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A Fundamental Analysis of Loud

ENTURIES before we dreamed of modern

loud speaking equipment, the natives of

Africa had crude systems of communi-

cation in the form of cocoanut shells connected
by a taut string, which acted as a medium for

transmitting sound vibrations. Outgrowths of

these crude systems of communication are our
present telephone network and radio systems.
The primary function of any communication
system is to transmit intelligence and entertain-~
ment. In considering the operation of any such
system, the reproduced sounds may be referred
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to as having two properties, i.e., intelligibility
and naturalness. In radio broadcasting, the
communication system is supplemented by en-
tertainment, and the property of naturalness,
therefore, increases in importance in the repro-
duced speech. Moreover, the transmission of
music imposes even more severe requirements
upon a communication system because of the
wide range of frequencies and intensities re-
quired for proper appreciation. It is the purpose
of this paper to present in a popular fashion a
few of the fundamentals of operation of one link
of such a system, namely, the acoustic repro-
ducer.
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Speakers

A Radio Club of America Paper Discussing the Signals a ‘Loud Speaker
Is Required to Reproduce—Factors Determining the Quality of Output
from a Loud Speaker—Some Causes of Distortion in Reproducers

By JOHN F. NIELSEN

Engineering Dept., F. A. D. Andrea, Inc.

The fact that there is ample opportunity for
distortion in those parts of a radio system pre-
ceding the loud speaker is apparent from a con-
sideration of the change the speech wave must
undergo between studio and loud speaker. Al-
though there is equal opportunity for distortion
in the transmitter and receiver, transmitter
distortion is generally negligible. The fact that
a broadcasting station serves a large volume of
receiving sets would point to this state of af-
fairs, since the receiver must be far cheaper than
the transmitter. Quality in the receiving set
itself is affected by the sharpness of tuning of the
radio-frequency stages, by the time constant of
the grid leak-condenser combination of the
detector circuit, by the characteristic and power
capacity of the audio amplifier, and finally, by
the loud speaker itself.

Before considering in detail the characteris-
tics of loud speakers, let us digress for the mo-
ment and consider the nature of the signal it
must reproduce. In general, the loud speaker
should reproduce faithfully both speech and
music, each of which presents its own peculiar
problems.

Speech consists in general of two fundamental
types of sound, namely, continuents and stops,
and their combinations! (see bibliography on
page 590). The former are those produced by a
continuous flow. of air, such as the letters F, S,
etc., while the latter consists of those sounds pro-
duced by a sudden stoppage of air, such as
letters, P, B, and M.

For instance, analyzing the word “Past,”
we notice, in Fig. 1, that “P’’ appears as a trans-
ient indicated by a high broad peak; “A,” a
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nearly continuous trequency of approximately
800 cycles varying in amplitude; “S” and “T”
are of a high'frequency character, of low ampli-
tude, and continuous.

It is readily seen from the nature of the word
that, in order to obtain perfect reproduction, the
loud speaker must reproduce frequencies of am
extreme nature with proper relative amplitude
and without time lag. If a loud speaker is in-
efficient at the upper extreme of its frequency
spectrum, it is generally noticed that “S,” “T,”
and other high-frequency combinations, are
either missing entirely or are of low relative in-
tensity. In addition, a loud speaker may have
resonant peaks at certain frequencies which may
so exaggerate some sounds as to completely mask
others. Speech energy is distributed over a fre-
quency band of about 50 to 10,000 cycles per
second and, in general, has a maximum between
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150 and 250 cycles. The frequency distribution
of speech energy is shown graphically in Fig. 2.

