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DISTORTION By "CATHODE RAY" 

What Do We Really Mean By It? 

I F there had been any doubt about there being a 
great many people intensely interested in what our 
American friends call "hi fi," that doubt was dis
pelled last autumn by Mr. Briggs when he sold the 
full capacity of the Royal Festival Hall (sitting and 
standing) in the first four days, on an announcement 
that he was going to demonstrate loudspeaker repro
duction in comparison with direct musical perform
ances. It has been necessary to arrange a second 
house. And I remember being mightily astonished 
when the Editor told me how many copies of the 
Williamson amplifier reprint had been sold. All this 
being so, there is naturally a demand for some scale 
of measurement for comparing one piece of sound
producing equipment with another. The advertise
ment copy writers' "perfect reproduction," "no trace 
of distortion," " impeccable fidelity," "thrilling tone," 
etc., cut no ice at all with Wireless World readers. 
They very rightly want some definite figures of per
formance. 

So most of the advertisements nowadays say 
" distortion at 12 watts output is not more than 0.3 % ," 
or whatever it may be. That is certainly an improve
ment in principle, but we may be forgiven for asking 
some questions. Is 0.3 % good, bad or indifferent? 
If another make of amplifier distorts 0.3 % at 12 watts 
can its fidelity be assumed to be the same? If it 
were 0.1 % how much better would it sound? And 
if it were 1 %-or 5%-how much worse? 

Twenty-five to thirty years ago people were already 
taking quite a lot of interest in this matter of fidelity 
of sound reproduction, but the data then consisted of 
a graph of output against frequency-what is usually 
called a frequency characteristic. If it was in an 
advertisement, the scales were chosen so as to make 
the graph look as nearly as possible like a horizontal 
line drawn with a ruler. The thing was then des
cribed as " distortionless." To the best of my recollec
tion, percentages were not mentioned. "Distortion" 
was generally understood to mean frequency distor
tion-the unequal amplification of different frequen
cies. The reason for this was that the most obvious 
shortcoming of the very early gear was its frequency 
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Fig. I. Example of frequency distortion that is quite negligible 
as such, but should be avoided if the maximum undistorted 
power output is desired. 
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characteristic, which consisted of a violent peak in 
the middle or upper middle, and very little else. 

So far as amplifiers were concerned, ,it was a fairly 
�asy development to obtain their frequency character
istic curves and to improve their design so as to 
flatten out the peak into a nearly level plateau extend
ing over the useful frequency range. And so began 
an era in which high-fidelity enthusiasts vied with 
one another in smoothing out the last fraction of a 
decibel (a unit which by then had come into vogue) 
often regardless of the vastly greater irregularities in 
the characteristics of the loudspeaker and the room 
in which it was heard. There is a good reason for 
aiming at a very level amplifier characteristic, but 
even now some enthusiasts may not realize that it is 
not the avoidance of frequency distortion as such (for 
on that count a peak of the order of one decibel is 
quite unimportant) but the obtaining of maximum 
undistorted output. If one narrow band of frequen
cies is amplified Idb more than others, as shown in 
Fig. 1, the whole level of output has to be lowered 
Idb (e.g., from 10 watts to 8 watts) in order to avoid 
overloading. In other words, moderate frequency 
distortion is bad, not as frequency distortion but as 
a potential cause of overloading or non-linearity 
distortion. 

Non-Linearity 

As time went on and gross frequency distortion 
was eliminated, the possibilities of appreciable im
provement of sound by further levelling out of fre
quency characteristics dwindled. "Distortion" ceased 
to be frequency distortion and became non-linearity 
distortion (commonly but illogically called "non
linear distortion "). Now this is where we must be 
clear about the meanings of terms. "Non-linearity" 
means lack of straightness or proportionality of a 
characteristic, expressed as a graph. The particular 
characteristic understood in this connection is the 
input/output characteristic of any part oLthe equip
ment. Ordinary resistors are linear, because the 
voltage across them is directly proportional to the 
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Fig. 2. TYPical valve characteristic (a) with the curvatur.e 
somewhat exaggerated we hope, showing the resulting 
distortion of a sine wave (b). 
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current through them; in other words, they obey 
Ohm's law. Valves and iron-cored coils do not. 
Fi�. 2 (a) shows a typical sample of anode-current/ 
gnd-voltage characteristic. If the grid bias is set so 
that the working point is 0, an input signal of sine
wave form will make the voltage swing equally on 
both sides of 0 as shown, and obviously the waveform 
of the output current so caused (b) is distorted, the 
positive half-cycle being bigger than the negative. 

Harmonic Distortion 

This is the effect we are now going to study. It 
is sometimes called "amplitude distortion," but that 
term has been allotted to a different effect, which 
may or may not happen at the same time as waveform 
distortion. Whereas waveform distortion is a result 
of non-linearity during each individual cycle, ampli
tude distortion means that the output level as a whole 
is not directly proportional to the input level. It is 
possible with a characteristic of the Fig. 2 (a) type 
which obviously distorts the waveform, for the outpu� 
to be proportionate to the input, the opposite dis
propor�ionateness of positive and negative half-cycles 
cancelhng out and resulting in no amplitude distortion. 

