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CHAPTER ONE

SOUND AND SOUND WAVES

The obiject of this book is to show you how to achieve very
good musical reproduction in your home without putting you
to the task of learning mathematics, electronic theory and
acoustics. while saving you from the snags of making un-
suitable purchases in your equipment. Many people with a
cultivated taste in music have spent large amounts of currency
putting together a music system and some have not bothered
about the music very much, but have paid a great deal of
attention to reproducing very high treble and very low bass.
Both types are called “high fidelity fans” and I am going to
suggest that except in rare cases the results they get are not
music. Perhaps no compact phrase has ever been so over-
worked as “high fidelity”, so before I show you how it may
be achieved (and it can be achieved at quite modest cost) it
would be a good idea to let us work out a definition of what it
really means. In case you wonder what qualifications I might
have for such a discussion I can only say that as I was the
inventor of the phrase, way back in 1927, I know, at least,
what was in my mind when I first used the words.

I do appreciate that there are many people who are quite
seriously interested in what can only be described as audio
stunts, and a number of record manufacturers have produced
special hi-fi demonstration records which show that the tech--
nique of recording can produce quite amazing results for
people who want amazing results. Basically, however, we are
most interested in deriving the utmost pleasure from the works
of the musical masters, and that is what I shall try to see that
you get. You might think that you have enough power of
discrimination to choose what you like yourself, and I do
not deny that you may have; but are you sure that your com-
parison tests are going to be fair to you? Let me give you
two examples of where they might not be.

Serious-minded dealers have gone to considerable trouble
and expense to install A-B test demonstration rooms, so that
you can judge for yourself which speaker you like best and
which amplifier gives the best results on the speaker of your

5



REALISTIC HIGH FIDELITY

choice. Assuming the dealer has no axe to grind, that he has
not loaded the dice in favour of the product which gives him
the best discount, you are left with the inescapable fact that
you are listening in an auditorium which probably has no
acoustic properties resembling those of your own private room
in which you do your listening. Other manufacturers have
given public demonstrations of their equipment, where a live
performance has been repeated as a recording and reproduc-
tion and you are invited to make the comparison.

Assuming that the demonstration has been so good that you
cannot tell the difference, what does it prove beyond the fact
that the demonstrator has so arranged matters that that is the
impression he wished you to form. Technically speaking, it is
comparatively easy to stage such a demonstration (I have
done it ‘myself many times) but it does not prove that this is
the equipment you want in your home, for once again the
acoustics of the demonstration auditorium do not resemble
. those of your private room. It might even be that equipment
of less perfect performance would give better results in your
own conditions.

Now you may well ask where do we go from here? And
that is what I want to show you. Some .of what I say you
may have to take on trust until you can prove it indepen-
dently. My technical facts will be beyond dispute, but when,
as is inevitable, I have to wander a little into the intangibles,
you will have to judge for yourself. But before you go
wandering there is a well-marked technical route which
cannot be left without disaster, so the technical side must
come first, and I shall try to make the technology as easy to
follow as possible. When you have got that far, then comes
the final test by which your efforts and my arguments stand
or fall. Go to concerts just to get accustomed to what real
live music sounds like; then go home and play your records.
If you get the same pleasure at home as when you listened
to the real thing, then you have achieved what you intended,
and I assure you that you can.

It is usual to liken sound waves to the ripples set up in
the surface of a pond by dropping a stone into it. Except for
the anpearance of radiating circles which suggest that the
sound waves radiate in a similar manner, there is nothing
else in common. If the pond is a rectangular glass tank then
disturbance of the surface at the one end will enable you to
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Fig. 1
A—Cross-section of transverse waves of water ripple.
B—Compression of longitudinal sound wave.
C—Effects of a reflector on sound waves at nodes and antinodes.
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see the cross-section of the moving water and an instantaneous
photograph taken of the side along which the ripples travel
will give a picture like Fig. 1A, which is obviously a sine-wave
trace of gradually decreasing amplitude. Water is virtually
incompressible and the amplitude of successive.waves de-
creases simply because the diameter of the circular ripples
is always increasing; since the original applied energy (pro-
duced by the dropping stone) is finite, the energy transferred
from the first ripple to the larger second ripple can only
produce a smaller displacement of the water. Note the three
characteristics of water ripples produced by the impact of a
solid body: the energy of the stone is transferred directly to
the water. (there is nothing between the stone and the water);
the ripples lie in a plane surface normally quite flat; the
ripples themselves do not move outwards but transfer their
energy to adjacent still water to create this appearance, and
the motion of transfer is sinusoidal. On none of these three
counts do sound waves agree with water waves.

