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S II M M A R Y 

A method of introducing harmonie distortion into an audio ampli­

fier, by means of a non-linear device, of such nature as to compensate 

for the harmonie distortion, intrinsic to certain types of power output 

tubes, is described. Détails of the design of a model, which was con-

structed to enable expérimental testing of the theory and the results 

of this testing are also givea. 



C O N T E N T S 

Sect. Title Page 

I Introduction 1 

II Historical Outline 2 

III Theory h 

IV Circuit Design and Adjustment 6 

V Tests and Measurements 11 

VI Conclusion l£ 

VII Tabulation of Readings and Calculations 18 



- 1 -

SECTION I 

I N T R O D U C T I O N 

Towards the end of 19U6 the author was employed on the development of 

a séries of high fidelity théâtre amplifiers in the laboratories of the 

Electronics Division of the Northern Electric Co. Thèse amplifiers were 

required to meet the new Academy of Motion Picture Arts and Sciences' 

standard of less than 2% harmonie distortion at rated power output over tii e 

frequency range 50-5000 c.p.s. in production and it had been decided that 

laboratory models would hâve to hâve less than 1% over this range in order 

to provide a safe margin for the shop. 

Considérable difficulty was encountered before the 1% figure was 

achieved and one of the obstacles to running down the sources of distortion 

was found to lie in the fact that distortion cancellation between stages 

takes place in much the same fashion as hum cancellation occurs. It was 

at this time that the idea of making use of distortion cancellation to 

improve the performance of amplifiers suggested itself. 

A method of doing this was devised, a model was built and expérimental 

vérification was obtained. The circuit was made the subject of a patent 

application which, however, was turned down on the grounds that there was 

"no patentable novelty". This was probably due to the circuit, patented 

by G. C. Crisson and outlined as item (3) of Sect.II of this paper, which 

uses the same principle. 

Since Mr. Crisson had an entirely différent purpose in mind and since 

the work described in the following was carried out before the author was 

aware of Mr. Crisson«s patent, it is felt that sufficient originality exists 

to justify submission of this paper as thesis material. 
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SECTION I I 

H I S T O R I C A L O U T L I N E 

While i t i s well know tha t haraonic d is tor t ion in audio amplifiers 

can be reduced, e .g . cancel lat ion of even harmonies i s one of the advan-

tages of the push-pull amplifier, a search of the published l i t e r a t u r e h as 

fa i led to reveal any papers dealing with t h i s subject. However, a number 

of U.S. patents hâve been granted to the inventors of c i r c u i t s designed 

for t h i s and similar purposes and a review of thèse in chronolôgical order 

follows by way of h i s t o r i ca l ou t l ine . 

(1) U.S. pa t . 1,U6U,111, 7 Aug 23 Harry S. Read 

F ig . (1) shows two ident ica l amplifiers VI and V2. Potentiometer PI 

i s adjusted so tha t the s ignal voltage applied to the grid of V2 i s equal 

to tha t applied to the grid of VI in magnitude. Under thèse conditions 

even harmonies generated in V2 wi l l be 180 out of place with those 

appearing a t the p la te of V2 from amplification of those generated in 

VI and equal in magnitude t o them. Thûs complète cancellation of even 

harmonies occurs. Odd harmonies, however, wi l l be addi t ive . 

(2) U.S. pa t . 1 , 613,927, 11 Jan 27, O.E. Buckley 

Two ident ica l vacuum tube amplifiers bave the i r grids connected in para-

l l e l and the i r p la tes connected in push-pull . The grid bias of one i s 

made greater than t ha t of the other , so that i t s Eg-Ip charac te r i s t ic 

i s displaced to the l e f t as shown in Fig . (2) . Since the grids of the tubes 

are connected in p a r a l l e l , the combined Eg-Ip charac te r i s t ic i s the dif­

férence between the two and thus the curvature i s to some extent r ec t i f i ed 

and harmonie réduction i s therefore effected. 

(3) U.S. pa t . 1,737,830, 3 Dec 29, G.C. Crisson. 

The non-linearity of the diode is used to achieva volume compression by 

by driving Dl and D? shown on Fig.(3) with an undistorted current, obtained 
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by applying the signal through a large résistance to thèse diodes. The 

compressed signal is then transmitted through the System to the re-

• ceiving end where it is applied to D3 and DU through a low résistance 

so that volume expansion is obtained acros3 the low résistance and an 

undistorted output results. This arrangement was said to be of value in 

that it will enable transmission at a higher mean level, without over-

loading the system and would thus reduce the effects of noise. 

(U)U.S. pat. 1,861;, 670, 28 Jun 32, F.W. Reynolds. 

Fig.(U) shows a photo-cell coupled to the grid of a vacuum tube amplifier. 

The photo-cell output Eg, appearing across Rg, will not, it is stated, 

increase linearly with increase of light intensity. However, since Ip 

increases at more than linear rate with increase of Eg, Ip will approxi-

mate linear increase with increase of light intensity. 

(5)U.S. pat. 1,990,062, 5 Feb 35, R. A. Braden. 

There is stated to be a minimum of second harmonie distortion in pentodes 

and a minimum of third harmonie distortion in triodes as their grid bias 

is varied. As the bias is shifted from one side to the other of this 

point the phase of the harmonie is reversed. If two tubes are connected 

in parallel, biased to each side of the minimum, substantial réduction 

of thèse harmonies is claimed. 

(6)U.S. pat. 2,070,U07, 16 Mar 37, F.L. Péchant. 

Refer to Fig.(5). Vacuum tubes Y,I are connected in a conventional class 

B amplifier circuit. Flat-tPpping occurs because of the effect of grid 

current drawn by the grids of tubes Y,Y. Tubes X,X are operated with 

a relatively greater bias than tubes Y,Y 'and therefore only conduct 

during the periods when grid current is being drawn by tubes Y,Y. The 

additional current drawn by tubes X,X during this period compensâtes 

for the flat-topping referred to above. 
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(7)U.S.pat.2,379,699, 3 Jul U5, John R. Ford. 