Music is characterized by various harmonics
which may be of larger or smaller amplitude than
the fundamental. These harmonics distinguish
the same note in the same octave as played on
different instruments. Fig. 3 shows the differ-
ence between a cello organ pipe “C” and a trom-
bone organ pipe “C”. It is readily seen that a
wide frequency spectrum must be faithfully
reproduced to enable the listener to distinguish
between different instruments. Musical sounds
are characterized by being sustained at definite
frequencies for comparatively long periods and
by having the change in pitch take place in defi-
nite musical intervals called, thirds, fifths, oc-
taves, etc. Musical notes are usually very rich
in harmonics; in some instances, as in the case
of the cello, the harmonics may even ex-
ceed the fundamental frequency in in-
tensity. Musical energy is distributed
over a frequency band of from about
16 cycles to something over 10,000 cyles
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per second and usually has its maximum
below 1000 cycles. However, it has been found
that a frequency range of about 50 to 5000 cycles
is tolerable for natural reproduction of both

speech and music? (see bibliography on page

590).
Havmg considered the nature of speech and

* masic, it is evident that the perfect reproducer

should give constant response when actuated by

"constant audio signal impulses, and be free from
resonant effects or hangovers of any sort. It is
at once apparent that the action of the loud
speaker may depend to some extent on the cir-
cuit elements used to couple it to the last ampli-
fier tube, since the coupling devices may reson-
ate the loud speaker at some audio frequency.

It has been variously suggested that the
quality of reproduced speech and music depends
both upon the average response of the sound re-
producing element to steady tones, and to the
irregularity of the response frequency char-
acteristics. The former serves as a basis for a

rough estimate of quality and relative loudness

of fundamental notes, while the latter is an index
from which. it is' possible to predetermine the
clarity of the reproduced speech and music.
That is te say, a response-frequency character-
istic obtained by applying steady single fre-
quencies to the loud speaker gives only a gen-
eral indication of the action of the loud speaker
when it is actuated by transient notes, sudden
stops, etc. To predict the effect of hangovers
which tend to confuse the listener by changing
the relative phase displacement of independent
notes, it is necessary to know something about
the resonant peaks in the response characteris-
tic. Obviously, quality also depends on the na-
ture of the load characteristic of the motor
element. Since, as previously pointed out, the
energy of both speech and music is more or less
concentrated below 1000 cycles per second, the
loud speaker, in actual service, must necessarily
operate with a wide variation in amplitude. For
this reason it is desirable that the efficiency of
the loud speaker be approximately constant for
all armature excursions commonly met in prac-
tice, otherwise, the large amplitude frequency
notes, or the smaller amplitude high-frequency
notes, will be over-emphasized.

It has been shown elsewhere that musical
tones between 200 and 2000 cycles have in gen-
eral the same average intensity and that the
human ear at the intensities generally used in
reproduced music or speech has about the same
sensitivity over this range? (see bibliography
on page 590). Further, it has been shown that
departures from faithful reproduction -above
and below this range are far less noticeable
than departures within this range. For ex-
ample, changes in response at 70 or 6000 cycles
are about one tenth as serious as the same
changes between 200 and 2000 cycles. As the
range of maximum sensitivity is approached,
given departures from true reproduction become
more serious; thus, at 9o or 4000 cycles, a given
departure from the true signal is about half as
serious as at 1000 cycles. Consequently, if it is
taken for granted that equal departures from
the original signal do equal damage at points of
equal auditory sensitivity, it is possible to ar-
rive at a basis for determining the maximum
departure of response from perfect reproduction
allowable for tolerable reproduction. Using: this
as a basis, a response-frequency characteristic

can be drawn which represents approximately -

the limit beyond which it is unnecessary to go
for acceptable reproduction. Such a curve is
shown in Fig. 4. From the standpoint of relative
loudness, the response-frequency characteristic
of any loud speaker which falls within the shaded
area is substantially as acceptable as a perfect
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unit. This, of course, holds only for relatively
smooth characteristics, since resonance peaksof
relatively large amplitude and sufficient sharp-
ness always introduce sustained vibrations or
hangovers, and these constitute an entirely dif-
ferent type of distortion. Representative re-
sponse characteristics of two commercial cone
loud speakers, are shown in Fig. 5.