First, to create a sound something has to be interposed
between the actuating object and the air itself. For example,
in a violin, bowing the strings (the equivalent of dropping the
stone in the pond) sets them vibrating, but this vibration in
itself produces practically no sound at all; but the strings are
stretched across the little bridge which rests on the belly of
the instrument, and the vibration of the strings is therefore
transferred to the belly, which in turn acts as a piston to set
the air in motion. Even wind instruments without reeds or
other moving parts, like horns, flutes and the pipes of the
organ, have a “piston” in the form of the air enclosed within
the tube of the sound-maker, this air resonating at a frequency
determined by the dimensions of the tube. So the surrounding
air is set in motion by a solid or pneumatic piston, not directly
by the original application of energy.

Secondly, sound waves, in still air, travel outwards not as
circles but as spheres centred on the point of origin.

Thirdly, the transfer of energy from the point of origin
outwards into space is quite different from the behaviour of
ripples. The diagram of Fig. 1A shows that the ripples move
sinusoidally across the datum line represented by the surface
of the still water. Therefore, they are transverse waves since
they are continually crossing the line of propagation. Since
water cannot be compressed the radiating energy must be

8
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transferred in this way; but air is an elastic medium and it
can be compressed and rarefied, so the propagation of sound
waves is by a successive compression and rarefication of the
air along the line of propagation—there is no movement to
left or right or up and down. Such waves are called longi-
tudinal waves because they move along a line. In spherical
radiation there must obviously be an infinite number of lines
of propagation in all directions, but let us consider only one
line.

The first impact of the piston produces a state of compres-
sion in the air immediately beside it. This compressed air
wishes to expand, and in doing so pushes against the next
small packet of air, which is compressed in its turn, and this
pushes the next and so on. But the first packet of air when
expanding over-reaches itself somewhat and so becomes rare-
fied, and in resuming normal volume tends to draw back the
air it has already pushed. Propagation of sound, therefore,
from a point source involves the creation of a tiny sphere of
compressed air which transfers its energy to another sphere
just enveloping it, and so on. Instead of the sine wave of
Fig. 1A, we can represent this state of affairs as in Fig. 1B,
where the short lines close together represent compression
and the far apart lines rarefication. It should be noted, how-
ever, that this diagram represents an instantaneous state, for
the compressed area moves forward from left to right through
the whole cycle and then repeats as long as the original sound
is continued. As the compression and decompression can only
occur as the result of the displacement of particles of air, it
follows that each particle during the interval of one cycle
must move forwards and then backwards to its original
position. If the distance moved could be measured and plotted
on a curve, above the datum line for forward movement and
below it for backward movement, the curve would be sinu-
soidal.

It can be seen, therefore, that there is a sort of family
relationship between water waves and sound waves in that
one characteristic of each is a sinewave form, but the peculiar
characteristic of a sound wave is that it is created by little
packets of .compression travelling along a straight line, and
when multiplied by infinity create spheres of compression
travelling outwards. Each compressed packet is charged with
energy which impinges on your ear drum. If the sound is
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transient then there is only one impact on the ear; if a steady
tone, then the ear is successively hit with packets of air as
frequently as the originating “piston” moves the air. If X
and Y in Fig. 1B are the points of maximum compression,
then the distance XY is called the wavelength,of the sound,
and the wavelength is a function of the frequency.