. One .of the first things. we learn about non-linearity 
IS that It creates harmomcs. This has been explained 
so often that I needn't go into it fully. The usual line 
is to add together various sine waves whose frequen
cies are harmonically related (i.e., exact multiples of 
one particular frequency, the fundamental or first 
harmonic) and find that the results are distorted 
waveforms, some of which resemble those obtained 
by non-linearity. For example, in Fig. 3 a double
frequency or second harmonic (b) is added to a funda
mental (a) and the result (c) is very like the output 
of Fig. 2. That is the synthetic method. Then there 
is the analytic method of breaking down a distorted 
wave (graphically. or by experiment) into a funda
mental and harmonics. It is then explained that the 
characteristic tone of each musical instrument depends 
on the amounts of the various harmonics it emits 
r�lative to the fundamental, and that if these propor� 

tlOns are altered, either by frequency distortion or by 
adding harmonics by non-linearity, the characteristic 
tone is distorted. 

True enough. But by now we are supposed to have 
got rid of ,frequency distortion that could drastically 
a�ter t�e proportions of harmonics; such frequency 
dIstortIOn,' for example, as poor high-frequency 
response, which would tend to suppress them. And 
while such distortion might make a clarinet sound 
like a flute, it couldn't (even if it took place) account 
for the appalling sounds that result from severe over
loading. The fact that the sounds produced by 
musical instruments listened to with pleasure contain 
a generous series of harmonics is evidence of that. 
An .amplifier advertised to give 10% harmonic dis
tortIOn would hardly find favour with "hi-fi" con
noisseurs, yet what is 10% compared with the 50% 
or more generated by well-regarded pianos? If the 
only effect of non-linearity were to create harmonics 
we should be at a loss to explain how such unpleasant 
reproduction comes with quite moderate harmonic 
distortion percentages. 

It is now generally agreed that it is not the har
monics that are responsible for the worst of. the 
unpleasantnes�. In .Wireless World for May 19th, 
1938,* I descnbed a SImple experiment for demonstrat-

* "Debunk'ng Harmonic Distortion." 
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Fig. 3. Showing how the distortion in Fig 2(b) can be made 
synthetically by adding together a second harmonic to the 
original (fundamental) waveform. 

ing this. On the assumption that copies of that issue 
may not be lying around to hand, I will briefly recap. 
A receiver is arranged with two separately-adjustable 
sine-wave input signals and an output meter. The 
low frequency, say 100 c/s, is adjusted to be la times 
the voltage (and therefore 100 times the power) of the 
other signal, say 533 c/s. In spite of this the 533-c/s 
note sounds about as loud as the 100 c/s, because the 
ear is so much more sensitive at the higher frequency. 
At .first each signal can be heard as a clear pure note, 
as It was when alone. But at a certain setting of the 
main volume control a roughness of tone becomes 
noticeable; and at a still higher setting the higher note 
becomes indistinguishable, the whole output degener
ating into a harsh rattling kind of hum. 

If now the 100 c/s is switched off, the 533-c/s note 
is heard with perfect clarity. That is only to be 
expected, because it is weak enough to be well below 
the point of serious distortion. What might not be 
expected however is that when the 533 c/s is switched 
off the 100 c/ s becomes quite clear and altogether 
different from its sound when both signals are on. 
This is so, notwithstanding that switching the 533 c/s 
?ff re�uces the output power by only 1 %, which by 
Itself .IS not enough to make an appreciable difference 
to the amount of distortion. An increase of much 
more than 1 % in the power of the 100 c/s alone has 
no such devastating effect as switching on the weak 
533 c/s. 

Intermodulation 

The obvious conclusion is that some kind of distor
tion is taking place when both signals are being 
handled together by the amplifier which is not present 
with only one. Here again we come to a well-worn 
chapter in radio theory, of which Fig. 4 should be suffi
cient reminder. (a) is the undistorted two-signal in
put, and (b), assuming distortion of the kind shown in 
Fig. 2, is the distorted output. At the positive peaks 
of the " strong-low" signal the" weak-high" signal is 
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amplified more than at the working point 0, and at 
the negative peaks it is amplified less. So the weak 
signal is amplitude-modulated at the frequency of the 
strong. This can be seen more clearly if the strong 
signal is taken away (c). The said chapter of radio 
theory explains how this process introduces new fre
quencies, not necessarily multiples of either of the 
input frequencies, but "sum and difference frequen
cies." The Fig. 2 kind of characteristic, which creates 
mainly second-harmonic distortion of the low
frequency signal (C, say) causes the high-frequency 
signal (f2) to wax and wane once per low-frequency 
cycle, and the frequencies created by modulation are 
mainly f} ±f2) known as the simple sum and difference 
or second-order intermodulation frequencies. In our 
experiment they would be 533 ± 100=433 and 633 c/s. 

This distortion is the kind that one gets with a 
triode output valve, and which a push-pull circuit is 
used to balance out. If a pentode is used, or the push
pull system is over-driven, both positive and negative 
peaks tend to be affected in the same way. The result 
is that the third harmonic is the strongest, and third
order modulation frequencies, f1 ±2f" 333 and 733 cls 
in our experiment. 

Generally distortion consists of a mixture of second 
and third, with smaller proportions of higher numbers, 
but most practical cases fall into one of two main 
classes, in which either second or third predominates. 

Obvious? 

So far we have talked about the 100 cl s modulating 
the 533 eis, but not the other way about. Why? 
Well, if one man fought another ten times as strong he 
might inflict something on him, but it would usually 
be negligible compared with what he received. In 
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Fig. 4. When 0 higher-frequency but weaker sine-wove tone 
is added to the low-frequency signal at the input, the wave
form of the combination is os at (0). After suffering dis
tortion of the Fig. 2(0) type it comes {lut like (b). and by 
taking away the low frequency the damage to the higher 
frequency con be seen more clearly (c). 
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the same way we have neglected the modulation of the 
strong signal by the weak, though it does exist and is 
why the process is called intermodulation. When two 
signals going through the mill together are equally 
strong, each modulates as much as it is modulated. 