A comprehensive method of measuring or
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rating a loud speaker in terms of its resonance
peaks is probably as unnecessary as it is difficult.
There are, however, a few conclusions that may
readily be drawn from a first inspection of the

response curve. A broad peak indicates high:

damping action, and a sharp peak, low damping.
Therefore, if the broadness of any resonance peak
is rated in terms of multiples or sub-multiples
of the geometric mean frequency, the relative
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length of the hangover can be approxtmately
determined. Thus, a. resonance peak of unit
breadth at, say, seven tenths of its' maximum
height, will allow vibrations to persist roughly
half as long as will one of the same amplitude
and half its breadth, and in the former, these
vibrations, for a given frequency, are about half
as serious. It therefore appears -worth while to
examine closely the height and breadth of each
resonance peak if its amplitude exceeds the aver-
age characteristic by 40 to s5o0_per cent. The
absolute height of peaks that may be neglected
is more or less a matter of opinion, and therefore,
limits can only be fixed by measurement of the

undesirable effects produced. Certainly, greatest
harm will be produced.by peaks falling within. »
the frequency spectrum, most important from

the standpoint of auditory sensitivity. Whence it

~would appear that the harmful effects of peaks.

can be weighted in accordance with the response
curve of Fig. 4. -~ 5

THE LOUD SPEAKER’S MECHANISM

HAVING considered, in general, the desirable
characteristics of loud speakers, let ys in-

vestigate the mechanism that is to produce these
_ characteristics. ¢

A loud speaker may be ‘considered as made up
of three systemS' .

1. The motor element, which converts the
electrical impulses into correspondmg mechani-
cal vibrations.

2. The coupling system, whrch transmits the
mechanical vibrations from motor to diaphragm.

3. The diaphragm or loading device, which
radiates the mechanical vibrations into the air
as waves of sound.

The simp]est type of motor element in com-
mon use is the vibrating reed type. It consists,
in general, of an armature pivoted or hinged at

one end and actuated at the other, a magnet to

supply, a steady: uni-directional magnetic flux,
and a winding coupled to the magnetic circuit
which is capable of superimposing an alternating

or pulsating signal flux on the steady flux al-

ready present. A schematic diagram of such a
unit is shown in Fig. 6. The free end of the
armature is normally at rest in a steady uni-
directional magnetic field supplied by the per-
manent magnet. When an alternating or pul-
sating current is passed through the coil coupled
to the armature, the free end of the armature is
alternately attracted and repulsed by the re-
maining pole. Thus, the electrical impulses in the
coil are converted into mechanical vibrations
which are, in turn, transmitted to a diaphragm
through the medium of the driving rod.

A brief inspection of the figure will show that

this type of motor is not free from distortion.

Let ® represent the steady flux across the air
gap; a sin wt, the flux due to a signal current
through the windings, and P the force acting
on the armature.

Then: -

P = K (¢ + « sin ot)?
= 2K ¢ asin ot + K a2 sin? wt + K $?

2
=2Kdé asinmt—K—}z-coszmt-}- K(ﬁﬁ—:w

Obviously, the first term represents a repro-
duction of the signal impulse, while the second
term represents a second harmonic of the signalt
(see bibliography on page 590). The remainder
of the force adds a steady component to the
steady pull exerted by the permanent magnet.
It would seem, since that part of the coefficient
of the second harmonic which is- proportional
to the signal, appears as a squared term,
that the second harmonic could be made neg-
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ligibly small by the simple expedient of keep-
ing the ratio ‘-2, large. Space will hardly permit
a discussion of this point. Suffice it to say
that good design dictates a limit to this ratio
which must necessarily be determined by ef-
ficiency, and saturation of armature and pole
pieces. Moreover, if a large permanent magnet
is-used, a stiff armature suspension will be re-
quired. Since the reed itself has a resonant
period, great care must be exercised to properly
fix this period in the frequency spectrum and to
provide proper damping. Greatest apparent effi-
ciency will, of course, be obtained by allowing the
resonant period of the reed to fall between, say,
800 cycles and 2500 cycles. Best quality can
generally be obtained if the resonant period
falls near 100 cycles, and is highly damped. It is
at once apparent that there are a number of
factors which limit both the efficiency and the
quality of this type cf instrument.