The discussion thus far deals only with a simple wave
having indirect sinusoidal motion of the type described. The
behaviour of the air can be analysed by strict mathematical
methods but there seems little point in giving the mathema-
tical proof if you are prepared to accept what I have written
as correct. The discussion, and its mathematical treatment,
can be developed for complex waves, which consist of a
fundamental frequency and one or more harmonics, each
harmonic having a frequency which is 2, 3,4, 5 . . . . times
the. fundamental frequency. The movement of each particle
of air is more complex, but follows the same general prin-
ciples, as long as it is not confined in a closed space. But the
room in which you are listening is an enclosed space, for it
has walls, and the walls not only arrest the sound wave but
reflect it back along its path.

Now you have seen that the wave assumes the form of an
expanding sphere, and if the room in which it was generated
was a sphere also then it requires little thought to imagine that
the reflection would be constant throughout the room. Rooms
being rectangular and not spherical, it follows that different
sorts of reflection take place.

Let us return to a single ray of sound, one isolated wave
travelling along a line of propagation. Let this ray continue
until it meets a wall which is 100% reflective and perpen-
dicular to it. Clearly, the sound will be reflected back along
its original path. In Fig. 1B, the particles are moving to create
compression and rarefication and move from a condition of
maximum forward movement through zero to maximum
backward movement (which is the same as the greatest nega-
tive forward movement). The maxima and minima of com-
pression are called nodes and in Fig. 1B one node is exactly
halfway between X and Y. Those points exactly halfway
between the nodes are called antinodes. As the linearly-
increased density of the particles moves along the line of
propagation there is no change of position and the amplitude
is zero, but there is a change of density at the nodes; at the

10
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Fig. 2 Huyghens’ principle of propagation of sound waves.

antinodes there is maximum amplitude but no change of
density.

Now consider what happens when there is reflection.
Assume a reflector, such as a hard polished wall, with 100%
reflective power. In Fig. 1C the first wavelength XY of Fig.
| B is shown at the top, and below it a pictorial representation
of rate of change in density, which is of sine-wave form. The
nodes X and Y are lettered as before and the intermediate
node at half wavelength is lettered N; the antinodes are AN,
and AN,. The outgoing wave is shown as a solid line and
when reflected by the wall at Y it is dotted; the arrows show
the direction of travel. With the reflector at a node it is seen
that the resultant of the two waves is zero, but when the
reflector is at an antinode the reflected wave takes the same
course (of compression and decompression) as the original
wave. It is obvious, therefore, that the position of the reflector

11
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has a profound bearing on the sound wave, which means
simply that a sound wave originating in a room will not have
the same effect on the ear as the same sound wave originating
in an open space, or in an anechoic room such as is found
in well equipped acoustical laboratories (the word “anechoic”
means simply no echoes, no reflection).

These results derive from the reflector being exactly at
right angles to the line of propagation; to understand what
happens when the sound wave falls obliquely on the reflector
it is easier to consider what is usually called Huyghens’
principle of wave propagation, for in any event we are in-
terested not in waves proceeding in a straight line but in
expanding spheres. A sphere is formed of an infinite number
of cones, so let Fig. 2 represent the cross-section of one cone,
the sound source being at O.

Huyghens’ principle states that at any instant the wavefront
of a sound wave is the envelope of wavelets whose origins
are all the points comprising the wavefront which existed
t seconds previously. In an isotropic medium at rest these
wavelets are spherical and of radius vt, where v is the velocity
of propagation of the waves in the given medium. (In strict
accuracy it must be pointed out that Huyghens was primarily
concerned with light waves, but the same argument applies
to sound waves). In Fig. 2 from the point O as centre we
describe an arc AA which can be sub-divided by the points’
a, a,a....; these points can be considered air particles
affected by the emergence of the original particle from O. In
practice, of course, the distance OA would be extremely small,
for we assume that only one particle from O affected several
particles a.

From AaaaA we now describe a series of arcs of radius
AA to produce the form shown at BbbbB. The envelope, that
is the line enclosing this form and shown dotted, is the new
wavefront. From this new wavefront a further series of arcs
can be described, and so indefinitely. The distance from A
to B is vt. This principle of Huyghens was stated as long ago
as 1678 and there is no proof that it is correct; yet it is
generally accepted because it is a reasonable explanation of
what happens, and experiment has not contradicted it. More-
over, it does give an understandable picture of how a sound
wave progresses, and since the factor t is involved it can be
understood that the scale of the diagram, if one may use the
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Fig. 3 Huyghens’ principle applied to reflected waves.

term in this way, is dependent on the frequency of the sound
wave in cycles-per-second.

