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Anyone who has noticed a lack of stability in his Williamson-type amplifier 
may have wondered what caused it and how it could be corrected. The author 
gives the reasons and describes the methods taken to eliminate the troubles.

INVERSE OR NEGATIVE FEEDBACK has be­
come widely accepted in the design 
of audio amplifiers. It may safely be 

said that it is incorporated in all output 
amplifiers of quality manufactured at 
the present time. This widespread use 
results from the benefits that can be pro­
duced by its application. This discussion 
will he iimited mainly to the application 
of inverse voltage feedback to audio 
amplifiers. This type of feedback acts 
to reduce the output impedance of an 
amplifier in addition to reducing the 
distortion and noise produced. It also 
extends the frequency response of the 
amplifier.

The gain of an amplifier with voltage 
feedback is given by the equation A ,~

----------, where A is the raw gain of the
1 -  BA
amplifier (gain in the absence of feed­
back), and B is the percentage of the 
output voltage that is fed back. Distortion 
is reduced by the same proportion and. 
if the input signal is increased to make 
up for the loss o f gain, the noise intro­
duced by the amplifier is also reduced 
by the same factor. The loss o f gain is a 
small price to pay for the benefits de­
rived since voltage gain is easily ob­
tained.

The output impedance of an' amplifier 
with inverse voltage feedback is given

by the equation Z f =— 7?„ is the 
7 -  \iBAt "

plate resistance of the output tube, n is 
the amplification factor of the output 
tube, B is the portion of the output volt­
age fed back, and A,  is the amplification 
of the amplifier between the point where 
the feedback voltage is inserted and the 
grid of the outut tube. In the case of 
pentodes and tetrodes where p may be 
up to 200 or 300 it can be seen that a 
very small amount o f feedback will give 
a tremendous reduction of output im­
pedance. Figure 1 shows the result of 
applying 1/15 of the output of a 6L6 
to the grid o f the tube. The plate resist­
ance is reduced from about 25,000 ohms
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Fig . 1. Typ ica l p late  fa m ily  of a  6L6 
w ith  1/15  o f its output fed  back to the 

input.

to less than 2000 ohms. Observation of 
the curves will show that the power-out­
put capabilities of the tube have not 
been diminished and a comparison with 
curves for a triode-conneeted 6L6 will 
show that it is much more linear, and 
regardless of the load placed on the tube 
the tetrode with inverse feedback has 
superior characteristics. Inverse feed­
back applied to the triode will make the 
plate characteristics more linear but 
they can do nothing to increase the 
power capabilities of the tube.

In practice the amount o f feedback 
that is needed to reduce distortion re­
duces the output impedance to a satis­
factory value. There are opinions which 
diverge from this view but they are seem­
ingly in the minority and are divided 
between those who think that the usual 
amount of voltage feedback does not 
sufficiently reduce the impedance, and 
those who think that it reduces the im­
pedance too much. From the standpoint 
of standardization both of these views 
create difficulties because it seems that 
all that it is reasonable to expect of a 
speaker manufacturer is that he will 
strive to produce a speaker w7hich will 
give a uniform acoustic output over a 
given freuency range when the speaker 
is furnished a uniform voltage input.

I f  -we are satisfied that the amount 
of inverse voltage feedback which we 
are going to apply will give us a usable 
output impedance— one fifth of the load

impedance or less— we may eliminate the 
consideration of over-all current feed 
back and the additional complications 
which it entails. We may still make use 
of negative current feedback inside the 
main feedback loop by such means as 
unbypassed cathode resistors. Having de­
cided that negative voltage feedback is 
what we need in our amplifier we must 
consider how much we need and how 
we should apply it.