Refer to Fig. (6), Résistances Ri and R 2 together with amplifier VI 

complète a bridge and are adjusted so that the point A is at ground 

potential for the signal. This bridge is not balanced, however, for 

the harmonies generated by VI and consequently they appear between A 

and ground. If they are fed to V2, in proper magnitude, it is claimed 

that the phase reversai, which occurs in V2 will lead to complète 

harmonie cancellation across the load résister Rj. 

SECTION III 

T H E 0 R Y 

Fig.(7) shows the operating line of a non-linear résistive device. 

If an operating point Eo, Io is chosen and the device is excited by a 

constant current generator of sinusoidal current, the voltage appearing 

across the device will benon-3inusoidal. If this voltage is applied to 

another non-linear device with the same characteristic it is clear that 

the current produced in the second device will be sinusoidal. 

This statement can easily be proved analytically. Let 1^ (sin wt) 

be the current applied to thewan-linear device and let Z'i (lo,Il) be the 

impédance of the device; Then a voltage will be produced across the device 

as 

% - Il Zi 

If this voltage is now applied to a second device of similar characteristic 

that is to say of impédance Z2 = K.Z^, where K is any constant, then a 

current will be produced in the second device as 

I2 = El = Il Zl = Il 

Z2 K Z-X F~" 

Therefore I2 will be sinusoidal. 

This principle can be used to effect cancellation of harmonie distortion, 

introduced in a vacuum tube amplifier as a resuit of non-linearity of its 
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operating line. Fig. (Il) shows the Eg - Ip characteristic of the 

6L6G, used in the expérimental part of this work. If this tube is driven 

by a sinusoidal signal, its non-linearity will produce the output wavef orm 

shown on Fig. (13). However, if the tube is driven by a non-sinusoidal 

voltage of the type shown on Fig. (15), it is clear that the enlarged and 

peaked négative half cycle will compensate for the flattened négative half 

cvcle of Fig. (13). Such a pre-distorted wpveform of exactly the right 

shape to effect complète cancellation of the distortion introduced by the 

6L6G can be obtained by driving a diode, with exactly the same shape of 

operating line as that of the 6L6G, with a sinusoidal current. 

Fig.(8) shows a simplified schematic of a circuit which provides a 

suitable arrangement of the diode connected into the grid circuit of the 

power output tube. RI must be large compared to the dynamic résistance of 

the diode Dl to ensure that the current produced by the signal source Es 

will remain sinusoidal. Cl is reqnired to prevent the polarizing D.C. 

applied to Dl from the battery Bl from entering the signal source and C2 

is required to perfora the same f miction in respect of the grid of the power 

output tube VI. Should the intégrais of the two half cycles of voltage 

appearing across Dl differ, the output voltage of Dl would assume a dif­

férent axis after passing through C2. This could be compensated for, however, 

at full output by a change in the grid bias of VI. This compensating 

change in grid bias would be too large at smaller signal voltages,but this 

would probably not be too serious, since the opération of both Dl and VI 

becomes more linear as the signal voltage is decreased. 

The problem is thus reduced to f inding a diode with the desired shape 

of operating line. This problem can be simplified by foregoing the use 

of the portion of the ÔLÔG characteristic above its top bend, without 

appreciably decreasing the available power output. This is ,so , since the 
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full current range of the tube yields a peak to peak output current of 

135 ma., which does not appreciably exceed the peak to peak output current 

of 125 ma., which is obtained if the tube is operated over the range 

5-130 ma. A second reason for restricting the operating range lies in the 

difficulty, which would be encountered in trying to obtain stable com­

pensation in régions where a minute change in input current to the diode 

must produce an appréciable change in its output voltage. 

SECTION IV 

CIRCUIT DESIGN AND ADJÏÏSTMENT 

While the desirability of obtaining the diode characteristic to the 

same scale as the grid voltage seale of the 6L6G characteristic was ap-

preciated, it was decided, since it was not possible to attempt the design 

of a suitable diode, to be content with obtaining the desired characteristic 

at low voltage and to make use of a two stage amplifier (so as not to in­

vert the diode output) to adjust the output voltage to the value required 

to drive the 6L6G. 

It was further decided to employ a type 6Sk7 as the diode, making use 

of its remote cut-off characteristic and its grid and screen voltages as 

variables that might enable adjustment of its characteristic to match that 

of the 6L6G. 

Fig. (9) shows a schematic diagram of the test amplifier, which was 

constructed for the expérimental part of their work. Fig. (10) shows a 

photograph of it, together with the test equipment, used. 

VI is the 6Sk?, operated as a diode with screen and plate voltages and 

cathode resistor variable. The by-pass condenser on the screen prevents 

change in its voltage as the input signal goes through its cycle. The 

cathode resistor was left un-bypassed, since its voltage was free to change 

during static measurements of the diode operating characteristic and there-

fore required the same freedom when the diode was under the influence of 

a signal. Condenser Cl blocks D.C. from the signal source. Resistor RI is 
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large compared to the dynamic résistance of VI, which is about 2000 ohms 

and therefore ensures that VI will be driven from a constant current 

generator and will therefore hâve a sinusoidal current passed through it. 

R3 prevents the impédance of .the power supply from shunting the diode and 

also is large enough to ensure stability of the polarizing current, passed 

through VI. SI is provided to permit switching of the diode out of circuit, 

thereby permitting opération of the amplifier in -conventional fashion. V2 

and V3 comprise a conventional two stage voltage amplifier, provided with 

a volume control P3. VU is the 6L6G output tube, provided with variable 

grid bias by means of ?h. It was decided to use a direct résistive load 

with the plate current passing through it, since this eliminated possibi­

lités of error, which a conventional output transformer would hâve in-

troduced as a resuit of its losses and variation with f requency of the 

impédance presented to the tube. The type of opération chosen for the 

6L6G was class Al with fixed bias of - 18 volts, screen voltageof 250 volts, 

plate voltage of 350 volts and load résistance of U200 ohms. The plate 

supply voltage, required to provide for the drop in the load résistance was 

600 volts. Switch S2 was provided to enable a multi-range Weston model 

322 D.C milliameter to be switched into the plate circuit of VI and the 

screen and plate circuits of VU. Voltage measurements were made by means of 

a Weston model 772 analyser. 