Another type of motor of more recent design,
which is very much in favor at present, is the
balanced armature type shown in Fig. 7. Among
other advantages, this type of structure will take
larger loads without producing second harmonics
of the signal. Using the same nomenclature as
above, we have:

Force due to one set of poles

= K (¢ + « sin ot)?

Force due to the remaining set of poles
= K (¢ — asinwt)? :

The total force acting on the armature is
obviously the difference of these
two, or:

P=K(@+ asinot2—K((@d—a
sin wt)? = 4K ¢ « sin ot

In this case, the overtone and
the additional steady pull, due to the

KADIVU ULUD U AMEKRKIUA

1. Saturation of armature and pole faces.

2. Iron losses, including hysteresis and eddy
currents. A detailed discussion of the effects of
saturation is beyond the scope of this paper. A
simple analysis will, however, serve to point out
the general effects to be expected. Saturation
occurs in practically all commercial loud speaker
motors, at relatively large armature excursions.
This particularly applies to reed type motors
and balanced armature type motors. [t seems
reasonable to suspect that the saturation of ar-
mature and pole faces in these instruments may

FiG. 8

be due, not to the alternating current in the
windings directly, but rather to the permanent
magneto-motive force producing large momen-
tary fluxes through the pole faces and armature
at large armature excursions. As is often the case,
a direct current bias in the windings of a loud
speaker, used directly in the plate circuit of an
amplifier, may cause armature saturation at
very small armature excursions. Be the cause
what it may, the effects are the same in that they
add odd harmonics of the signal output. Consider

B

[

5
P=K( '; g1 sin ot + P3sin 3 ot 4+ 85 sin
Swt...
= K¢+ Kg?sin?ot + KB2sin?3 ot + K
Bs2sin? 5 wt + ...
+2Kopfisinwt+2Kdfsingot4+2Ko
Bs sin 5 wt
+2KgiBssinwtsin3 ot + 2 K 81 B sin wt
sin 5 wt
+2K@aﬁssig3wtsin5mt+...

~Keetertartart..)
+ 2 K¢(§1sinwt+(5;sin3mt+(55 sin 5 wt

- %(612 cos 2 ot + B5% cos 6 wt 4 Bs?.cos 10 wt

o))
+ K1 85 cos (wt —3 wt) — K 81 @ cos (wt

+ 3 ot)

+ K81 85 cos (wt — 5 ot) — K 81 Bs cos (ot
+ 5.0t)

+ K 8385 cos (3 ot — 5 wt) — K 5 @5 cos (3 wt
+s50)+ ... .

=2Kopisinot4+2Kod@ssing ot +2 K
¢ B;sin 5 ot +

+K(ﬁlﬁa+ﬁsﬁs—@;—2)coszmt
+ K (81 Bs — 81 Bs) cos 4 ot — K (B 55+6_32

2
cos 6 ot
K@z

i—v-,K[iaﬁsc058mt——- cos 100t + . . .

2

+Xeerarrerteet.. )

Interpreted, this amounts to a force acting
on the armature equivalent to the signal and a
number of even and odd harmonics as shown
above. It is apparent that the amplitude of the
harmonics increases with the degree of satura-

‘tion.

Similarly, for the balanced armature motor
we have:

P = K (¢ + Bisin ot 4 @3 sin 3 ot 4 @5 sin
sot 4+ ... ) . .
— K (¢ — 81 sin ot — Bz sin 3 ot — B5 sin
sot4 ... )2
=4KoBisinwt + 4 KdBssin3g ot -+ 4

Ko@ssinsot 4+ . . .