Feedback Methods
We may say that reducing the distor­

tion to 1 per cent IM just before we 
drive the output grids to clipping level 
is a reasonable standard for high fidelity 
purposes. There may be some argument 
with this standard, but it is very close 
to what is generally realized in the bet­
ter amplifiers today. In the usual circuits 
this calls for about 20 db o f inverse 
feedback. In a properly designed ampli­
fier the major portion of the distortion 
will be produced in the output stage; 
therefore, any useful feedback system 
will include the output stage. Internal 
feedback loops which do not include the 
output tubes should not be counted as 
being effective in reducing the total dis­
tortion. Such figures are most useful 
for advertising purposes.

At this point we may mention briefly 
two other feedback systems. The output

Fig . 2 . Typ ica l coupling c ircu it w ith  one 
tim e constant and  its c irc le  d iag ram  

sh ow ing  phase sh ift .



tube cathodes are sometimes returned 
to the ends of a secondary or tertiary 
winding on the output transformer which 
is so phased that the voltages produced 
in this winding oppose the grid to cath­
ode signal voltages. This connection is 
very' effective in reducing' distortion and 
output impedance, but has the disadvan­
tage that special output transformers 
are required. It is generally used with 
some type of over-all feedback system 
because if over 6 to 10 db of feedback 
is applied by this method the voltage 
required from the driver stage becomes 
difficult to furnish without encountering 
appreciable distortion in the driver stage.

The screen grids of the output tubes 
may be tapped up on the primary of the 
output transformer in the Ultra-Linear 
connection. This connection slightly re­
duces the output power available from 
a given set of tubes for a specified volt­
age supply condition, but it also allows 
the screen voltage to be increased so that 
this loss in power output capabilities 
may be recovered. This system is also 
usually used with some over-all feedback 
system since only 5 or 6 db of feedback 
may be applied thereby, and because it 
does not reduce distortion by the same 
factor that it reduces gain. It is useful, 
however, to reduce the output impedance 
of the tubes at very high frequencies 
when phase shifts in other parts of the 
circuit reduce the effectiveness of the 
over-all feedback loop for this purpose. 
This connection also requires a special 
transformer and such, transformers are 
now available at about the same price 
as equivalent transformers without the 
screen taps.

Over-all voltage feedback is custom­
arily obtained from the plates of the 
output tubes or from the secondary of 
the output transformer. Although some 
commercial amplifiers have been pro­
duced which take the feedback voltages 
from the plates of the output tubes, 
such systems have very serious disadvan­
tages. First they do not remedy any de­
fects in the output transformer response 
or distortion characteristics. Second, they 
place severe requirements upon the 
power-supply filtering and the balance 
between the halves of the primary of the 
output transformer if they are not to 
increase the hum in the output of the 
amplifier. This situation results because 
such a system acts to reduce, at the 
plates of the output tubes, any signal 
that is not present in the amplifier ahead 
of where the feedback voltage is intro­
duced. I f  there is any hum voltage pres­
ent at the center tap of the output trans­
former, the feedback will act to reduce the 
amount of hum at the plates of the tubes 
to less than the amount at the center. 
Therefore, there will be hum currents 
flowing in the halves of the output- 
transformer primary. These currents are 
out of phase but even so they will pro-

Fig . 3 . C irc le  d ia g ram s fo r circu its hav in g  
m ore than one tim e constant w ith in  the 

feed b ack  loop.

duee a voltage in the secondary of the 
transformer unless the currents are 
equal and the halves of the transformer 
primary are exactly balanced.

A special case of feedback is the con­
nection of a network from the plate to 
the grid of a single stage. Such a system 
does not reduce the gain o f the stage 
around which it is connected but reduces 
the gain o f the previous stage by reduc­
ing the load resistance into which the 
previous stage works. Because such a 
system may offer an abnormally low 
load to the previous stage it may produce 
more distortion in the driver stage than 
it reduces in the output stage. In a high- 
quality amplifier it should not be used 
where the signal voltage exceeds a volt 
or two.

Finally we may consider the system 
where the feedback voltage is taken 
from the secondary o f the output trans­
former. This has the advantage that in 
addition to reducing noise and distor­
tion in the remainder of the amplifier 
it also reduces the distortion and the 
variation o f frequency response caused 
by deficiencies of the output transformer. 
It has the disadvantage that the amount 
of feedback which can be applied may 
be more limited by the considerations 
of stability than is the case when the 
feedback voltage is taken from the pri­
me iw o f the output transformer.