The procédure used to set up the circuit will now be detailed. 

First, the Eg-Ip characteristic of the 6L6G was obtained by varying its 

grid voltage and keeping its screen and plate supply voltages constant at 

250 volts and 600 volts respectively. This curve is plotted as Fig.(11). 

As explained above the plate current range was chosen as 5 ma. to 

130 ma. Assuming sinusoidal output current, this would require an 

operating point midway between thèse extrêmes or at 67.5 ma. of plate current, 

corresponding to a grid bias of 16.3 volts. The ratio of the négative grid 

voltage departure, required to swing to 5 ma. of plate current, to the 

positive grid voltage departure, required to swing to 130 ma. of plate current, 
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was then obtained from Fig. (11) as 37.0 - 16.3 z 20-7 = 2.01 

16.3 - 6.0 10.3 

A number of static curves were then run for the 6SK7 diode, plots of 

which are shown on Fig. (12). First, with the cathode resistor Rlset at 

0 ohm3, curves were obtained for différent values of screen voltage by 

varying the plate supply voltage applied to the diode by means of P2, there-

by varying the current passing through the diode, and reading the values 

of voltage obtained across the diode. In each case the screen voltage was 

maintained constant at the chosen value by means of PI. Second, the same 

procédure was followed with the screen voltage maintained at 50 volts and 

with différent values of the cathode resistor R2. 

The extent to which thèse curves matched the Eg-Ip curve of the 6L6G 

was then tested on a trial and error basis as follows. First their gênerai 

shape was considered, which led to rejection of those with R2 set at 500 and 

1000 ohms because of the comparatively abrupt manner in which their slopes 

changed from that of the mid-range to that of the tail. The curve with the 

screen voltage set at 25 volts was also rejected because of its lack of 

curvature. Then,choosing différent operating points and différent amplitudes 

of input of sinusoidal current, the peak values of the resulting positive and 

négative half cycles of voltage appearing across the diode were taken off the 

remaining curves. The ratios of thèse peak values were then taken and com-

pa red to the figure of 2.01 obtained from the 6L6G curve. This led' to 

the conclusion that the best curve would be obtained with the cathode re­

sistor R2 set to 0 ohms and with the screen voltage at some value between 50 

and 75 volts. However, since increase of the screen voltage much above 50 

volts caused the screen dissipation to rise above its rated maximum, in view 

of the low plate voltage, and since the curve with screen voltage of 50 volts 

yielded a ratio of 1.90, when the operating point was set at 0.75 ma. with a 

peak value of applied current of 0.75 ma., it was decided to proceed with this 

curve• 

It was now necessary to détermine the D.C. component of the output wave-
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form of thediode, so as to enable an adjustment to the grid bias of the 

6L6G to restore it, since it would otherwise be lost through the coupling 

condensers between the diode and the 6L6G. This was done by developing the 

diode «s output waveform, shown on Fig. (lU) by applying a sinusoidal current 

of 0.75 ma. peak to the chosen diode characteristic and establishing the D.C. 

component by averaging over a cycle one half the différence between the 

number of squares in the positive and négative half cycles. The value so 

obtained was -0.12 volts, which, when multiplied by the ratio of "the positive 

swing required at the grid of the 6L6G to the positive swing appearing across 

the diode gave a required correction of -0.12 x 10.3 = Ô.98 volts. 

The two stage voltage amplifier was next tested to ensurethat it was 

free from distortion. Its frequency response was found to be within 0.5 db. 

down at 50 c.p.s. and 20,000 c.p.s., with respect to 1000 c.p.s. and its 

harmonie distortion less than 1% from 50 c.p.s. to 10,000 c.p.s. with an 

output voltage of 16 volts R.M.S. Thèse measurements were made with a 

Hewlett Packard model 205AG audio oscillator, a Hewlett Packard model 330B 

distortion analyzer and a Ballantyne model 300 vacuum tube voltîiteter. 

The circuit was then considered ready for setting up, which was carried 

out as follows. First, the plate supply, screen and grid voltages of the 

6L6G were set to 600,250 and -17.3 volts respectively, the grid voltage of 

-17.3 volts being required rather'than the chosen figure of -16.3 volts in 

order to restore the D.C. component of the input waveform. Next, the diode 

cathode résistance R2 was set to 0 ohms, its screen voltage to 50 volts by 

means of PI and its operating current to 0.75 ma., by means of P2. The input 

signal required from the oscillator to drive the diode with a signal of 

0.75 ma. peak was then calculated as follows. 

The dynamic résistance of the diode at its operating point was obtained 

from Fig.(12) as AE = 2.25-1.8 x 100O « 2000 ohms 
AI 0.25 

The total input résistance was therefore U9,0QO+-2,000 = 51,000 ohms and the 

required input voltage was therefore 
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Q.75 x 51,000 = 27.2 v o l t s RmUmSm 

l.lil x 1,000 

The oscillator was then connected to the input of the amplifier and 

its output adjusted to 27.2 volts at 1000 c.p.s. 

It was then necessary to adjust the gain of the two stage voltage 

amplifier so as to ensure application of the correct amplitude of"signal 

to the grid of the 6L6G. Since this signal was non-linear, it was ne­

cessary to do this on a peak to peak basis by using a calibrated 

oscilloscope. The oscilloscope used was a R.C.A. model 155A. The pro­

cédure was as follows. First the loading effect of the oscilloscope on the 

6L6G grid was determined by observing that it reduced the output voltage 

in the ratio of U8.5 to 50.0 or 0.95. Then the peak to peak value of vol­

tage required at the grid of the 6L6G was obtained from Fig.(11) as 31 volts. 