Obviously, the odd harmonics are
still present in their original relative

- amplitudes in the mechanical force
acting on the armature. It will be

signal, which were present in the out-
put of the reed type motor, vanish.

+ This results, then, in an armature
vibration, which is proportional to

~ the signal and which contains no
distorting components. It is also a
fact that the balanced type of unit
will in general reproduce much
stronger signals without undue distortion than
is the case with the reed type unit. Moreover,
if the load contains sufficient damping, the
response-frequency characteristic will obviously
be more uniform than that of the reed type
motor. This type of unit is, of course, not en-
tirely free from resonance, although its fun-
damental resonant peak is generally not as
serious as that of the reed type unit.

Fig. 8 shows the moving coil type of motor.
Its operation is, in general, similar to that of the
units described above, and lack of space forbids
further comment here. This type of instrument
may be made very free of mechanical resonant
effects, since the mass and stiffness of the arma-
ture and its suspension system may be reduced.

CAUSES OF DISTORTION

HERE are numerous causes of distortion
in_loud speaker motors in addition to those
already mentioned. Probably the worst offenders

are:

Asxsinwt

N_ UV

FIG. 9

a sinusoidal signal as shown in Fig. 9, and for

- simplicity, consider the magnetization curve of

the iron involved to be shown in Fig. 10. This,
of course, neglects hysteresis and the curvature
of the B-H curve, but it is sufficient to illustrate
the point. A sine wave signal of sufficient am-
plitude will produce an armature flux as shown.
That is, the peaks of the sine wave will be flat-
tened. Let the signal magneto-motive force be:

A = asin wt. s

The resulting flux may then be represented
as® (see bibliography on page 590):

B = @ sin ot 4 B; sin 3 wt + @5 sin 5 ot for
the case in hand. In addition, there will also be
a series of even harmonics for any practical case.
Using the previous nomenclature, we have for the
reed type instrument, operating at low flux
density*:

*A rigorous treatment, would of course, involve even
harmonics as well as odd ones since there is always a per-

- manent uni-directional magnetic flux in the armature of the

type instrument. For simplicity, the shift in axis
due to the permanent flux has been neglectad. -

H  noticed, however, that the conglom-
eration of added even harmonics
present in the vibrating reed type
motor, balances out in this case.

In addition to the introduction of
harmonics due to saturation, there
are present numerous other forms
of distortion, even for very minute

armature vibrations. Copper losses in general

are negligible, but iron losses are responsible
for a great deal of distortion at high frequencies.
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Iron losses are due to hysteresis and to eddy
currents. Hysteretic effect may in general be
sufficiently minimized by the use of a good
grade of iron, and lamination of that part of the
magnetic circuit traversed by the alternating
flux appreciably reduces eddy current losses.
Eddy currents are due to induction and are
induced in the metallic portions of the motor
structure by virtue of the changing magnetic
flax. Eddy current losses increase as the square
of the frequency, and hence tend to reduce the-
high-frequency response of the motor. Eddy
current losses are also dependent on the excur-
sions of the armature and thus may cause ampli-
tude distortion due to their variation over the
signal cycle. The frequency distortion” due to
eddy currents is, however, generally far more
serious than the amplitude distortion, and their
effect is generally quite apparent in response
characteristics.

In order that the armature vibrations be im-
parted to the air as sound waves, it is necessary
to couple a loading device to the motor element.
The loading device may consist of a horn to-
gether with a small diaphragm and air chamber,
or of a large diaphragm which imparts the vi-
brations directly to the air. The function of
either type of loading element is much the same
although their action differs somewhat. Properly
designed horns apply an almost constant load
to a motor element and may thus be made to
produce a much smoother response-frequency
characteristic than the cone type (large dia-
phragm) device® (see bibliography on  this
page). The essential difference in the two lies
mainly in the fact that the load presented
by the horn is almost pure radiation resis-
tance over the operating range, while that
supplied by the cone is far from constant, re-
sulting generally in an irregular response char-
acteristic, and is very similar in its action toward
the mechanical system to a complex impedance
load in an electrical circuit.t Aside from the dif-
ference in relative smoothness of their response
characteristics the frequency band covered in
the two cases is quite different. See Fig. 11.
The lowest frequency radiated by a horn is a
function of its length. Many horns function in a
manner similar to an open organ pipe, in that
the lowest frequency transmitted is