Now consider Fig. 3. The reflector RR interrupts the pas-
sage of the sound wave whose wavefront is BbbbB. If it were
not there the track of the sound wave would obviously be
within the rectangle BBCC, but that part of the rectangle
shown dotted is the part reflected by RR. Using the Huyghens’
idea we can consider the approaching wavefront as BB with
wavelets starting from the points b, b, b. The point of inci-
dence of the lower B on the reflector indicates that at the
instant this wavelet hits the reflector the wavelet from the
upper B has still to travel the distance BC, and the interme-
diate wavelets the distance br. The dotted line BC represents
the path of wavelet lower B if it were not reflected, but as it
is reflected by a 1009, efficient sound mirror it must have
the same magnitude, so we describe an arc with centre lower
B and radius BC. Similarly, the wavelets emanating from
b, b, b are reflected at r, r, r and are reflected onto the
wavefront CrC at positions cr, the distances rcr being equal
to the distance rc. So, then, at a given instant, part of the
wavefront is wholly reflected, part is not reflected at all, and
the intermediate wavelets are partially reflected. In the whole

13
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Fig. 4 Dispersion of sound wave by a slot or hole.

process it will be noticed that the wavefront is reversed with
respect to the plane of the reflector.

By a similar argument it can be shown that where the
reflector is only a poor reflector, so that it is transparent to
sound waves, refraction of sound waves takes place in a
manner similar to that of the refraction of light waves; this
is of importance when considering the effect of hanging
“diffusing” materials over the sound source, or, for that
matter, the use of fabrics over the front opening of a speaker
cabinet. .

One further characteristic of the behaviour of sound waves
should be noted before we apply these generalisations to the
consideration of room acoustics. In Fig. 4 is shown the
approach of a sound wave to a hole in a sound-insulating
partition. Most of the wave is blocked, but that part passing
through the hole takes on the characteristic spherical form.
In other words, the sound passing through the hole is diffused
throughout the space on the forward side of the partition.
This may not seem to be a very exciting thing to illustrate
but it happens to be of considerable value in improving
listening conditions with unsatisfactory speakers. We have not
yet reached the stage when we can criticise speaker design but

14
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it will be within the knowledge of many of you that many
speakers focus the high frequencies in a very pronounced
manner. This is due to defective design, but it can be over-
come in a very simple way.

If Fig. 4 is considered to be the cross-section of a board
having a slot as wide as the speaker diaphragm, it follows
that if such a board is placed before a speaker that “beams”
the highs, the beam will be spread out in a horizontal plane
if the slot is vertical and in a vertical plane if the slot is
horizontal. The former condition is what we require for
ordinary room listening. Obviously the board should not be
so close to the speaker baffle or cabinet that it blocks the
bass, but such a diffuser an inch or two in front of the speaker
produces quite astonishing improvement of high note response
off the axis of the speaker. The diffusing board can be cut
from quarter-inch plywood, the sides about an inch greater
than the speaker diaphragm diameter, and the slot about an
inch wide.

CHAPTER TWO

THE EFFECT OF ROOM ACOUSTICS

Our rooms reflect sound in varying degrees and the
amount of reflection is determined not only by the furnishings
but by the frequency of the sound waves being reflected. The
size of the room as well as its shape, has a bearing on what
is actually heard; the position of the speaker can alter every-
thing; the very nature of the music being reproduced has some
bearing on the way it is heard in the auditorium. Given un-
limited wealth and resources the way to solve the problems
is to hire an architect who is an expert in acoustics and get
him to build a music-listening auditorium somewhere on the
grounds of your estate, with enough seats in the thing to
accommodate the many people who will come to hear the
nearly perfect. But most of us are not like that. We are
ordinary people and have to use what we have, for better or
worse. Let us try to work out how to do it for the better.