I said that the experiment made it obvious that inter
modulation, not harmonic distortion, is responsible for 
nearly all the unpleasantness. That conclusion can 
hardly be doubted so far as the particular conditions 
of the experiment are concerned. But it is always 
risky to draw quick conclusions about the connections 
between physical causes and the resulting impressions 
on the senses. If a physical force acts on a lifeless 
object, the effect conforms to a simple equation cover
ing all such events. But the impressions a human 
being receives as a result of physical causes often seem 
to bear no predictable or clear relation to them. A 
race of stone deaf men, though they might master the 
science of physical sound, could never discover what it 
was like to hear. Even where there does at first 
seem to be a clear connection, it may be misleading. 
For instance, it might seem definite enough that the 
higher the frequency of a sound the higher the pitch 
of what is heard. But even there it is not safe to 
assume that the two things run perfectly parallel, for it 
is found that the pitch of a note of constant frequency 
varies slightly with its intensity. 

Still less safe is it to draw hard and fast conclusions 
about the relationship between unpleasantness· of 
sound and the distortion that causes it. Our particu
lar " obvious" conclusion-that intermodulation 
accounts for nearly all the unpleasantness caused by 
non-linearity distortion-when I expressed it in 1938 
was immediately challenged. And it certainly is 
unwise to draw such a sweeping conclusion on the 
basis of one simple experiment. Does it hold for all 
different combinations of frequencies? And does it 
hold for typical programmes? 

One typical programme is speaking. But speech is 
an extremely difficult type of sound to study for 
unpleasantness. Music is much easier, so we shall 
assume music is our staple diet of listening (whether as 
the food of love or not is unimportant just now). 
There do seem to be some clear-cut rules about com
binations of musical sounds. One of them is this: 
that the smaller the whole numbers in which the ratio 
of the frequencies of two sounds can be expressed, the 
more· harmonious the combination appears to the 
listener. To take one extreme, the ratio with the 
smallest possible numbers is 1: 1, which means that 
both sounds have the same frequency, so· are heard as 
one sound, without any disharmony or indeed any 
distinction at all b�tween them (assuming, of course, 
that they are coming from the same source). The 
next simplest ratio is 2: 1, which· means that the fre
quency of one note is twice that of the other. 
Musicians say that it is an octave higher. Although 
of course the two notes are easily distinguishable 
when heard separately, they blend so smoothly to
gether that most untrained listeners are unaware that 
more than one note is being played. People are said 
to be singing in unison even though the women are 
singing all their notes twice the frequency of the men. 
This being so, it should be pretty safe to say that even 
100% second-harmonic distortion, if it consisted only 
of the creation of second-harmonic or octave-higher 
frequencies, could not cause harshness in the sound. 
It would certainly make the music sound" brighter" 
and as this would be different from the original it 
would have to be classed as "distorted," though to 
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some ears· it might be. considered an improvement. 
The effect on a single sustained. note can easily be tried 
if one has two ai. signal generators that can be syn
chronized an octave apart and the higher one brought 
up from zero level. The effect is identical with that 
obtained with a single note through an amplifier which 
can be made to give pure second-harmonic distortion. 
The same effect on real music can be produced in 
organs, by bringing in a coupler that adds octaves 
to all the notes played. This is not the same, however, 
as playing the music through the distorting ampli
fier, because that adds difference tones as well. 

And that, of course, is the crux of the whole 
matter. But before going into it, let us continue a 
little longer with our lesson in the theory of harmony. 
As a non·musician I shall have to be careful; but, 
on the other hand, musicians themselves seem quite 
unable to talk our language of frequencies, etc., so 
fail to tell us clearly what we want to know. 

The next simplest ratio might be said to be 3:l. 
But in music the scale starts all over again at the end 
of an octave, and so a note 3 times the frequency of 
another may be regarded as It times the note an 
octave higher; consequently our next :ratio is really 
1 t or 3 :2. And the musicians would agree, I think, 
that this is the next most important "interval" to 
the octave, by virtue of which they name it the 
dominant. The original (lower) note they call the 
tonic, by the way. And when tonic and dominant 
are played together, we are conscious of hearing 
something more complicated than a single note, or 
even the" brightened" note made up of the 2:1 com
bination; yet it is undoubtedly "in tune" and har
monious. So is a 3 :  1 combination, such as a· funda
mental and· third harmonic, because the harmonic 
lies in this "dominant" relationship to an octave 
higher than the fundamental, which as we have seen 
(or rather heard) is almost equivalent to tlie 
fundamental. 

Harmonics and Harmony 

It would seem, then, that the creation of third har
monics would bv itself introduce no harshness or 
discord, nor perhaps even unpleasantness except to 
the musical connoisseur who would resent unison 
passages for flutes being given a harmonic accom
paniment. The general effect would be to make the 
balance of tone still " brighter" and also somewhat 

"richer" by the addition of the new harmonies. 
"Nasal" is a description that is sometimes. used to 

refer to th� double effect. 

( b) 
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Fig. 5. Here, for com
parison with the 
square-law character
istic of the triode, 
shown in Fig. 2 (a), 
are two varieties of 
the cube-law charac
teristic, typical of pen
tode valves and iron
cored coils. 

Fourth harmonics are two octaves higher than the 
fundamental, and as regards harmony are therefore 
less conspicuous than. third harmonics. The only 
serious effect would be if they were strong enough 
to make the music sound two octaves higher than it 
was supposed to be, but in practice this would hardly 
be so. Any distortion that produces fourth harmonic 
also produces much stronger second harmonic. 