This voltage would be reduced to 0.95 x 31 or 29.5 volts with the oscil­

loscope connected to the 6L6G grid. The R.M.S. value of a sinusoidal 

voltage with peak to peak value of 29.5 volts is 29.5 = 10.h volts R.M.S. . 
2x1.Ul 

Accordingly the oscillator was connected to the oscilloscope and, with its 

output voltage adjusted to 10.h volts at 1000 c.p.s., the gain of the 

oscilloscope amplifier was adjusted so that the peak to peak magnitude of 

the trace on the oscilloscope screen was 20 divisions. The oscillator was 

then returned to the input of the amplifier and with the oscilloscope con­

nected to the grid of the 6L6G, the gain control P3 was adjusted to give an 

amplitude of waveform on the oscilloscope screen of 20 divisions. 

The output of the 6L6G was then measured by means of the Ballantyne 

vacuum tube voltmeter (which had been f itted with an external 3 to 1 

multiplier) and was found to be 186 volts. The output harmonie distortion 

was measured by means of the Hewlett Packard distortion analyzer and was 

found to be 1.9$, while a similar measurement of the signal applied to the 

grid of the 6L6G yielded a figure of 13.5$» 
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The output voltage of 186 volts represents a power output of 

186 x 186 = 8.25 watts 
U200 

The expected output based on the chosen plate current swing 5 ma. to 

130 ma. was 

( m O T ) X ^ § 2 = 8.19 watts 
10' 

SECTION V 

T E S T S A N D M E A S U R E M E N T S 

A number of tests and measurements and harmonie analysis of the more 

important waveforms were carried out. The results of thèse are given in 

this section. 

(I) Performance of the amplifier with the diode switched out of circuit. 

a) Voltages dn 6L6G - Efc>b ~ 600 volts 
E p - 350 volts 
Egg - 250 volts 
Eg - -18 volts 

b) P3 dn full 

c) Input to the amplifier adjusted to give 18 = 12.7 volts R.M.S on the 

grid of the 6L6G at 1000 c.p.s.. On this basis the input voltage to 

the amplifier was found to be 0.087 volts. 

d) A frequency response run was then made, keeping the input voltage at 

0.087 volts and reading the output voltage across R12, with results as 

follows. 

Frequ .c .p . s . 50 100 200 500 1000 2000 5000 10,000 20,000 
o/p voltage 219 225 225 72B TZtT "?2ÏÏ "T?? "TOU TET" 
Relative db.-0.3 -0.1 0 0 0 0 -0.2 -1.0 -1.8 

e) The power output at 1000 c.p.s. was then calculated as 

228 x 228 = 12.i| watts 
E2U0 

f) The total harmonie distortion was then obtained at the frequencies shown 

below by means of the Hewlett Packard distortion analyzer. 

Frequ.c.p.s 50 1000 5000 10,000 
Distortion db T7T5 T775 T53 lb.O 

Sisïoriî&î #': 13.5 13.5 15.5 18.0 
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g) The output waveform was then plotted from the calibrated oscilloscope 

and is reproduced on Fig.(13). 

h) The distortion at 1000 c.p.s. was then measured by means of a G.R. 

wave analyzer with the following relative amplitudes being obtained. 

Frequ. c.p.s. 

1000 
2000 
3000 

Uooo 
5000 
6000 
7000 
8000 
9000 

10,000 

Rel. Amplitude 

100.0 
11.6 
7.3 
li.O 
1.5 
0.8 
O.U 
0.0 
0.3 
0.3 

This gives a total percentage harmonie distortion, neglecting the 

5r— and higher harmonies of: 

s/ll.62-h7.32*» U.O2 = ïk.3% 
100 

i) The theoretically expected waveform was then obtained from the Eg-Ip 

characteristic of the 6L6G, shown as Fig.(11), by applying a sinusoidal 

voltage with peak value of 18 volts to it. The curve, so obtained, is 

reproduced in Fig. (13). 

j) Harmonie analysis of the waveform, referred to in (i) above, was then 

carried out for the D.C, ls'fc» 2nd, 3rd, and kth. harmonies, with 

amplitudes and phase angles as indicated below being obtained. 

Frequ. c.p.s. Amplitude Ma.Peak Phase Angle ^Amplitude 

D.C. 
1000 
2000 
3000 
Uooo 

9.1 
7U.0 
k.7 

-9.5 
-U.U 

Positive 

0. 
°o 180° 

180° 

12.3 
100 

6.7 
12.8 
6.0 

Thèse components together with their sum are shown plotted on Fig.(17). 

The percentage harmonie distortion, represented by thèse components, 

was then calculated as 

y U72-h 9>324- U.ii2 x 100 - 11.5 x 100 - 15.5£ 
7ÏÏ JU -
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k) The theoretical power output represented by the components in (j) 

above was then obtained, by first calculating the R.M.S. current as. 

^/-7».2^,. „2. rt „2. , ,2 7U-*-U.7 + 9.5^U.U<: . S2#8 ma. R#M.S. 
î.ia 

The expected power output was therefore 

52.8 x 52.8 x U200 _ H # 8 watts 

10 5 

(2) Performance of the amplifier with the diode in circuit 

a) Ail voltages, current s and adjustments as in Section 17 above; 

frequency 1000 c.p.s. unless otherwise specified. 

b) The voltage waveform across the diode was plotted from the calibrated 

oscilloscope and is reproduced on Fig. (lii). 

c) The voltage waveform applied to the grid of the 6L6G was plotted from 

the calibrated oscilloscope and is reproduced on Fig. (15)• 

d) The output voltage waveform of the 6L6G was plotted from the calibrated 

oscilloscope. The output current waveform, obtained by dividing the 

voltage values by 1*200 ohms, the value of the load resistor R12, is 

reproduced on Fig. (16). 

e) The theoretically expected output current waveform, was obtained by 

multiplying up the values of the diode output waveform, obtained in 

Sect. IV in thé ratio of 10.3 (this curve is plotted on Fig.(lU) and 
"X?5 

applying the waveform so obtained to the Eg-Ip characteristic of the 

6L6G. 

f) The harmonie content of the waveform across the diode, the grid of the 

6L6G and the output of the 6L6G were then measured by means of the 

Hewlett Packard distortion analyser with the following results. 
Diode Grid 6L6G Plate 6L6G 

Distortion db 17.5 17.5 3U.5 
Below sig. 
Distortion % 13.5 13.5 1.9 
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g) The wavef orms covered in (f ) above were then analyzed by means of 

the G.R. wave analyzer with the following results. 

