LOUDSPEAKER

DESIGN

HENRY KLOS

HERE HAS always been a certain

I willingness to suspend both dis-

belief and rationality in the dis-
cussion of Inudspeakem, and for the
most part it doesn’t really harm any-
thing. People tend to wind up buying
their speaker systems on fairly reason-
able, pragmauc grounds, and aren'l
likely to be disturbed by the adman/
salesman/theoretician who holds that
il takes a round speaker to yield “round
sound™ or a speaker system the size and
shape of a bass viol to reproduce the
sound of one. We do, of course, see some
nicely rounded and bass-viol-sized
speakers in stores as a result, but the
relatively few people who buy them
;:urr:—h.xh]».- have their reasons and can’t he
considered the worse for it

Still. there are times when a loud-
speaker designer has pangs and longs
to sneak a bit more enlightment into
the discussion even if it makes clear,
as the lollowing may, that just about
anyone might design a good-to-wonder-
ful low-frequency loudspeaker system
by following rules that are both few
and simple.

S0, then, a catharsis for a speaker
designer. And an attempi at some new
and hopefully useful ways of looking at
the low-frequency prrﬁ:-rmam_: of the
kind of speaker system that has such
wide acceplance as a high-performance
device. That, of course, is the sealed-
BOX, acouslic-Suspension syslem  now
made (in vanious adjectival Torms) by
just about every speaker manufacturer.
We won't argue the possibility of a
betler design somewhere in some hetter
world, but simply proceed with the
knowledge of the present desien's
sublime usefulness in this one.
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Hofmann’s Iron Law -

a curiously useful way of looking

at the low freguency performance

of loudspeakers...

One of the delightful things about
the sealed-box, acoustic-suspension,
single-degree-of-freedom speaker is that
IUs a quite simple system, with an attend-
ant lack of eccentricity. The parameters
that decide its behavior are rhere all the
time, and you can vary them for dif-
ferent objectives—as we will he dis-
cussing -with known results, You don’t
wind up with cgregious behavior in
some performance area as a result of
some apparently harmless change, and
vou don’t then have o waste ime look
ing for some “paich™ that may iself
have some strange effect.

Which means. of course, that low-fre-
quency performance can’t be deter-
mined by the sheer weight of money or
the designer’s ingenuily, since the rules
stay the same whatever the designer’s
resources. But while this may disturb
those designers who like to think they
can buy their way out of a design limita-
tion, or those who think that a particular
kind of voice coil or cone material or
construction has a certain mystique, it's
very mice for all the rest of us. And it
does leave the designer free to make
some choices, hopefully enlightened,
of what to emphasize and what not 1o
emphasize, since 1otal subjective effect
or suttability isn’t as nicely predictable
as are curves and such.

S50, while the behavior at low fre-
quencies of a certain sort of speaker
15n'l the most metaphorically exciting
subject for an article. it does give us
a chance for a close look al some reason-
ably interesting things that can be stated
both simply and rigorously, Nothing
new, really, except perhaps a new win-
dow on rezlity.

What | propose to do is being with a
speaker design of known excellence and
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discuss its basic and completely de-
pendable interrelationships: What hap-
pens to performance from various phys-
ical changes, what physical changes are
needed for o specific performance ob-
jective. The assumptions (forgeting
about the vital question of vour interes
in all this) are; |

* That we are talking about the sealed
or effectively sealed speaker system.
(Some latter-day ported systems are
essentially sealed boxes that follow
the rules we will be discussing.)

* That the speaker derives all damp-
ing from its voice coil moving in the
field of s magnetic siructure and is
used with an amplifier of modern high-
darﬂpmﬂ Factor (4 or above) design

That the amplifier is not tailored in
frequency response 1o a  particular
speaker.

* That we aren’t making any judgment
on how much sound must be produced,
but working within known and accepred
parameters for average 1o demanding
home use

* That we aren’t after the discovery
or definition of one “ideal” loudspeaker,
but discussing possibly useful variions
within an area of known goodness (or,
if you prefer, excellence).