A similar principle holds with the odd harmonics; 
fifth is accompanied by much stronger third. But 
how do we expect the fifth to sound in relation to 
the fundamental? Relative to two octaves above the 
fundamental, its ratio is 5 :4. And I think the musi
cians would still be with us if we declared that this 

Fig. 6. When the characteristic has 
a sudden bend, like thiS, the higher 
harmonics are created at .appreci
able strength. 

is the next easiest on the ear, after octave and domi
nant. Sol-fa practitioners identify it as "me" above 

"doh." If all four notes we have now considered are 
played together-doh, me, soh, doh-the combination 
is still harmonious and pleasant. It is, in fact, the 

"common chord." But I suspect that a musician 
would consider it a bit thick, in more senses than one, 
if every single note of his composition were replaced 
by this four-note combination; which is virtually what 
would happen if all harmonics uP. to and including 
the fifth were added. However, although it would 
not be a' faithful reproduction of the composer's inten
tions, the non-musical hi-fi expert, without being able 
to compare it with the original, might (I suggest) be 
unable to recognize it as "distortion" in his sense 
of the word. 

And so we could go on. Sixth harmonics are like 
thirds except for being an octave higher.' But when 
we come tp the seventh, the ratio to the next lower 
octave above the fundamental is 7:4. According to 
my untutored reckoning, this is B flat in relation to 
C. I don't know how it is rated by the musicians, 
but it sounds pretty discordant to me, even though 
my musical taste tends towards the modern. The 
eighth harmonic is three octaves above the funda
mental, so may sound rather squeaky but certainly 
not discordant. The ninth, which after deducting the 
whole octaves is like sounding "doh" and "ray" 
together, is aggressively discordant. As we go higher 
up the series of odd harmonics the numerical ratio 
becomes more awkward and the musical sound more 
discordant. The even harmonics are not quite so, 
because the number can be simplified by dividing 
by 2, perhaps more than once, and that is musically 
equivalent to the interval of an octave, which har
monically hardly counts. Take the 12th harmonic; 
in relation to two octaves above the fundamental its 
ratio is 12:4, which simplifies to 3:2, and that, as we 
have seen, is a very easy harmony. But the 14th can 
only be simplified to 7:1, so it is the lowest discordant 
even harmonic. 

What decides which harmonics are produced, and 
how much? As one can find out by making the same 
sort of comparison as Fig. 2 with Fig. 3, using 
different input/output (or" transfer") characteristics, 
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or, more elegantly, by mathematics,* it is the shape 
of the transfer characteristic that is responsible. The 
two most important are the square-law, with its 
smooth one-way bend shown in Fig. 2, which pro
duces second harmonic, and the cube-law, with its S 
bend (but still smooth) shown in Fig. 5, which pro
duces third harmonic. The sharper and more 
irregular the bends, the higher the harmonics created. 
The characteristics of valves worked under reason
able conditions are usually one or other of the first 
two (though less exaggerated) or a combination of 
both, and harmonics are therefore nearly all second 
or third or both. And we have seen that these are 
not in the least discordant. But if a valve runs into 
grid current at the signal peaks, or for any other 

* See "Relationships between Amplitude. of Harmonics and 
Intermodulation Frequencies," by M. V. Callendar and S. Matthews, 
in Electronic Engineering, June, 1951. p. 230, where the results are 
conveniently tabulated. 
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reason has a characteristic with an abrupt corner, 
such as Fig. 6, the resulting harmonics are distri
buted well up the scale, including perhaps appreciable 
amounts of the discordant numbers. Incidentally, a 
practical way of seeing the shape of the transfer 
characteristic of an amplifier is to connect the input 
voltage across the X plates of an oscilloscope and the 
output voltage (phase-spifted if necessary to close the 
loop) across the Y plates. 

It seems that unless the characteristic is so unsuit
able that it brings in at least the seventh among the 
odd harmonics and the 14th in the even series, there 
should at any rate be no harshness, if harmonics were 
all that happened. However, there are intermodula
tion prodilcts to be reckoned with. And I am afraid 
that if we started to reckon with them at all seriously 
just now it would take up too much space. We shall 
have to put it off until next month. 
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MORE DISTORTION 
What Causes Musical Unpleasantness? 

By "CATHODE RAY" 

LAST month we dismissed frequency distortion as 
no longer a problem,* and concentrated on non
linearity distortion. The object was to decide, if 
possible, what the distortion figures given nowadays 
by makers of sound-reproducing equipment mean. 
They are usually "percentage harmonic distortion," 
but there is often a strong undercurrent of suggestion 
that they ought to be intermodulation. If they were, 
would we be any the wiser? 