Frequ.c.p.s. 

1ÔÔ0 
2000 
3000 
Uooo 
5000 
6000 
7000 
8000 
9000 

10,000 

Diode 

100 
îU.o 
5.2 
1.6 
0.8 
0.6 
0.3 
0.08 
0.05 
0.1 

Grid 6L6G 

100 
1U.7 
5.U 
1.5 
o.5 
o.U 
0.2 
o.oU 
o.oU 
0.1 

Plate 6L6G 

100 
1.8 
1.3 
0.3 
0.3 
0.7 
0.3 
0.03 
0 
O.lU 

Thèse gave percent harmonie distortions, neglecting £th and higher 

harmonies, as follows: 

Diode 

A 2 ' "~2 - - '2 
1U + 5.2 + 1.6 x 100 = l5#1^ 

100 
Grid 6L6G 

s/lU.724- 5.U2 4- 1.52 

100 

Plate 6L6G 

x 100 = 15.73g 

y 2 1 2 
>/l.8 * 1.3 + 0.3 x i o o = 2.2£ 

100 
h) The theoretical waveform across the diode, obtained from the diode 

characteristic (shown on Fig.(lU)) was then subjected to harmonie 

analysis for the D.C. component, Ist, 2nd, 3rd and Uth harmonies with 

results as follows 

Frequ.c.p.s. Amplitude-Volts Peak Phase % Amplitude 
tnr. 07?5 négative l£j3 
1000 i;67 0° 100 
2000 -0.28 180° 16.7 
3000 O.lU 0° 8.3 
UOOO -0.035 180° 2.1 

Thèse components together with their sum are down plotted on Fig.(l8). 

Thèse give a total percentage harmonie distortion of: 

>/ l6.72-i- 8^-*- 2.12 x 100 = 18.5* 
100 

i) The distortion was then measured at reduced output levels to check that 

compensation was not critical as to input signal level with results as 

follows 
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« , J. rr IJ. Distortion 
Output Volts Relative db db below Signal Distortion % 

132 ? 3h'$ 1-9 
y;* - 6 Uo.o i.o 

j) The frequency response was the measured at an output level 12 db 

down from the maximum output, by reducing the input voltage to 6.8 

volts, holding the input voltage constant at ail frequencies and 

measuring the output voltage, with results as follows: 

Frequ.c.p.s. |0 100 200 |00 1000 2000 50QQ 1Q,Q0Q 20,000 
o/p volts UU U5 U6 U6 U6 U6 UU 39 3U 
Relative db -0.U -0.2 0 0 0 0 -0.U -1.2 -2.0 

k) The distortion at the full output of 186 volts was then measured at 

différent frequencies with the Hewlett Packard distortion analyzer with 

results as follows: 

Frequ.c.p.s. 50 
Distortion db ~2% 
Below sig. 
Distortion % 5.6 

îoo îooo 5000 
30 3U.5 31 

3.2 1.9 2.8 

SECTION VI 

C O N C L U S I O N 

10,000 
18 

12 

With the exception of the theoretical harmonie analysis of the output 

waveform of the 6L6G, with the diode switched out of circuit, the theoretical 

results agrée with the expérimental results as well as may be expected. 

In the case of the above descrepancy it is felt that the theoretical 

hafmonic analysis is more likely to be in error, since the method used was 

essentially approximate and since the normal ouput of the 6LÔG includes 

a higher percentage of 2nd than of 3rd harmonie. 

The measured harmonie analysis of the 6L6G output, with the diode 

switched out of circuit, shows approximately the same harmonie content as 

that of the waveform applied to the grid of the 6L6G with the diode in 

circuit, indicating that components, of the correct magnitude to cancel the 



- 16 -

harmonie components generated in the 6L6G, are included in the signal 

applied to its grid. Since the operating range of the 6L6G is différent 

under the two conditions, the équivalence of the two harmonie contents 

could only be expected to be approximate. It is of course clear that 

nearly complète cancellation is taking place from a comparison of the 

measured harmonie contents of the input and output wavef orms of the 6L6G. 

It is regretted that a theoretical harmonie analysis of the 6L6G 

output waveform, with the diode in circuit was not feasible, owing to the 

difficulty of obtaining results of sufficient accuracy to hâve meaning when 

the harmonie content is small, without resorting to elaborate methods. 

The frequency response of the amplifier with the diode in circuit is 

reasonably flat shoTiring, as was to be expected, that there is no difficulty 

with the circuit in this respect. The fact that the distortion at 1000 c.p.s. 

decreased as the amplifier input was reduced shows that compensation re­

mains adéquate at ail signal levels up to the maximum value. This was ex­

pected, although the adjustment to the grid bias of the 6L6G to restore the 

D.C. component was too great except at maximum output, since the characteris-

tics of both diode and 6L6G become increasingly linear as the excursions 

from their operating points are reduced. The performance as regards har­

monie distortion with variation of signal frequency was not too satisfactory 

in tenus of high fidelity performance in that the distortion rose to 5.6^ at 

50 c.p.s. and 12$ at 10,000 c.p.s. . This can be explained however by the 

fact that the falling off of the amplifier gain at thèse frequencies upset 

the balance - of the circuit, which had had its input voltage and gain 

adjusted at 1000 c.p.s.. In a practical application of the circuit, as 

outlined below, the diode would operate at high level directly in the grid 

circuit of the 6L6G and under thèse circumstances it is believed that the 

problem would notvarise. 

. The improvement in performance of the 6L6G over the normal method of 

operating it with sinusoidal input is quite marked as regards harmonie dis-
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tortion, the distortion at full output being reduced from 13.5$ to 1.9$. 