The discussion which follows will be
different from the usual presentations
in an important way. We shall deal only
with those parameters whose manipula-
tions are at the discretion of a designer.
By eschewing the inclusion in our state-
menis of such quantities as the density
of air, the velocity of sound, the value
of 2=, and other constants that are
constant for all speakers in this group,
we are forhidden 10 make statements of
eguality in connecting physical para-
meters with performance characternistics.
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We can, and shall, make perfecily nig-
orous statements of proportionality
which will permit us to precisely predict
the performance of any new speaker as a
function of the change in parameters of
a protoype speaker.

If we are 10ld, and we should certainly
readily belicve, that the weight of a pile
of jelly beans is proportional to the num-
ber of jelly beans, we should be quite
confident that if we multiply the num-
ber of jelly beans by 1.2, the total weight
will increase by 1.2, Note that we did
not have 10 know how much a jelly bean
weighed. If our job is 1o manipulate the
number of jelly beans and then keep
rack of total weight, we shouldn™ con-
cern outselves with those things (con-
stants, i.e., weight of individual jelly
beans) over which we have no control.
[f we are really dedicated to our job of
geiting at the essential truth, we can
even readily accept the fact that these
jelly beans are in a fxed size container
whose weight does not appreciably dis-
turb the relationship between number
and weight of jelly beans over the range
in which we are interested (see assump-
tiens above), The whole presentation is
directed toward an anempt 1o make a
powerful final statement that connects
together those several characteristics
which directly affect the value of a loud-
speaker 1o a user.

A good place 10 begin is the area of
greatesi comfortioany speaker designer:
The requency range from &0 Hz down
10 the point below 150 Hz where varia-
tions in low frequency curves may begin
to be visibly and audibly significant.
What 15 of such comfort about the 150-
800 Hz range. as has been stated else-
where many times, 15 that ir's “flat™ by
nature . Over that frequency range,
the speaker's velocity and hence output
1s controlled by the mass of its moving
system. Assuming good design as we are
throughout, in this casc of the cone,
there 1s 1deal piston operatuon. Cone
velocity gocs up as frequency goes down,
doubling for each halving of frequency
{a fact with which Mr. Klipsch appar-
ently likes to frighten small children) 10
coincide nicely with the realities of de-
creasing radiation resistance. Ouiput
can be calculated precisely at any point
in the range as the square of cone veloc-
ity times the square of the area Limes
some constants. No trickery is needed 10
make il come Irue nOr are any special
cone matenals {a wide vancly of
thoroughly conventional materials and
compositions will do micely).

But things change as the bass resonant
frequency of the system 1s approached.
In a proper closed-box sysiem, output
beings 1o drop at a point somewhere
above resonance {(we'll be more specific
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in & moment), drops more al resonance,
and begins to roll oftf' fairly sharply
{12 dB/octave) somewhere below that as
stiffness reaclance halves the cone veloc-
ity for cach lower oclave. If' benign
nature seemed to rule in the 150-300 Hz
range, the designer takes responsibility
now for ¢~.-'Er:,'1|‘|ing, mcluding {a) the
shape of the roll-off, resonance curve,
(b) where it begins laterally on the fre-
quency scale, and (c) where the curve
and the resonably straight line between
150 and 800 Hz show up on the vertical
scale of absolule power outpul.

He is responsible, all right, but the
rules are the rules.