Possibility of Oscillation
When we previously considered the 

feedback gain equation we were think­
ing o f the mid-frequency situation where 
A is positive and B is negative thus 
making -  AB  a positive number. At

frequency extremes -4 is no longer a 
positive real number. It becomes complex 
and may lie in any o f the four quadrants. 
B may also change phase and magnitude 
with frequency. I f  AB  becomes 1 or 
greater in magnitude and is a positive 
real number the amplifier will be sub­
ject to oscillation.

This situation may be avoided by in­
suring that the phase shifts around the 
entire feedback loop do not add up to 
180 deg. until the quantity BA  is less 
than one.

The difficulty of achieving the above 
requirement for stability will depend 
upon the design of the amplifier. At 
very low frequencies each 1\G coupling 
circuit may be considered as one time 
constant, and a resistor shunted by an 
inductance may also be considered one 
time constant. The output transformer 
may be considered as one time constant 
at low frequencies. At very high fre­
quencies a resistor shunted by a capaci­
tance is one time constant. At very high 
frequencies the output transformer is a 
much more complex device and if the 
speaker-system impedance increases so 
that the transformer may be considered 
to be operating unloaded it may be con­
sidered to be roughly the equivalent of 
two time constants.

Each time constant represents a phase 
shift which may reach a maximum of 
90 deg. Figure 2 shows the circle diagram 
representing the action of one time con­
stant. When the phase shift is 90 deg. 
the output voltage is zero so a feedback 
loop containing two time constants is 
stable because the gain apjrroaches zero 
when the total phase shift approaches 
180 deg. Figure 3 shows the results of 
having a larger number of time constants 
within the feedback loop. I f  we have 
three equal time constants within the 
loop the voltage gain around the loop 
will be reduced by a factor of 8, or 18 
db, when the phase shift is 180 deg. In 
this case we could have about 12 db of 
inverse feedback and a safety margin of 
6 db to allow for changes of gain due 
to aging of components and replace­
ment of tubes. With four equal time con­
stants the loss in voltage gain at 180 
deg. phase shift is 4, or 12 db. This 
allows 6 db of feedback and 6 db for a 
safety factor. Since we may have as 
many as five time constants in an ampli­
fier we must look for some solutions to 
the phase shift-gain problem if we are 
to apply the 20 db o f feedback that we 
mentioned earlier.

Remedies
What remedies are available to recon­

cile the conflicting requirements of dis­
tortion reduction and of maintaining 
stability? The first and easiest method 
which we can adopt is to stagger the 

( Continued on page 65)



values o f the time constants of the vari­
ous stages. Thus in the case of a three- 
time-eonstant circuit if we design so 
that one o f the time constants is ap­
proaching 90 deg. when the other two 
are just past 45 deg., let us say one cir­
cuit at 80 deg. and two at 50 deg., we 
will have system which will allow the 
application of 20 db of feedback with 
almost 10 db of safety margin.

Since the Williamson type amplifier 
is a very popular type, let us study it 
in detail. An analysis of the circuit in 
Fig. 4 shows that it has three time con­
stants at low frequencies— two EC cou­
pling circuits and the output trans­
former; therefore we should be able to 
maintain low frequency stability with 
20 db of feedback.

