl) U 2 / R1 /  R2 / X Rl)

Expanding the determinant
( A  Ein - X V  - V M r 2 / R1 / R2 / X R 1) / V(1 / X  )(1 /A  )

(R1 /  R2 )
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^r1 / R1 / R2 / R3 / X  (R1 / P2)/ / r2 / R 1 / R 2 / X rI 

-  (R1 /  R2 M l Z A  ) / R 1 /  R2 X X R 1/



Dividing both numerator and denominator by r2 / E1 / R2 //^R1

(/4 Ein -z4v - v) / V Q  / 4 ) 0  /.,Iia)
(T2 / R1 / R2 //4Bi)

k-—  " ...—  ----- (9)
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[T1 / R1 / R2 / R3 / X z (Bi / R2)/ -

(R1 / R2)(I / X  )(R1 / R2 /.XR1)
(r2 / R1 / R2 //^R1)

Since E0 is equal to L, R3, Eq. (9) shows that the output volt
age is dependent upon the fictitious voltage V. For the am
plifier to be stable, E0 and hence I, should be independent of 
V. Therefore, equating the terms of the numerator containing 
V, in the Eq. (9) to zero*

- (I / A  ) V / V d  /AgMR1 / Rq )(1 /Xr) _ 0
2̂ / Ri / R2 /AgR1

multiplying both sides by r2 / Rj / Rg /^4Rx
(I / X  Jf

- Cr2 /  R1 / R2 / ^ R 1 ) / (I / ^ X R 1 / R2 ) = 0

or -r2 - R 1 - R 2 -^4 R1 / R1 / R2 //4 Ri /%4 R2 1 0
or /4 R2 * T2 ---- (10)

But ^ 4 *  r2g2 where g2 - is the mutual trans-
conductance of Section #2 of the tube.
Therefore, G2R2 . I
or I

S2 ( I D



Equation (11) gives the condition for stability of the 
amplifier anc it states that R2 (Fig. I) should he so chosen 
ns tc be equal tc the reciprocal of the mutual transconductance 
of the Section #2 of the tube.

To obtain the expression for the gain of the amplifier 
under stabilized conditions, Eq. (IC) has to be substituted 
in Eq. (9) and expression for vi is simplified, therefore, 
substituting Eq. (1C) in Er. (9)
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L=- /4 E.
•yi / H1 r g r ?  I;

or L, - Ein

.here D . /ri / R1 / £g / r, /^(R1 / rg)/ . U/^,)(R1X^ p , )
^  ^  -1 a  7 > j 7  —

= r I  ^  R3 / ( R 1 / d / 4 )  .  ( 1 / 4 ) (H1Z ^ Ig  / 4 .R 1 )

* U / R3 / /(Rl / ̂tXl /4) - (Bi / ̂

= T1 / R3 / ̂ R1 / 12 /4 R1 / r2 . H1 -Jg *4Bj? [I

-T1ZR3Zr2^ j

Therefore,
3, - ------ri / R3 /

But E0 s L, R3



Hence gain (12)

Making an assumption thaty^ = , the expression for the gain
becomes,

A , & _  = -Ein Ti / rg / R3 (13)
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