Although the power output is less, the différence is seen to be of not too 

great significance when the ratio of the outputs of fundamental, as dis­

tinct from the total outputs, is expressed in db. as 

10 log 12.U (1-0.1352) = 1.69 db. 
8.25(1-0.0192) 

This différence in power output of fundamental or desired signal is 

unavoidable since a sinusoidal output current, occupying the full current 

range of the tube représents a power output of only 

67.5 x 67.5 x i^oo = 9.5 watts 
2 x 10° 

As may be seen from Fig. (17) the greater amplitude of fundamental, obtained 

with normal opération, is only made possible by the présence of the harmonies, 

which subtract from the fundamental at those points where the output of 

fundamental would otherwise exceed the available current range. 

The question as to whether this circuit is suitable for use in 

practical applications has notbeen made a part of this work. It must be 

appreciated that the circuit relies on a form of balancing action and is 

therefore critical in the àense that a bridge balance is critical. Thus 

variation from tube to tube fflight very well impair its performance. In the 

case of the diode used in this experiment, the bottom end of its characteris­

tic is négative, due to contact potential, which is quite variable from 

tube to tube and would therefore cause trouble. However, a diode might 

very well be designed to match the 6L6G characteristic at a much higher 

voltage level thus rendering the effectof contact potential negligible. 

As regards uses for the circuit, provided the above requirement could 

be met, it must first be made clear that it offers little or no improvement 

over the performance of push-pull amplifiers,since in the latter the com-

bined characteristic is made very nearly linear. This would appear to lLmit 

its use to domestic radio receivers of low power output, where the cost of 
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a push-pull output stage would be prohibitive. The importance of reducing 

the harmonie distortion in the output of such receivers has increased with 

the advent of frequency modulation and the corresponding need of improvement 

in the performance of such receivers if really high fidelity reproduction 

is to be achieved. It is f elt that the circuit could be incorporated into 

such receivers with little increase in cost, since the diode could be built 

into the envelope of the power output tube and could be used as the plate 

load for the driver stage, which would probably hâve to be a pentode rather 

than the conventional high-mu triode, so as to ensure that the diode would 

be driven by a constant current gênerator. 

It is regretted that there was no time to attempt the design of a 

suitable diode and to make further tests of the circuit, such as inves-

tigating the effect of variations from tube to tube and attempting to find 

a better operating characteristic for the 6L6G, owing to transfer of the 

author from the Northern Electric Co. at the end of August, 19U7. Inves­

tigation of the latter point may well hâve resulted in increased power 

output, since the operating line used was chosen by the tube designers on 

the basis of a compromise between power output and harmonie distortion. 

It is wished to express sincère thanks to the Electronics Division 

of the Northern Electric Co., for having made available the laboratory 

facilities and material required for this work. 

SECTION VII 

TABULATION OF RSADINGS AND CALCULATIONS 

With a view to presenting as complète information as possible, 

following are ail readings and calcuations not given in the preceding 

sections. 

(a) Readings from which the Eg-Ip characteristic of the 6L6G, plotted as 

Fig.(11) were obtained. 
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Eg-volts _0_ -3 

Ip-ma. 135 13U 

Eg-volts 
Ip-ma. 

-27 
2U 

130 

-30 
16 

-9 
llU 

-33 

-12 
96 

-36 

-15 -18 -21 -2U 
76 60 UU 33 

-39 -U2 -U5 
10 6.5 3.9 1.9 1.1 

b) Readings from which the Ep-Ip characteristics of the 6SK7 diode, plotted 

on Fig. (12), were obtained. 

Esg - 50 volts R2 - 0 ohms 

Ip-ma. 2.00 1.75 1.50 1.25 1.00 0.75 0.50 0.25 0.015 

Ep-voits 53B7 3TU2 3705 "23F 2725 î ^ ô 0 7 ïïTc"? ^0757 
Esg - 50 volts R2 - 500 ohms 

Ip-ma. 2.00 1.75 1.50 1.25 1.00 0.75 0.50 0.25 0.032 0 
Ep-volts <T75Ï U.62 3.99 3.65 3.20 2.75 2.21 1.75 1.0 Ô 

Esg - 50 volts R2 - 1000 ohms 

Ip-ma. 2.00 1.75 1.7U 1.50 1.25 0.75 0.50 0.25 0.008 0.003 0 

Ep-volts 27.2 8.71 7.0U 5.35 U.51 3.U2 2.89 2.35 1.75 1.02 0 

Esg - 25 volts R2 - 0 ohms 

Ip-ma. 2.00 1.75 1.50 1.25 1.00 0.75 0.50 0.25 0.16 0 

Ep-voits T~o~9 TlWf ïïTHï 1755 27B2 ?72ï T76"2 oTET Ô753 -Ô75E 

Esg - 75 volts R2 - 0 ohms 

Ip-ma. 2.00 1.75 1.50 1.25 1.00 0.75 0.50 0.25 0 

Ep-volts 2.91 2.52 2.20 1.95 1.65 1.20 '0.85 0.21 -0.69 

c) Détermination of optimum diode curve and operating point. 

Esg - 50 volts R2 - 0 ohms 

Ip range 

1.75 
0.875 
0 

Ip range 

1.5 
0.75 
0 

Ip range 

1.0 
0.5 
0 

Ep range 

3.U2 
2.00 
-0.57 

Ep range 

3.05 
1.80 
-0.57 
Ep range 

2.25 
1.27 
-0.57 

Ep swings 

1.U2 
0 
2.57 

Ep swings 

1.25 
0 
2.37 

Ep swings 

0.98 
0 
1.85 

Ratio 

1.81 

Ratio 

1.89 

Ratio 

1.88 
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Esg - 75 volts 

Ip range 

1.0 
0.5 
0 

Ip-range 

0.9 
0.5 
0.1 

Ip range 

0.985 
0.5 
0.015 

R2 - 0 

Ep range 

1.65 
0.85 
-0.69 

Ep range 

1.U7 
0.85 
-o.U 
Ep range 

1.575 
0.85 
-0.69 

ohms 

Ep swings 

0.75 
0 

i.UU 
Ep swings 

0.62 
0 
0.89 

Ep swings 

0.725 
0 
1.5U 

Ratio 

1.92 

Ratio 

i.U 

Ratio 

2.12 

d) Performance of the 2 stage voltage amplifier 

(1) With P3 on full and 0.125 volts R.M.S. applied to the grid of the 

first 6J5, the voltage appearing on the grid of the 6L6G was 

measured with the following results. 