Because it is much easier to obtain 
response at low frequencies by the use 
of EC circuits than by means o f trans­
formers it is evident that we should have 
the longer time constants in the EC cou­
pled stages. We should try to approach 
a 10-to-l ratio between the time constant 
o f at least one of the EC stages and the 
transformer primary inductance-plate to 
plate load combination. Such a long EC 
constant is difficult to obtain in the out­
put stage of the Williamson since the 
output tubes are operated at a high plate 
dissipation which requires that the grid 
leak resistors be kept low in value to 
prevent the tubes from running away 
from the effects of ion currents or grid 
emission. The size of the coupling capaci­
tors is similarly limited by the consider­
ations of leakage and physical size. The 
time constant in the output grids is made 
about 1/40 sec. and the constant o f the 
driver grid circuit is made about 1/S 
sec. Exact calculations on the low-fre­
quency characteristics of the amplifier 
are complicated by the fact that the pri­
mary inductance of the output trans­
former may change appreciably with a 
change of signal level; therefore, the 
time constant o f the transformer will 
change with signal level.

At very high frequencies the problem 
of insuring stability is much more com­
plicated because we have five time con­
stants to deal with, two of which are 
tied to the characteristics of the output 
transformer. Even if it were easily pos­
sible there would be no advantage of 
making all the other time constants 
shorter than those of the transformer, 
since it is possible that the transformer 
alone could give 180 deg. phase shift 
before the gain around the feedback 
loop was reduced to one. It is therefore



Fig . 4 . S im p lif ied  schem atic o f a W illiam son-type  a m p lif ie r . N etw ork  show n dotted 
in p la te  c ircu it o f f irs t tube w il l  change am p litu d e  and  phase response.

necessary to design the other stages so 
that the response of the whole circuit 
is down considerably before the reso­
nant frequency of the transformer is 
reached. It is for this reason that it is 
necessary to have a transformer with 
good high-frequency response in order 
to obtain satisfactory operation in a 
feedback amplifier.

Although feedback will compensate 
for a great deal of loss within the band 
pass of an amplifier, an examination of 
the basic feedback gain equation will 
show that such a loss comes off the top 
of the amplification. That is, when the 
“ raw” gain of the amplifier is reduced 
the over-all gain remains almost constant 
and the gain reduction due to feedback 
and with it the distortion reduction are 
diminished almost as much as the raw 
gain. For this reason the benefits of the 
feedback will be lost to about the same 
extent that the raw gain is lost. With 
such a limitation it is desirable to make

two of the 7?C time constants somewhat 
longer than those of the transformer 
and give special treatment to the other 
one. A step circuit connected from the 
plate of the input amplifier to ground, 
shown dotted in Fig. 4, can be added. 
Such a network will cause the first 
stage to have an amplitude and phase 
response as shown in Fig. 5. This re­
sponse coupled with the response o f the 
other two resistance-coupled stages can 
give a system that is just barely stable. 
A little margin of safety can be realized 
by making B a complex quantity with 
phase characteristics the opposite of 
those of A. This may be done by shunt­
ing all or part of the feedback resistor 
with a capacitor. In Fig. 4 all o f the re­
sistor is shown shunted.

Testing Procedures
Since very few individual experiment-



Fig . 6 . 'Scope pattern  show ing  ring ing  
on 10 ,000-cps sq uare  w a v e .

ers or hobbyists who build audio ampli­
fiers have phase meters or access to them 
and very few have audio oscillators with 
a range of 1 to 100,000 cps, the preced­
ing information is of interest mainly for 
background purposes. With the mini­
mum equipment which one should have 
available in order to adjust high-fidelity

Fig . 7 . W hen sm all cap ac ito r is added 
across output c ircu it, o sc illa tio n  increases.

systems the practical aspects of the sta­
bility problem can be worked out. This 
minimum of equipment consists of an 
audio oscillator which produces sine and 
square waves at frequencies up to 10,000 
cps and an oscilloscope which will dis­
play these waveforms. Host oscilloscopes 
have response up to 100,000 cps and are 
thus adequate to reproduce a 10,000 cps 
square wave. An oscilloscope with a slow 
sweep speed o f about two seconds is very 
useful for the investigation of the low- 
frequency response o f the amplifier to 
transients, but essentially the same in­
formation can be obtained by watching 
a meter needle or a speaker cone when 
transients are fed into the amplifier. I f 
only a sine wave oscillator is available 
a simple clipper can be built to change 
the sine waves to square waves.