The shape of the frequency response
curve of every speaker of the type we are
discussing will inevitably correspond w0
one of the family of these familiar uni-
versal resonance curves, We can con-
struct a graph with explicit labels for
x and y axes which completely describes
the speaker’s performance guantita-
tively if we know three performance
characierisics:

A Eﬁ?{'rerrﬁ, or the amount of output
in the “flat”™ region for a given
power input,

B. Resonanr frequency, or the acal
frequency at point labeled Fr on
curve, and

C. Which shape of curve,

Now, there are four, and only four
phvsical parameters that in turn sen
those three performance characlenstics:

. A = area of cone,

2. M = mass of moving system,
{cone and vouce conl lurgely),

3. Motor = “strength™ of the magnet-
voice coil moter 2, and

4. V = volume of air enclosed in
sealed box.

Let us relate physical parameters 10

performance characteristics:

A. Efficiency = Aa/Mr x Moor:

B. Resonant frequency. which we shall
call:

F, ¢

S stifEness mass

Stiffness here is assumed to be
solely due to cone arca pressing
against a small enclosed volume of
air and as such is approximately
equal 10 A:/Y so that:

. Y
F, =/ ATIVM

C. Shape of curve 15 aclually deter-
mined by the “Q" of system at
resonant frequency. The relating of
QFe 10 the physical parameters 15
a somewhal messy expression, in-
valves all four of those parameters
and docs not readily permit a feel
for the physical situation. We would
like now to introduce a different
term which relates 1o shape of curve
that makes it much easier 10 figure
out the new performance of a
speaker when any one physical
parameter is changed. Use of this
new term will then lead us 1o a way
io make a powerful and simple
statement. We shall also relate this
new tlerm to Qre as we must be
able to. They are both, after all,
egually legitimate ways 1o describe
the shape of curve,
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Short Digression

Imagine a loudspeaker with no stiff-
ness at all, that is a resonant frequency
at 0 Hz.

Now, let us examine the outpul as
we move down in frequency. We know
there is a region of constant outpul
and might expect this 10 continue to
indefinitely low frequencies; we shall
certainly never get to the 12 dB octlave
slope caused by suffness reactance.
Since this loudspeaker must have a
molor {some volume of conductor in a
magnetic field, here assumed to be fed
from a low impedance), there must be
some damping force, which, no matter
how small, will al some low frequency
equal the continually decreasing mass
reactance and cause the output 1o de-
Crease b}' 3dB. We shall find 1t conven-
lent to express the very important re-
lationship  between mass reactance
(tendency for velocity 10 increase with
lower frequency) and the resistive damp-
ing force (tendency for velocity to re-
main constant) as the frequency at which
the two become equal. This we shall call
the damping frequency. A stronger
motor, i.e., more damping, will cause
this frequency o be higher; a heavier
MOVING system, More mass reactanct,
will cause this frequency 1o be lower.

We can see that this quantity is in no
way dependent on area of cone or
volume of enclosure, but 15 just a way of
describing the relative influence on the
velocity of the cone at any frequency of
the mass of the moving system and of
strength of the moter, and one can
readily see that damping frequency
which we shall call Fo approximately
equals motor divided by mass

To gain famibarity with damping
frequency, FD, imagine a speaker with
Fo at 240 cps and resonant freguency,
Fr, w1 60 cps. If we examine the shape
of the frequency response curve going
down in frequency from the Nat region,
we are told that already a1 240 cps the
damping force is significant compared
1o the mass reaclance in determing cone
velocity, and the output is thus below
the flat region and shall be even lower
bv the ime we move down to 60 cps.
Now take a speaker with Fo 15 ops
and Fr 60 cps. As we move down in fre-
quency from the Mat region, we see that
when we get to the resonant frequency,
the “damping force” is sull not a strong
contributer 1o determining cone velocity
and, since mass reactance at this Ire-
quency (hy definthion) is cancelled by
stiffness reactance, velocity, and hence
response, is allowed to rise appreciably.
One more example: A speaker with
Fo = 60 ¢ps, FR = 60 ¢ps. Remember-
ing our definition of damping frequency,
this speaker would have been down in
response by 3 dB if there were no suff-

a2

ness at all, i.e., resonamnt frequency = 0.
Because resonant frequency is 60 cps,
the mass reactance, which 5 equal to
“damping force,” 15 cancelled by suff-
ness reactance and the response s
allowed w0 double, ie, rise 3B to the
level of the “flat” region. From this
fact you can readily pick out the appro-
priate curve, namely QFe = |. (See Fig.
1) In fact, the curve fitting the other
two speakers examined can be readily
found by making use of the relationship
between QFs and Fo that

Qre= Fr/Fb.