First of all, the size of the room. No doubt you have read
over and over again that you will get loss of bass if the room
is not big enough, because to reproduce a low-frequency
sound the room must be at least as long as the wavelength

15
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you wish to reproduce. Fig. 5 is a chart showing the wave
lengths of various frequencies of sound waves, and from this
you will see that, according to the text books, a room which
will reproduce a 50-cycle note must be at least 24 feet long
and one to reproduce 30 cycles would have to be at least 38
feet long. Sometimes you are told that if the speaker is in
one corner it will sound better, for the diagonal of the room
is obviously longer than one side, so all you have to do is to
sit in the opposite corner and there you have it! But if you
do not want to put the speaker in one corner and do not wish
to sit in the opposite corner, what are you to do? My sugges-
tion is that you''put the speaker where you want to put it
and sit where you want to sit. And you will still hear the bass,
in spite of the textbooks!

I do not want to decry the efforts of my fellow writers, but
it is a fact that a lot of textbooks are just a rehash of material
that has appeared in print before, and if somebody many
years ago came out with a “law” or a “principle” or an
“axiom”, it is likely enough that it will be repeateéd over and
over again, without its alleged validity being questioned.
Being a difficult and unbelieving person myself, I very often
do not accept these laid-down principles, and as I can hear
exceedingly well reproduced low notes in my own room which
is nowhere near as large as the minimum size laid down by
the experts, it follows that there must be some other explana-
tion of what is going on.

As has been explained, a sound wave progresses in ever-
growing spherical zones of compression followed by zones of
rarefication; a human ear in the path of the sound wave will
be acted on by the compressed and rarefied air. If there is only
one sound wave the ear drum will be affected only once, but
if the sound is continuous then the eardrum will be affected
every time a zone of compression and decompression passes
it, at a frequency determined by the frequency of the original
sound. If it is a 50-cycle note the ear will be affected 50 times
a second, and the fact that the wavelength, the distance be-
tween the successive spheres of compression, happens to be
24 feet has nothing to do with your hearing the sound in any
way at all. You could hear the 50-cycle sound in the open air
or in a pair of headphones (if these are capable of reproducing
a 50-cps note) or in any room between these extremes. But,
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Fig. 5 Wavelengths of sound waves at frequencies up to 100 c.p.s.

and it is a big but, reflections from the walls of the room
have a great deal to do with what happens.

Without considering any factors other than reflection let a
50-cycle sound be sent out from a speaker in a room which
is 30 feet long. According to the textbooks this room is large
enough for you to hear the sound properly because it is big
enough to contain a whole wavelength. But if you walk about
the room while the sound is emerging from the speaker you
will find that there are points where you hear no sound at all.
This is due to the reflections from the walls. If you refer
back to Fig. 1 you will see that reflectors on the nodes
produce cancellation of the sound and those on the antinodes
do not. If a whole wavelength and a bit have merged from
the speaker and the bit is reflected from a wall in such a
way that a zone of rarefication meets an equal and opposite
zone of compression the result will be nothing at all. Such a
condition is called a standing wave, because it is a “wave”

17



77
Vi e i
o/

)

|
il
i

s A/
1N3IDI4430D NOISdy0osayv

YR TR T e - Sean e
&

125 250 500 1000 2000 4000
FREQUENCY C.P.S.

Fig. 6 Absorption coefficients of acoustic tiles at various frequencies.

having no energy. Of course it-is not a wave at all, it is a
zone of no wave, but the term conveniently describes the
condition. Standing waves exist in terms of frequency, room
dimensions, and the nature of the reflecting surfaces, and it
is an instructive experiment to feed an amplifier with the
output of an audio oscillator and listen to the speaker in
various parts of the listening room. There are acoustically
blind spots all over the room, and just outside of these
acoustical blind spots the sound can be heard at full strength.

With great patience a map of the room could be drawn
for each frequency showing the location of the blind spots,
but as the sounds used for the map are pure and sustained
notes, which very rarely occur in real music, the value of a
set of such maps seems to be very doubtful.