Once an amplifier is finished it should 
be turned on with a resistance load con­
nected to the terminals and the feedback 
loop disconnected. An oscilloscope should

be connected across the load and the 
audio oscillator connected to the input 
of the amplifier. The oscillator should 
be adjusted to furnish a small signal 
and the oscilloscope should be set up so 
that a trace of a convenient size is visi­
ble on the screen. Next the feedback net­
work should be connected. If the ampli­
tude of the trace on the 'scope screen is 
reduced you have everything hooked up 
correctly. I f  the amplifier goes into vio­
lent oscillation at some medium fre­
quency it is necessary to reverse either 
the primary or the secondary leads of 
the output transformer. I f  instead of 
achieving a reduction of height of the 
trace when the transformer connections 
are correct you get very high frequency 
oscillations you have an amplifier which 
is unstable with the amount of feedback 
used and the amount of feedback should 
be reduced until steps are taken to in­
crease the stability o f the amplifier.

It may also happen that the amplifier 
is unstable at low frequencies which will 
be evidenced by motorboating which 
may either be spontaneous or be depend­
ent upon being initiated by some tran­
sient. In this case also the amount of 
feedback should be decreased until the 
amplifier is stable so that means o f in­
creasing the margin of stability can be 
explored.

Taking the high-frequency troubles 
first; after stability has been restored 
by decreasing feedback a 10,000-cps 
square wave should be applied to the 
input of the amplifier. The wave form 
shown on the oscilloscope will be likely 
to have the appearance of Fig. 0 which 
shows violent ringing on the top o f the 
10,000-cps square waves. A .005 pf ca­
pacitor connected across the load resistor 
gives the waveform shown in Fig. 7. The 
capacitor lowers the resonant frequency 
of the output and thereby reduces the 
stability of the amplifier. Figure 7 shows 
that the amplifier is almost in continu­
ous oscillation. When the step circuit

Fig . 8 . A d d ition  of netw ork  o f F ig . 4 re­
duces ring ing  a p p re c ia b ly .



Fig . 9 . C ap ac ito r across output em p ha­
sizes overshoot of a m p lif ie r , even w ith  

Fig . 4 netw ork in p lace .

of 4700 ohms and .OOlpf is connected 
from the plate of the first tube to ground 
the waveform of Fig. 8 is produced. 
There is a slight overshoot on the lead­
ing edge o f the wave. This overshoot is 
emphasized when a .05-nf capacitor is

Fig . 10. A d d ing  sm a ll cap ac ito r across 
feed b ack  resisto r of a m p lif ie r  changes 

pattern o f F ig . 9 to th is.

put across the load as shown in Fig. 9. 
A 150-ppf capacitor across the feedback 
resistor removes the overshoot as shown 
in Fig. 10. Capacitors up to ,05pf make 
no appreciable difference when connected 
across the load.

The component values listed above 
may not be exactly correct in all cases, 
but they give a starting point and with 
most Williamson-type amplifiers with 
quality transformers the correct values 
will probably not be too much different 
from the ones listed. I f  the steps listed 
above do not cure your difficulties a 47- 
ohm resistor and 0.1-pf capacitor in 
series should be connected across the 
output terminals. This combination 
serves to load the transformer secondary 
at very high frequencies thus reducing 
the phase shift introduced by the trans­

former.
As the stability of the amplifier is in­

creased the feedback may be increased 
until the desired amount has been 
reached. The margin of safety remain­
ing may be estimated by connecting ca­
pacitors in the order of .002 to .02pf 
across the output terminals of the am­
plifier. I f  a capacitance of .005pf or 
greater across the terminals does not 
cause the amplifier to go into oscillation 
at some high frequency, the high-fre­
quency stability is probably satisfactory.

It may he that, in the process of 
achieving high-frequency stability and 
increasing the feedback, low-frequency 
instability has appeared. Because most 
amplifiers have less potential phase shift 
and also because inferior transformers 
actually decrease the problem of attain­
ing and maintaining low-frequency sta­
bility the low-frequency problem is not 
likely to be so acute. Generally the in­
crease of coupling capacitors and grid 
leaks to the maximum desirable values 
will take care of the problems.