This 1s just a consequence of the way we
have defined Fp, Our first speaker is
thus seen o have the curve correspond-
ing 10 QFn = .25 and speaker number
2 has QFe = 4, One might complain
that at the beginning we should have
just said that Fo =Fr/QFe but that
would have denied us the chance to get
some physical “feel” for Fp and 10 see
why logically 1t 1s approximately equal
to motor divided by mass.

S0 our digression has given us a way
to express performance characteristic
E‘ in a slightly indirect way by specifying

L.

To then find shape of curve we note
ratio of resonant frequency to damping
frequency which gives us QFx to enable
us to assign the proper curve. So for C
we then write damping frequency ap-
proximately equals motor divided by
mass.

This relating of physical parameters
o performance characteristics makes il
quite easy to readily identify all changes
in performance when any one of the
four physical parameters are varied.
One can quickly go through the four

examples: |. Increase arca: increase
efficiency, increase Fr, 2. Increase
volume: decrease Fr 1. Increase

mass. Jecrease Fr, decrease efficiency,
decrease damping frequency (QFx goes
up). 4. Increase motor: increase effi-
ciency, increase damping frequency
(QFr poes down).

This 1s guite handy for a speaker de-
signer but the interrelationship of a
JdifTerent sel of charactenstics has much
broader importance. The loudspeaker
buyer-listener is not, or should not be
concerned with mass of system, area of
cone. or strength of motor. None of
these individually are separately dis-
cernible 1o a buyer-listener as being
proper of improper. | behieve we can
identily three outsianding characteristics
that truly determine the value of a
speaker 10 wser (remembering that we
are here concerned solely with low
Irequency performance). This value,
after all, at least here, 1s the most proper
concern. Qur intended service here is
to show how these value characleristics
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are rigorously tied wogether in a very
simple way

The value characteristics are:

l. Volume of eaclasure. The smaller
the bener. This strongly affects the
utility of the speaker with respect
to allowing optimum placemem
and even more strongly affects
price.

[ o]

. Efficiency. The higher the beuter,
Total loudness for given electrical

power

3. Low frequency response performance,
which we have shown to be defined
by:
la. rexorant [frequency. The lower
the better.
3b. damping frequency. The lower
the better
(Assuming we are discussing a
properly designed high perform-
ance speaker in which the motor,
for sake of reasonable efficiency,
has been increased beyond the
point that frequency response alone
would like, i.e., the speaker is over-
damped.)

It turns out that these four gquantities
are closely interdependent. The exact
statement of this interdependence turns
out 10 be very pleasing for its simplicity,
which is the reward that should be ex-
pected for the effort 1o acquire this new
conceptual tool of damping frequency,

Let us again express each of these
“user value characteristics” in terms of
their dependence on physical para-
melers:

1, Vaolume @ valurme
2. Efficiency = A*/M? x Motor
3a F = JATIMV
.']b.Fd 2 Mo tor M
Now just a few lines of old math
eighth grade algebra. From 3a, squaring
each side we have:

Fr* L YT
Or
Al & F ImMy

Let us restate etficiency, substituting
for Ar as:
Efficiency = Fr:I BAY Morarial
= F /' V Motor/M
But we recognize:
Moatar/bd as Fd
S50 we finally get:
Efficiency = F! F W

It one wams o consider only a given
shape of curve, that 1s a given QFr, we
can then express FD as some factor of
Fr and further simplify our law 1o:

Etficiency = F*V

[(Continued on page 56)
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(Caontinued from page 54 )

It should be kept in mind that these
FM distortion figures are those obtained
under worst-case conditions—when the
speaker system s pushed to its maxi-
mum low-frequency capability. This
would rarely (if ever) be experienced in
home use. But even if the numbers are
not as high as those published by
Klipsch and Greiner for absurd theo-
retical conditions, they are still rather
large as conventional distortion figures.