Frequ.c.p.s^ 50 100 200 500 1000 2000 .5,000 10,000 20,000 
o/p voltage Î579 T S T S " 5 "35" 1 5 " 16 "T579 15.1 
Relative db.-O.l 0 0 0 0 0 0 -0.1 -0.5 

(2) With the output kept constant at 16 volts R.M.S. the total harmonie 

distortion was measured by means of the Hewlett Packard distortion 

analyzer with the following results. 

Frequ.c.p.s. 50 1000 5000 10,000 
Distortion-db. below sig. Ul U2 W? ÏÏL 
Distortion % 0.9 0.8 0.6 0.9 

e) Readings from which the waveform > of the output of 6L6G, with the 

diode switched out of circuit, shown on Fig.(13),was plotted from the 

oscilloscope. 
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Oscilloscope time 10 9 8 7 6 5 U 3 2 1 0 
base scale divs. 
Oscilloscope ampli- 0 U 7 9 9 9 9 8 -^-linear —»» 
tuds scale divs 
Waveform voltages- 0 lUU 252 32U 32U 32U 32U 288 -^-linear-*-
volts 
Waveform currents-ma. 0 3U 6l 77 77 77 77 68 ««-linear—*-

Oscilloscope time 1 2 3 U 5 6 7 8 9 10 
base scale divs . 
Oscilloscope ampli- -2 .5 -U -5 .2 -5 .9 -6 .1 -6 -5.8 -5 .0 -3 .3 0 
tude scale d ivs . 
Waveform vol tages- -90 -lUU -187 -213 -220 -216 -209 -180 -119 0 
vo l t s 
Waveform currents-ma.-21 -3U -U5 -5l -52 -51.5 -50 -U3 -28 0 

The waveform voltages were obtained by determing the oscilloscope 

sensitivity by means of the oscillator and the Ballantyne voltmeter. This 

gave a sensitivity of 1 scale div. = 36 volts. The waveform currents were 

-obtained by dividing the waveform voltages by the ÔLÔG load résistance of 

U200 ohms. 

f) Development of the output waveform of the 6L6G, with the diode out of 

circuit, shown on Fig. (13), by applying a sinusoidal voltage of 18 volts 

peak with a grid bias of -18 volts to the Eg-Ip characteristic shown on 

Fig. (H) 

Phase angle 0 22.? U5° 90° 135° 1^7.5° 
Input volts O 6.9 12.7 18 12.7 6.9 
Eg-volts -18 -11.1 -5.3 0 -5.3 -11.1 
Ip-ma. 60 100 132 135 132 100 
o7p-ma. 0 UO 72 75 72 UO 

Phase angle 180° 202.5° 225° 270° 315° 337.5° 
Input volts 0 -6.9 -12.7 -18 -12.7 -6.9 
Eg-volts -18 -2U.9 -30.7 -36 -30.7 -2U.9 
Ip-ma. 60 29 }h 6.5 Jk 29 
o/p-nia. 0 -31 -U6 -53.5 -U6 -31 

g) Harmonie analysis of waveform, obtained in (f) above. 

This was done by choosing the axis XX, on Fig. (13), as origin so as to 

eliminate sine terms, and using the value of the ordinate at the points 

0° U5° 90°, }-35°> 180° to cfotain the five following équations from the 
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. expression 

I = I0-* I i cos 6 f l 2 cos 2e -f- I3 cos 36 -+-1^ cos U© 

7k - Xo + h + h -*" h + JU 
72 : IQH- 0.71-j, 4- 0 -O.7I3 - I u 

0 z I 0 -+ 0 - I 2 -f 0 4 1^ 

-U5 - i 0 - 0 . 7 1 ! 4 0, 4 0.713 - 1 ^ 

- # - I 0 - I i 4 I 2 - I3 -f \ 

Solution of thèse gave 

I0 z 9.1 ma. 

I«L z ?k ma. 

12 z U.75 ma. 

13 z -9.5 ma. 

1]̂  Z -U.U ma. 

h) Readings from which the oscilloscope waveform of the output of the 

diode, shown on Fig. (lU), was plotted. 

Oscilloscope time 10 
base scale divs. 
Oscilloscope ampli- 0 
tude scale divs. 
Waveform voltage- 0 
volts 

Oscilloscope time U 
base scale divs. 
Oscilloscope ampli- U.5 
tude scale divs. 
Waveform voltage- 1.25 
volts 

Oscilloscope time 1 
base scale divs. 
. Oscilloscope ampli 1.8 
tude scale divs. 
Waveform voltage- -0.5 
volts 

Oscilloscope time 6 
base scale divs. 
Oscilloscope ampli 7.5 
tude scale divs. 
Waveform voltage- -2.1 
volts. 

9 

l .U 

o.U 

3 

U.o 

1.1 

2 

-3 .8 

-1 .1 

7 

-5.5 
-1 .6 

8 

2.6 

0.7 

2 

3.0 

0.8 

3 

-6.0 

-1.7 

8 

-3 .8 

-1 .1 

7 

3.5 

1.0 

1 

1.8 

0.5 

U 

-8 .0 

-2 .3 

9 

-1 .8 

-0 .5 

6 

U.U 

1.2 

0 

0 

0 

5 

-8.7 

-2 .5 

10 

0 

0 

5 

U.6 

1.3 
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The waveform voltages were obtained by determing the oscilloscope 

sensitivity by means of the oscillator and Ballantyne voltmeter. This 

gave a sensitivity of 1 scale div. - 0.283 volts 

(I) Readings from which the oscilloscope waveform of the signal applied 

to the grid of the 6L6G, shown on Fig. (15), was plotted. 