Figure 11 shows the effect of a tran­
sient upon an amplifier which is mar­
ginally stable. After more than a second 
the oscillations started by the transient 
have not nearly damped out. Figure 12 
shows the improvement of low-frequency 
stability which was accomplished by in­
creasing the time constant o f the driver 
circuit grids and decreasing the time 
constant of the input circuit which is 
outside the feedback loop. Figures 13 
and 14 show the improvement in over­
load recovery which were accomplished 
by the same changes. Once a stage 
within the feedback loop is driven be­
yond its dynamic range the feedback is 
no longer effective because there is little 
if any incremental amplification present. 
That is to say that additional input 
gives little or no additional output; 
therefore, if  there is no gain there can 
be no gain reduction and consequently 
no distortion reduction. It is most desir-

F ig . 11 . E ffect of tran sien t on an  a m p li­
f ie r  w h ich  is m a rg in a lly  stab le .



able to prevent signals which will drive 
the amplifier beyond its dynamic range 
from reaching the amplifier input ter­
minals. Despite much talk to the con­
trary there is little likelihood that the 
program material played through a high- 
fidelity system will include such signals 
since the program material has already 
been limited in amplitude and frequency 
range by the previous systems through 
which it has been processed. Both disc 
and tape recording systems have such 
limitations and, although a frequency 
modulation transmitter may have excel­
lent transient and frequency response, 
it is likely that most of the program 
material will have been through some 
line or program amplifiers which have 
a response characteristic which is not 
better than that of the home equipment.

Speaker Distortion
It is possible that some of the program 

material will be beyond the capabilities 
o f the speaker system to handle. It is 
most desirable to eliminate these signals 
before they reach the speaker since a 
speaker driven beyond its linear limits 
is a copious source of intermodulation. 
The limitation o f the low-frequency re­
sponse of a system can best be accom­
plished by installing a high-pass filter 
between the tone control amplifier and 
the output amplifier. This filter should 
cut oft at a frequency no lower than 
20 cps and preferably higher if the 
speaker system does not have an excep­
tional low-frequency response. Such a 
filter not only prevents program mate­
rial which the speaker cannot handle 
from reaching the speaker, but it also 
prevents transients which may result 
from switching or from interference 
from overloading the amplifier. It also 
increases low-frequency stability in 
cases where the tone-control amplifier 
gets its plate power from the output 
amplifier.

Fig . 12. Im provem ent over pattern  o f 
Fig . 1 1 is caused by chang ing  tim e con­

stant of d r iv e r  g rid  c ircu it.

F ig . 13 . O ve rlo a d  recovery  of a m p lif ie r  
in condition show n in F ig . 11.

As a final check of stability the ampli­
fier should he operated with each of 
the output tubes removed alternately 
to see if  oscillation ensues. While one 
of the tubes is removed the amplifier 
should he driven to saturation at some

Fig . 14. O ve rlo a d  recovery  is im proved 
w hen changes a re  m ade as ind icated  in 

F ig . 12.

low frequency to see whether or not 
little bursts of high-frequency oscillation 
occur at some time during the low fre­
quency cycle. As an acid test on my own 
amplifiers I repeat this test with tin- 
load removed, however anyone who does 
this should bear in mind that he is risk­
ing the output transformer should some 
high-amplitude oscillation result.

Although there are simpler amplifiers 
which will produce sufficient high-fidelity 
audio power to fill a living room, the 
Williamson amplifier or the circuits de­
rived from it will give results which 
cannot easily he excelled. I f  your W il­
liamson sounds bad it might he a good 
idea to check on its stability because 
there must he a great many of them in 
the condition of the amplifiers from 
which I made the “ before” oscillograms. 
With just a little work they can he 
made as good as the amplifiers from 
which the “ after” oscillograms were 
taken. •