Most impartial observers have ex-
pressed an inability to reconcile these
larze numbers with listening experience.
It has been pointed oul, correctly,
that there must be a major difference in
annoyance value between FM distortion
and some other kinds; otherwise, how
would it be possible with such speaker
sysiems (o stage completelv successful
live-vs-recorded  demonstrations,  in-
volving audibly perfect reproduction of
complex live sounds such as that of a
string quarter?

This proposition is supported by close
examinalion of a process that evervone
has experienced: listening to recorded
music. Both tape machines and record
players huve mechanical imperfections
that result in speed irregularities. Tape
doesnot move by the heads ata perfectly
uniform speed. A record does not re-
volve around the spindle at a perfectly
constant speed. These deviations in
speed are measured as percentages ol
the mean speed. and the word used 10
describe them is futter. Flutter produces
FM distortion just as the Doppler effect
does,

As applied 10 loudspeakers. flutter
would be the ratio of cone velocity at
the modulating frequency Lo the velocity
of sound in air, expressed as a per-
centage. On these terms. the maximum
Mutter would occur for 1wo conditions
described in the preceding table. Flul-
ter under these comdinons would  be
0.52% peak. 0.33% average. for 015
acoustic watt output at 40 Hz: and 0.2X%
peak, 0. 14% average, for 025 wall oul-
put at i Hz

The NAB standard limit {or reproduc-
ing wrntable Nutter is 0.1% average. If
i1 is assumed that the Mutter is sinusoidal
this is equivalent o 0.16% peak. Tha
assumption 15 not warranted for most
turntables—even  very  high-quality
units generate iflutter peaks exceeding
0.16%. Moreover, the audio signal on
the record has had already superim-
posed on it the flutter from wo or more
generations of tape recording and play-
hack. as well as that of the recording
turntahle, The situation is likely 1o be
worse [or playback of recorded tapes.
For enher medium it 15 simply not real-
istic o expect occasional futter peaks
of less that (1.5%. This total amount of
Nutter produces FM modulation that is
operative on all frequencies. even the
very lighest, and 1t 15 present in the
same degree regardless ol signal level.
Yer it is considered o be marginally
objectionable if at all

Thus it is fair to say that under wors:-
case condiions, the FM  modulation
discortion of !l.';gh-.:llluaﬁh' direct-radiator
speaker systems 15 comparable i magr-
rude 1o, or less than, the FM modufation

distoriion that is alwavs present in the
recorded signal anyway. 1T one is not
audibly important, neither is the other,
My guess 1s that people who claim to
have heard loudspeaker Doppler dis-
tortion were really hearing nonlinear
distortion in the speaker system, or
amplitfier overload.

Of course it all other things were
equal 1t would be beuer w have no
FM modulation distortion rather than
even a small amount. It would be betier
to have no nonlinear distortion gen-
erated by the very high pressures in
horn throats, rather than even a small
amount. It does seem inefficient, how-
ever, o waste so much tume and atten-
tion on trivial imperfections when there
are imporiant problems 1o be solved, &

{1} Jardan, E 4., “The Deslgn and Use of Movings
Call Loudspeaker Unlle ™ Wireless World, November
197

(2] Acousilcal Engineering, Harey F Olson. p, 524
Yan Mostrand 1957

(A) Greiner A&, Letter 10 1he Edilar, Audlo,
Cecember 1570 p. 14

{41 Acouslical Englneerng, Hary & Qison, p. 15,
Wan Masirand. 1957

{5) See Audle, Dclober 1977, p. 44

Erratum
Sound Level Meter,
December 1970

The resistor R6 should be 100 K as in
the parts list, not 10 K as shown in the
schematic. Cl1 should connect 1o the
“Mar™ terunal of the switch, bul ot
to C9 and C7. The output of the “A™
filter should be taken from the junction
of R14 and C3, not from C4 as shown.