Well, after reviewing the elementary facts of 
harmonic production by non-linear equipment, I 
referred to an experiment I described in 1938 to 
demonstrate that the unpleasantness of non-linearity 
distortion is due not so much to the harmonics as to 
intermodulation products. These only occur when 
there are at least two frequencies present in the 
original signal, and the experiment was to apply two 
different frequencies and note that at an amplitude 
great enough for considerable harmonic distortion 
they sound quite clear when heard separately, but 
perfectly horrible when together, even if the total 
amplitude is then no greater. On the other hand they 
sound clear together if the amplitude is substantially 
reduced so that the distortion is slight. I mentioned 
that some doubt had been expressed whether it was 
safe to conclude from this one experiment that most 
of the unpleasantness of distortion is due to inter
modulation. Even though at this much later date that 
is generally accepted, it seemed to me there would be 
no harm in looking into the matter more closely. And 
so (limiting our enquiry to musical programmes) we 
considered what it is that makes some combinations 
of sound frequencies blend smoothly and harmoniously 
and others harshly. Generally speaking, the smaller 
the numbers in which the frequency ratio can be 
expressed, the less conspicuous is the addition of the 
second frequency (assumed to be the higher one). 
The simplest of all (not counting 1 : 1) is of course 
the 2 : 1, or octave, and the higher frequency is then 
so concordant with the lower as to form a new starting 
point for the musical scale; for example, if the two 
frequencies are 100 cls and 600 cls (fundamental and 
sixth harmonic) the 600 can be reckoned in relation to 
the nearest octave above 100, namely 400, and the 
ratio of frequencies can be regarded as 600: 400, or 
3: 2, a basic musical harmony. For this reason the 
even harmonics have to be higher than the odd before 
they are noticeably discordant; the lowest odd harmonic 
that sounds definitely discordant is the 7th, but the 
lowest discordant even harmonic is the 14th. Mter 
considering the relationship between the shapes of 
equipment transfer (input/output) characteristic curves 
and the resulting harmonics, we concluded that with 
properly designed and operated equipment, in which 
only second and/or third harmonics are appreciable, 
the harmonics alone wouldn't cause any harshness of 

. " * Don't take that too literally, of course! 
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tone, though they might perhaps shift the balance of 
tone upwards in frequency and also make it sound 
richer or thicker (according to personal reactions). In 
arriving at this conclusion we considered only the 
harmonics in relation to their own fundamentals. But 
how about the harmonic frequencies of different notes 
played at the same time? For instance, two of the 
notes in the common chord are in the frequency ratio 
5 : 8 and the third harmonic of one and the second 
harmonic of the other are therefore in the ratio 15 : 16, 
roughly a semitone apart, and that is not a pleasant 
musical sound. But unless both second and third 
harmonics are comparable in strength with the 
fundamentals (which, if due to distortion, would not 
be typical of properly designed and operated equip
ment!) this discordant tone would be relatively very 
weak. I am told that musical composers are aware of 
the inadvisability of prescribing chords for strongly 
harmonic-producing instruments if they want to 
obtain a smooth-sounding result. 

Experiment Repeated 

And now we are ready to compare the results of 
purely harmonic distortion with what the same 
knowledge of musical harmony would lead us to 
expect the effects of intermodulation to be. Anybody 
who may have been so painstaking as to compare the 
account of my experiment given last month with the 
original in 1938 has no doubt been itching to accuse 
me of cheating. The original frequencies were given 
as 50 and 400; last month's, as 100 and 533. Well, 
perhaps I did cheat. Having recently repeated the 
experiment, I believe that if my original frequencies 
had been exactly as stated, in 8 : 1 ratio, they wouldn't 
have made such an unpleasant noise as they did. 
Using an exact frequency ratio, the two reproduced 
together by a distorting trio de or pentode do not lose 
all trace of their individual character, as in the pre-war 
experiment, though they do sound much more 
distorted than simply their separately distorted selves 
added together. But if the ratio is. not exact--say 
50 c/s and 410 eis-the result fully deserves my earlier 
description. As the upper frequency is varied, the 
unpleasantness goes through marked· fluctuations, 
being sometimes very bad indeed and sometimes by 
comparison almost tolerable (though of course not by 
" hi fi " standards!) 

This fits in perfectly with our musical ideas. With 
exactly 50 and 400 c/s, the second-order intermodula
tion products (as they are called), 11 ± 12, are 350 and 
450. These, of course, are the 7th and 9th harmonics 
of 50 cls, and 400 c/s is the 8th, so the only difference 
as compared with harmonic distortion of 50 c/s alone 
is that these three harmonics are abnormally strong. 
In fact, this seems to be quite a good way of finding 
out what exaggerated upper-harmonic distortion 
sounds like. If the intermodulation were mainly 
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_�_-VH.'<:�,1l :t: qv tne frequencies created would be 
300 and 500, the 6th and lOth harmonics, which ought 
to sound smoother than the musically discordant 7th 

.and 9th. Fig. 1 shows the frequency pattern. 
A critic complained that frequencies such as 50 cls 

and 400 c!s are an unlikely basis for musical program
mes. Had they been, say, 200 and 600 or even 150 
and 400 the intermodulation products would have 
been the same frequencies as non-discordant har
monies. If, in order to demonstrate the objectionable
ness of intermodulation I deliberately chose frequencies 
such as 50 and 410, or 200 and 410, I would be wide 
open to the criticism that such ratios do not occur in 
musie at all, except perhaps the kind of music in 
which the worst discords could pass unnoticed. 
So this time I chose 100 cls and the rather odd 
figure of 533, because although these actual frequencies 
do not come on musical instruments with standard 
tuning, they are in the ratio (which is what mainly 
counts) of notes G and C, which very frequently 
do occur together in music, being the so-called domin
ant and tonic of the scale of C major. Unless both 
second and third harmonic distortions are grossly 
excessive, any jarring tone is almost or quite negligible. 
But the corresponding intermodulation product 
frequencies are 433 and 633, and 333 and 733, res
pectively (Fig. 2). These are out of tune with any notes 
on the musical scale, harmonious or discordant, so 
the unmusicalness of the sound is hatdly surprising. 