Independent of the frequency of the sound wave there are
two factors which determine the behaviour of the sound wave
once it is injected into the room—resonance and reverbera-
tion. Sometimes these terms are used interchangeably but
they are two quite distinct effects. As in an open or closed
organ pipe any enclosed body of air resonates at its natural

18
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frequency, an effect, we shall discover in due course, which
has a direct bearing on the design of the speaker housing.
The air in a room has its own natural resonant frequency
determined solely by the volume of the enclosed air; it will
follow that if the volume is such as to create a resonance
within the normal audible range then any notes emitted by
the speaker of the same frequency will be augmented. In
practice this does not matter very much because the effect
is generally negligible; but the effects of reverberation are
much more serious, an unduly long reverberation period
affecting the whole gamut of frequencies and making speech
and music quite unintelligible.

In the absence of absorbing material on the walls and
ceiling of the auditorium the sound waves proceed from the
source, are reflected by the walls on to the ceiling and from
the ceiling on to the walls (and floor, if it is bare). Further
reflections occur until the sound is echoing backwards and
forwards. If part of the auditorium has curved surfaces, such
as a domed or curved ceiling, the scattering of reflections
becomes emphasised. The time of reverberation is easily
measured, for a transient pulse of sound can be generated
and the recurring echoes heard until their magnitude is negli-
gible; the decay in intensity must necessarily occur since the
walls and ceiling are not perfect reflectors, and a little is lost
with each reflection. The time in seconds required to reach
practical audibility is called the reverberation period.

Before it was treated, a lecture room at Harvard Univer-
sity which was used in some of the earlier experiments in
architectural acoustics had a 5.5 second period for an ordinary
human voice; obviously even a slow speaker could utter
several syllables in this time, so the result was simply a jumble
of sounds if the room was fairly empty. Adding cushions to
the seats improved matters, the more cushions the greater the
reduction in reverberation time, and the further addition of a
packed audience brought the time down to a period when a
speaker could be heard very well indeed. These somewhat
primitive and nowadays obvious results did at least start
proper investigations into room acoustics, and it can be taken
as a simple generalisation which always works that if you
stand in the middle of your listening room, clap your hands,
and hear that “the melody lingers on”, then conditions are

19
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not right for high fidelity reproduction and sound absorbing
materials must be introduced.

These properties of various materials can be arranged in
a simple table. If the co-efficient of absorption is unity, repre-
senting complete absence of reflection, then the co-efficients,
for various substances are as given in Table 1.

As far as the usual room accessories are concerned, un-
glazed book cases fairly full of books are good sound
absorbers, but if glazed the co-efficient becomes that of glass;
unupholstered furniture can be taken as equal to pine boards.
Wallpaper is more effective than paint on plaster but there
is not much improvement by using it. Thickly upholstered
furniture is much ore absorbent than modern functional
designs; a fitted carpet provides a more manageable listening
room than one with a polished wooden floor and rugs. Picture
windows without curtains are almost impossible to correct
or compensate; if you have one of these quite admirable
features in your music room, your listening will have to be
done after dark, and the curtains must be substantial. Un-
cased radiators and wall heating panels can be very trouble-
some, as can be a piano, either upright or grand.

Controlled absorption can be set up by the use of acoustical
tiles. These are usually recognised by their perforated
appearance. Usually the front portion is of compressed
asbestos pierced with a regular pattern of small holes; this is
backed with a layer of rock-wool from a half-inch to one inch
thick. The tiles are not fastened to the wall but to battens
fastened to the wall; alternatively the rock wool can be
obtained as separate cushions to be laid between the battens,
the front tiles being fastened to the battens. Other tiles,
cheaper and much lighter in weight, consist of compressed
sugar cane fibre; others, again, are made up of exploded mica
granules cemented to shape. Typical absorption curves for
tiles of these various types are shown in Fig. 6, and it will
be seen that maximum absorption usually occurs in the fre-
quency band 700-1500 cps. Manufacturers of these tiles will
supply the absorption curves on request.

The acoustical treatment of rooms intended for music
listening has to be considered from two aspects, insulation
from external sounds which would interfere with enjoyment
of the music and removal of reflections in the room, particu-
larly in the reduction of reverberation. Acoustical tiles will
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