Oscilloscope time 10 9 8 7 6 5 
base scale divs. 
Oscilloscope ampli- 0 l.U 2.5 3.5 U.U U.5 
tude scale divs. 
Waveform voltage- 0 3.3 5.9 8.2 10.3 10.6 
volts. 

Oscilloscope time U 3 2 1 0 
base scale divs. 
Oscilloscope ampli- U.U 3.8 3.0 1.6 0 
tude scale divs. 
Waveform voltage- 10.3 8.9 7.0 3.8 0 
volts 

Oscilloscope time 1 2 3 U 5 
base scale divs. 
Oscilloscope ampli- -1.8 -3.6 -6.0 -8 -8.6 
tude scale divs. 
Waveform voltage- -U.2 -8.5 -lU.l -19.8 -20.2 
volts. 

Oscilloscope time 6 7 8 9 10 
base scale divs. 
Oscilloscope ampli- -7.5 -5.5 -3.6 -1.8 0 
tude scale divs. 
Waveform voltage- -17.6 -12.9 -8.5 -U.2 0 
volts 

The waveform voltages were obtained by determing the oscilloscope 

sensitivity by means of the oscillator and Ballantyne voltmeter, 

taking into account the réduction of 6L6G output voltage in the 

ratio of 0.95 owing to the loading effect of the oscilloscope. This 

gave a sensitivity of 1 scale div. - 2.35 volts. 

(j)Readings from which the oscilloscope waveform of the output of the 



9 

3.0 

87 

20.7 

3 

7.5 

218 

52 

2 

-6.0 

-173 

8 

5.1 

1U7 

35.Ô 

2 

6.1 

176 

Ul.9 

3 

-7.8 

-225 

7 

7.0 

202 

U8.2 

1 

3.2 

92 

21.9 

U 

-9.0 

-260 

6 

8.7 

252 

60.0 

0 

0 

0 

0 

5 

-9.1 

-263 

5 

9.0 

260 

61.0 
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6L6G, shown on Fig. (16) was plotted. 

Oscilloscope time 10 
base scale divs. 
Oscilloscope ampli- 0 
tude scale divs. 
Waveform voltage- 0 
volts 
Waveform current-ma. 0 

Oscilloscope time U 
base scale divs. 
Oscilloscope ampli- 8.9 
tude scale divs. 
Waveform voltage- 257 
volts 
Waveform current-ma. 61.3 

Oscilloscope time 1 
base scale divs. 
Oscilloscope ampli 3.0 
tude scale d ivs . 
Waveform voltage- -87 
volts 
Waveform-current-ma.-20.7 -Ul.2 -53.5 -61.9 -62.7 

Oscilloscope time 6 7 8 9 10 
base scale divs. 
Oscilloscope ampli 8.6 -7.0 -5.1 -2.U 0 
tude scale divs. 
Waveform voltage- -2U8 -202 -lU7 -69 0 
volts 
Waveform current-ma.-59.0 -U8.2 -35.0 -16.U 0 

The waveform voltages were obtained by determing the sensitivity of 

the oscilloscope by means of the oscillator and Ballantyne voltmeter. 

This gave a sensitivity of 1 scalefz 2&.9 volts. The waveform 

currents were obtained by dividing the voltage values by U200 ohms, 

the value of the load résistance R 12. 

k)Development of the output waveform of the diode from its Ep-Ip 

characteristic by applying a sinusoidal current of 0.75 ma. peak 

and of the output waveform of the 6L6G, by applying the diode waveform, 

multiplied up in the ratio 10.3 to the Eg-Ip characteristic of the 

1.2b 
6L6G. 
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Phase angle 0° 22.5° U5° 90° 135° 1C7 <° 
Diode input-ma. 0 0,28 0.53 0.75 0.53 0 28 
Diode Ip-ma. 0.75 1.03 1.28 1.50 1.28 1 03 
Diode Ep-volts 1.80 2.25 2.68 3.05 2.68 2*25 
Diode o/p-volts 0 0.U5 0.87 1.25 0.87 0*.U5 
6L6G input-volts 0 3.7 7.2 10.3 7.2 3 7 
6L6G Eg-volts -16.3 -12 6 -9.1 -6.0 -9.1 -12*6 
6L6G Ip-ma. 68 92 113 130 113 92 
6L6G o/p-ma. 0 2U U5 62 U5 2U 

Phase angle 180° 202.5° 225° 270° 315° 337 5° 
Diode input-ma. 0 -0.28 -0.53 -0.75 -0.53 -0.28 
Diode Ip-ma. 0.75 0.U7 0.22 0 0.22 0.U7 
Diode Ep-volts 1.80 1.20 -0.55 -0.57 -0.55 1.20 
Diode o/p-volts 0 -0.60 -1.30 -2.37 -1.30 -0.60 
6L6G input-volts 0 -U.9 -10.7 -19.5 -10.7 -U.9 
6L6G Eg-volts -16.3 -21.2 -27.0 -35.8 -27.0 -21.2 
6L6G Ip-ma. 68 U3 23 7 23 U3 
6LÔG o/p-ma. O -25 -U5 -6l -U5 -25 

l) Development of the harmonie analysis of the voltage waveform across 

the diode, obtained in (k) above, using the method outlined in (g) 

above, taking the axis XX on Fig.(lU) as origin. 

1.25 = EQ + % -4- E2 -\ E3 + E^ 

0.87 = EQ -r 0.7E1 + 0 -0.7E3 - E^ 

0 - E 0 + 0 - E2 -h 0 •+ E^ 

-1.3 z EQ - 0.7E1+ 0 -+- 0.7E3 - E^ 

-2.37 - EQ - E1 4- E2 - E3 H- E^ 

Solution of thèse gave: 

E 0 = -0.25 volts 

% z 1*67 " 

E2 = -0.28 » 

E3 - O.lU n 

Ei ̂ z -0.035 " 
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