(Continued from page 32)

These then are the quaniildiive expres
sions of whar | have come to call Hoy-
mann’s  fron  Laww  prescribing  the
amouni and direction of change that must
accur in one or two or three af the re-
maining terms when dny one (s ch:irrgm'.

Note that this law does not say what
happens to any one lerm as a piven
term is changed, that is, for instance we

are not told how efficiency changes if

the volume changes. (In fact, it doesn’i
change at all)

Once it is decided 1o vary any term in
this statement, 11 15 up to the designer
to rearrange physical parameters both
o accomplish this change and properly
apportion  the necessanly  resulting
change in the other terms o make the
most acceplable “new” speaker

This iron law which shows difficult
and frustrating constraints facing an
engineer (but apparently not every
advertising department) can also console
one that the “improvemeni” one can

o6

make over an already properly designed
speaker must be nil, independent of his
resources or intelligence. A very con-
siructive use can be made of this law
by noting not only what it requires but
what 1t may alfow. Physical laws are
not inherently malevolent, after all. For
instance, we might ohserve that one
could start with a loudspeaker of truly
distinguished low frequency perform-
ance and keeping FrR and Fp the same
have exactly that same shape of curve in
one half the volume at 3 dB less ¢fTi-
ciency. Arguing the possible value of
such a special speaker is owside the
scope of this article; our only intemt
here is 10 prove that it is possible and
even indicate how the physical para-
meters should be juggled to achieve the
result. L3

1. Technical arbicles back to Rice and Kellagg™s of
glmosl 50 years ago hawve described fhis natural
cccurenge of ideal ilal bemavior. More recenbly
Aupin covered fhe subjec! well in Ehe March 1970
loudspeaker maue. O FEals0 ASSUMES & v AQUE 0=
working famillarily with the conient of swech iracts. We
are just olfering a stalement of consequences of the
lacts wivich have besn well reporied

2. This parameter, which accurs in the eEpression far

@lfigiengy [ealpblishing 1he force dedivered 1o the
maving sysiem as a lunction of electrical power in-
pail] g he same parameler thal delermines (he resisl-
Ande allered 1a the Mmaving syslem by 8 shoried cakl
im a magnetic tield which, althowgh it s an impedance
(reall, we gre calling “damping [gece " The fEpres-
sian far alrenglh o malar in lerms of physical para-
meiers is approamately magnetic field limes volume
ol egnduclor. Since those terms always Sccur 1o-
geiher in describing perlormance characlerisbcs,
we shall carry them along. describing them solely as
“@waleal The designer can 1hén dédide how he Sppor-
lions walues Belwean magnelie lwld and solume of
eanductor fo get the required modor and Then decide
o he subdivides this wolume of conduclor o gel
his dosired impedance Evel Tg drag alang lengbh of
conducter, eic, fhrough all which follows would
redlly abscure the piciure.

1 Dr. L Antan Holmann firsl introduced the lemm
“damping frequency” Abaul 16 years agoe when the
authar was slruggling with he design af the flirst of
thit then-new type of leudspeaker, the AR-1. The use
ol Ehe term 4% 8 Manipulabive device and, mars bm-
portantly, Ihe expression of ke inlerrelationships ol
ihe “value in use” characlerisbics 1hal 1he use of
Ihiz {erm reveaked worg 8 powerlul (ool thal pesmiiled
the degigner sasily to sysbematize the design of low
frequency loudspeakers. Dr. HWolmann later l#nl hig
imitial to angiher ludipeaker company @nd sub-
seguently has become irepaurer agnd chiel-enfarcer
ol-rigar of Advent Corparalion.
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