F = VEL. oF SounDp IN AIR
2 (LENGTH oF HORN). -

to a first approximation. This obviously depends
on the shape of the horn and the shape of the
opening. The lowest frequency efficiently radi-
ated by the cone is, among other factors, de-

{This applies to large flexible diaphragms such as paper
cones. With a very stiff diaphragm of small size, plunger
action and more uniform response may result.
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termined by the size of the structure and the

" "amplitude of motion. In' addition, the highest

transmitted frequency - efficienitly radiated by
this type of loading device is partly determined
by the effective high-frequency mass of the dia-
phragm. In some diaphragms, at high frequen-

cies, only a small portion of the diaphragm near
the driven point is effective as a radiator, the
remainder of the device acting in general as a

power absorbing network: That is to say, the
high-frequency vibrations may travel from apex

to-edge of thie cone as well as being directly radi- -

ated from the driven point. The effect of these
impulses traveling across the face of the dia-
phragm is twofold: First, power lost in deforma-

tion of the diaphragm face, and, second, out-of-

phase radiation. These may frequently occur to

such an extent that the radiated sound is much-
reduced. In addition, the usual*diaphragm has
many resonant points of its own and thus may

present a variable load to the motor.
The efficiency and response-frequency char-
acteristics of a loud speaker depend to a large

extent upon the device used to couple the motor

to the loading element. In the case of the horn
radiator, this device usually consists of a short
light driving rod and is, in general, quite ef-
ficient and relatively free of distorting effects.
In the case of the large diaphragm (cone) loading
device, the coupling device must in general in-
clude a mechanical transformer, which amounts
to a lever or system of levers for increasing the
force. In the ideal case the mechanical trans-

former consists of a frictionless lever of zero

mass. In practical cases it may consist of mem-
bers having appreciable mass and considerable
stiffness of suspension, amounting to a complex
network, which further complicate the action
of the loud speaker as a unit. This particular
phase of the subject, however, has been treated
in detail elsewhere’ (see bibliography -on this
page). i i

The human ear which in the end is the final
judge of quality, is far from a perfect instrument.
Its response characteristic is far from linear
either with frequency or amplitude? (see biblio-
graphy on this page). Moreover, the ear is in

itself a modulator, due to the nonlinearity of its

characteristics® (see bibliography on this page).
Such being the case, it is often possible for an
observer to apparently hear a fundamental note,
when only harmonics of the note actually im-
pinge on the ear drum'® (see bibliography on

. this page). Therefore, it may often be permis-

sible to allow a certain amount of distortion to
actually take place, and still maintain tolerable
quality. Thus, harmonics produced by a loud
speaker may often. cause a slight apparent in--
crease in efficiency without materially affecting
quality. The naturalness of reproduced speech

‘and music depends to a large extent on the

energy level at which it is reproduced. That is
to say, the psychological reaction of the ob-
server depends on whether or not the signal is
delivered at-normal intensity. Again, harmonics
of the original signal are frequently not detected
by the ear'until the energy level is such that the
harmonic output of the reproducer approaches
that of the original signal. Moreover, relatively
large irregularities in the response characteristic
of an acoustic reproducer are frequently allowable
at either end of the frequency spectrum, as pre-
viously pointed  out. Consequently, a perfect:
reproducer, having a linear response characteris-* -
tic, might not appear to have an appreciable
advantage over a less perfect device with a
reasonably acceptable characteristic.
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