Here, then, we have two frequencies which are 
harmonious with one another and with one another's 
lower harmonics, but whose intermodulation fre
quencies are altogether unmusical by any standard. 
The listening test confirms these expectations. On the 
other hand frequencies could be chosen for the two 
input tones that would yield concordant intermodula
tion products, and this too is confirmed by one's 
ears. I don't know whether it would be practicable 
to compose music using only notes that could not, 
when sounded together, be distorted into discordant 
intermodulation tones, but I fancy composers would 
find it rather a serious restriction. And not only are 
the intermodulation tones introduced by distortion 
into typical musical programmes likely to be more 
discordant than the harmonics, but they are far more 
numerous. One has only to try to reckon the number 
superimposed on orchestral music to guess how the 
confused" muddy" sound of non-linear reproduction 
is caused. The doctrine that most of the audible 
unpleasantness of non-linearity distortion is due to 
intermodulation tones rather than harmonics is, I 
conclude, in general justified, at least for the lower
order distortion that is normal in reasonable apparatus. 

Distorted Discords 
One criticism that has been voiced is that modern 
composers like nothing better than a good hearty 
discord, and so discordant distortion products are 
not so serious as I made out. But (1) the amount of 
listening to music by that kind of composer is a small 
fraction of the whole, (2) even that kind of composer 
does not (except for a few obscure experimenters) 
write music for notes outside all recognized musical 
scales, and (3) in spite of what such music may sound 
like to some, the occurrence and nature of the discords 
is intended to be as composed and not as it may 
happen to result from chance distortion. A similar 
reply can be made to the criticism that intermodulation 
tones are generated in our ears because they are non-
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Fig. I. This diagram shows, above a frequency scale. the 
harmonic frequencies of a 50-cls signal. the same for a 400- -
cls signal (only fundamental and second are within range). 
and the frequencies of the products of intermodulation 
between the two. 
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Fig. 2. Similar to Fig. I. but with fundamental frequencies 
of 100 cls and 533 cls. 

linear, and therefore distortion doesn't matter. But 
this ear distortion becomes prominent only when the 
sound is loud, so the distortion coming from repro
ducers, which doesn't disappear when we walk away 
and hear it more distantly, sounds unnatural. 

Very well then, let us take the relative unpleasant
ness of intermodulation as established, and pass on to 
measurement of the distortion. And here there seems 
to be a tendency to argue that because intermodulation 
is the cause of the unpleasantness it is the thing that 
should be measured, rather than harmonics. It 
may quite possibly be true that it is better to measure 
intermodulation than harmonics, but this is not the 
argument to prove it. Remember, we can't measure 
unpleasantness as such; we can only look for something 
to which unpleasantness seems to be more or less 
proportional. If we find that unpleasantness is pro
portional to the percentage of intermodulation 
products, then it may seem natural to measure that. 
But it could be equally appropriate to measure 
percentage harmonics, even if they themselves con
tributed nothing to the unpleasantness, provided that 
they were directly proportional to the intermodulation. 
It is rather like voltage measurement. A difference of 
potential causes mutual electrostatic attraction, 
whereas it does not directly cause a magnetic field, 
but nevertheless voltmeters actuated by magnetic 
fields are far commoner than electrostatic voltmeters. 
The magnetic voltmeters are worked by current, 
which (according to Ohm's law) happens to be directly 
proportional to a voltage. 

' 

The relationship between harmonics and inter
modulation is even closer than that between voltage 
and magnetic field, because harmonics are actually 
a particular kind of the same thing as intermodulation. 
This is a suitable moment for clearing up the number
ing of these, things. At one time it was quite usual 
to call the double-frequency harmonic the first 
harmonic. I believe. musicians still do (they also 
often use the word "partial" for "harmonic.")' 
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It was quite reasonable. But it was also rather 
awkward that the nth harmonic should be n + 1 times 
the frequency, so to make the nth harmonic n times 
the fundamental frequency the fundamental is now 
reckoned as the first harmonic. Similarly the simple 
sum and difference intermodulation products, of 
frequency 11±/2' were (and are) sometimes called 
the first-order intermodulation products; and this 
too was awkward because the kind of distortion 
causing them also caused what we now call second 
harmonic. So the rule is that the order number of 
the general intermodulation product p11±q12 is 
p+q. With It±/2' p and q are both 1, so the order 
is 2. In this way the order of intermodulation is 
always the same as that of the harmonic produced 
by the same kind of distortion. If you didn't at 
first see my point about the vast number of inter
modulation products compared with harmonics, it 
should be clearer now. Seventh-order distortion 
of two frequencies comprises only two seventh har
monics-7/1 and 7/2-but all these intermodulation 
products: 6/1+/2' 5/t+212' 4/1+3/2, 3/t+4/2' 2/t+5/�, 
11 + 6/2' 6/t -/2' 5/1 - 212' 4/t -3/2, 3/t -4/2, 211 -5/2 
and It -6/2. Both mathematical calculation and 
practical test show that this distortion also produces 
fifth, third and first harmonics and intermodulation 
products. So imagine the result with a full orchestra 
playing! 

Next, see what happens to the distortion products 
just listed when 12 becomes equal to 11. The only 
harmonic frequency, of course, is 7/t (because 7/2 
is the same). All the sum intermodulation products 
also boil down to 7/t. The difference products are 
5/ll 3/1 and ID which also were there before. So 
harmonic distortion is not an entirely separate subject 
from intermodulation, but can be regarded as a special 
case of it. No wonder then if there is a close numer
ical relationship between figures for harmonic distor
tion and those for intermodulation. 

It would take too long to go through all the calcula
tions here and now to show what the relationship 
is, because it depends on the kind of distortion. But 
the data have been clearly tabulated in the article 
by Callendar and Matthews I mentioned last month. 
There are also some very interesting comparisons 
between calculations and experimental results in a 
paper by W. J. Warren and W. R. Hewlett*. All 
I can do in the space left is to outline some of the 
main principles. 

We have already seen that the relative strength 
of each harmonic produced by distortion depends 

* An Analysis of the Intermodulation Method of Distortion Measure
ment," Proc. 1.R.E., April 1948, p. 457. 

Fig. 3. Type of trons
fer characteris t i  c 
giving rise. to even
number distortion. 

WIRELESS WORLD, MAy,19SS 

on the shape of the transfer characteristic of whatever 
is causing. the distortion. The same goes for inter
modulation products. And I have mentioned that 
the shape that generates, say, second harmonics, is 
also the shape that generates second-order inter
modulation. Conveniently enough for the memory, 
it is the second-power (or square-:-law) shape. What 
does that mean? Well, suppose we take first of all 
a linear device, say a resistor. The equation stating 
the relationship between the voltage. applied and the 
current flowing through it is commonly known as 
Ohm's law: I=E/R. In algebra, however, it· is a 
custom to use small letters for variables and capitals 
for constants. The whole meaning of Ohm's law 
is that however the current and voltage may vary, the 
ratio of the two-the resistance-is constant. So 
we can write the same thing 

. 1 
t=- e 

R 
and because l/R is the conductance, for- which the 
usual symbol is G, we can make a neater job: 

i=Ge 
If we plot a graph of i against e, by choosing some 

fixed, value of G and then choosing various values for 
e to give corresponding values for i, giving points to 
join up into a line, we find that the line is always 
a straight one. That is what we mean when we say 
that the resistor is linear. We can alter the slope of 
the line by choosing a different value for G; that 
would mean a different, but still linear, resistor. 
We could also shift the line bodily (which would be 
useful for approximately imitating the nearly-linear 
part of a valve characteristic) by adding another 
constant, say 10, to stand for the current flowing when 
there is no voltage: 

i=Io+Ge 

Our e stands for any value of input voltage varying 
in any way at all, but supposing we use a definite 
kind of input voltage, with a sine waveform, we can 
substitute for e the equation of that waveform, usually 
written e=E sinwt, where E is the peak voltage and 
w is 21T times the frequency. The result of the 
substitution is 

i= 10 + GEsinwt 

from which we see that the current also has the same 
sine wave form and frequency. What we have done 
is to prove that a linear device-resistor, valve, ampli
fier or what not-is distortionless (as if we didn't 
know!). 

To study non-linear devices we try to find an 
equation which, when graphed, closely imitates the 
characteristic curve of the deviq:. One of· the 
commonest shapes, especially where valves are used, 
is the one that bends increasingly in one direction, 
as in Fig. 3. This can be imitated by adding a square 
or second-power term to the equation, with its own 
constant to decide the amount· of curvature: 

i=Io+G1e+G2e2 
When the signal waveform is substituted for e the 
new term becomes G2 (E sinwt)2, and this is equal 
to -kG2 (1 -cos 2wt), which shows that a signal of 
twice the frequency (i.e., the second harmonic) is 
produced. To imitate the device's curve more accurate
ly it is usually necessary to add some higher even
number terms, and each brings in its own harmonic 
and also harmonics of all the lower even numbers. 

If the curve bends over equally at both ends it 
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can be shown in a similar way that odd-number terms 
are needed in the equation, and odd harmonics are 
produced. 

The same procedure is adopted in studying inter-
. modulation, except that e must be (at least) two sine 

(or cosine) waves of different frequencies. The algebra 
and trigonometry needed to reckon up all the frequen
cies in the output, and the amplitudes of each, becomes 
really formidable,. and that is why it was very kind of 
Messrs. Callendar and Matthews to go through it all 
and present the results in convenient tables. They 
show that the relationship between the 'powers of 
e in the characteristic equation and the harmonic 
frequencies produced by the corresponding distortion 
holds good for intermodulation products-that an 
even power causes intermodulation products of that 
order and all lower even orders, and similarly for 
odd powers. 

Distortion. Measurement 

The fact I have been leading up to in all this is that 
if the equation of a distorting device's transfer 
characteristic is known, the amplitude of every 
harmonic and intermodulation product follows (pro
vided, of course, that we have the skill and patience to 
deal with all the necessary calculation!). So there is, 
corresponding to any combination of harmonics 
resulting from a given combination of input signals, 
one particular combination of intermodulation pro
ducts. And vice versa. Theoretically at least, if either 
harmonics or intermodulation are known, both are 
known. So theoretically at least it doesn't matter 
which is measured. There is a fixed rate of equivalence 
between the two. 

But that doesn't mean that for every 1 % harmonic 
distortion the intermodulation distortion is some fixed 
number of %. It isn't nearly as simple as that. In 
general, there is a diffaent ratio between harmonics 
and intermodulation for every order (second, third, 
etc.), and that number is not fixed but depends on the 
respective amplitudes of the two or more input 
frequencies, and on the amount of distortion of other 
orders. The reason for this last is that the amount of 
second-order distortion (say) depends not only on the 
second-power term in the equation but also all higher 
even-power terms. This complication drops out if the 
distortion is exclusively second or third, as approxi
mately it often is. Another complication can be 
avoided by always using the same ratio of signal 
amplitudes for intermodulation testing; a commonly
used ratio is 4 : 1. If the single signal used for harmonic 
testing has the same peak value as these two combined 
(i.e., 5 times the amplitude of the weaker) then 
with second-order distortion alone each of the two 
intermodulation products, reckoned as � percentage 
of the weaker signal forming its "carrier wave," 
is 1.6 times the percentage harmonic distortion. With 
third-order distortion alone, the corresponding ratio 
is 1.92. And if both " sidebands " are counted, these 
two figures are doubled. Fortunately these ratios are 
not very much affected by reasonabl� amounts of 
higher-order distortion, and practical tests with the 
5 : 4 : 1 signal ratio show that the intermodulation 
product percentage of any order is usually 1.5-2 
times the same-numbered harmonic percentage. 
Because the carrier wave is only one-fifth of the 
amplitude used for harmonic testing, however, the 
intermodulation product itself is smaller than the 
corresponding harmonic, so it is not really correct to 
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say (as American writers do) that intermodulation 
measurement is more sensitive. 

All this is on the assumption that there is no fre
quency distortion. Of course if the various frequencies 
are amplified by different amounts in the "device," 
that upsets the calculations accordingly. 

For the sake of simplicity, everybody wants to sum 
up the distortion in a single number. But looking at 
Figs. 1 and 2 again we may well ask how this can be 
done. Even single-signal harmonic measurement is 
liable to produce a considerable number of harmonics 
of assorted amplitudes, and intermodulation measure
ment yields vastly more. Is there any way of combining 
those groups of percentages into one, in such a way 
that it gives a fair indication of the unpleasantness 
of the distortion? 

It would be very nice if there were, and several ways 
have been proposed, but I am afraid that the answer is, 
if not an outright negative, at least doubtful. One 
of the most popular schemes of measurement is to 
apply a single tone at the input, measure the total 
output (fundamental plus harmonics due to distortion), 
and then insert a bridge filter between output and 
meter to stop the fundamental completely, so that 
what is measured is the total harmonics. The ratio of 
100 times the second reading to the first is "per
centage total harmonics." This scheme is populaI; 
because it can be worked with comparatively simple 
apparatus and gives a single figure. But unfortunately 
that figure is not a fair measure of unpleasantness. 
Although the subject is full of controversy, one thing 
universally agreed is that a given amount of third 
harmonic distortion is worse than the same amount of 
second, and that the high harmonics are worse still. 
To make the "total" figure take this into account 
it was proposed in 1936 that harmonics should be 
measured separately and each multiplied by n/2 
before being combined. For the second harmonic 
n is 2, so its reading is unaffected; the third is multiplied 
by 3/2; the fourth 2; and so on. By the way, whether 
the individual harmonics are" weighted" like this or 
not, they must not be just added together to give the 
total; as I explained in " Total Power" (March, 1952) 
when adding up a number of simultaneous voltages 
or currents it is necessary to square each, add them all 
together, and take the square root of the result. 

According to D.E.L. Shorter of the B.B.C.*, this 
system still doesn't give enough weight to the un
pleasantness of the high-order distortion, and he 
reckons that multiplying each harmonic reading by 
n2/4 lines up better with listening tests. You can see, 
of course, how difficult it is to discover exactly how 
much worse one kind of distortion sounds than 
another; for one thing it probably depends a good 
deal on the kind of programme being heard. So any 
weighting system is rather arbitrary. I doubt whether 
anyone would be prepared to swear that fourth 
harmonic is either 4/3 or 16/9 times as bad as third, 
or even that it is equally bad. And besides the extra 
calculation, measuring all the harmonics separately 
necessitates much more expensive apparatus, especially 
for the Shorter weighting, in which the very high 
harmonics are multiplied so much that one has to be 
able to measure accurately very small percentages of 
them. 

How about intermodulation measurements? They 

* •. The Influence of High-Order Products in Non-Linear Dil
tomon," Eltcrronic Engi.'Iurjni, April 1950, p. 152. 
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are even more controversial. The most popular 
method (again, because it requires simple apparatus' 
and gives a single reading) applies a strong low-fre
quency signal and a quarter-strength high frequency 
signal, and measures the total of the "side bands" 
around the latter; e.g., those shown on the top line in 
Fig. 1. The procedure has been described in Wireless 
World by Thomas Roddam (April 1950) and E. W. 
Berth-Jones Gune 1951). It comes under the same 
criticism as the total harmor...ic distortion method, over 
which it seems to have no very obvious advantages. 

Another system, called the C.C.I.F. method, varies 
the frequencies of both input signals in such a way 
that one signal is always a certain number of c/s 
(say 1,000) more than the other. The frequency 
of the second-order intermodulation product 11 -12 is 
therefore constant and hence relatively easily measured. 
This method is very highly spoken of in some circles, 
but since it indicates only second-order distortion, 
it presumably pronounces a push-pull amplifier having 
strong third-order distortion as absolutely perfect. 
To my mind this is a fatal objection. 

The simpler methods have their uses (e.g., pro-
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duction tests of units having possibly varying amounts 
of similar distortion), so long as· one doesn't regard 
them as unpleasantness meters. For thorough in
vestigation it seems to be necessary to have a wave 
analyser for separately measuring every distortion 
product, and preferably to supplement it by visual 
examination of the transfer characteristic and of the 
output when the fundamental has been removed. 
For most purposes I should say that harmonics are 
enough, but there is .an exception if one wants to 
know what the distortion is like near the upper 
frequency limit, because then the harmonics are all 
"off the map," but two signals inside the limit 
can : still -intermodulate to give a distortion product 
right inside the audible range. 

Nobody would be more pleased than I to be able to 
hand out a simple cut-and-dried solution to this 
problem of distortion measurement. Perhaps some 
painstaking and well-provided organization will give a 
team of research workers a year or two to find out what 
reasonable conditions and method of test take into 
fair account every cause of unpleasantness of distor
tion. 
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