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Loudspeaker Damping 
ALBERT PREISMAN* 

Part 1. A discussion of theoretical considerations of loudspeaker characteristics, together with a 
practical method of determining the constants of the unit as a preliminary step in obtaining satis

faCtory performance. 

ONE OF THE CONSIDERATIONS in the 
design 'and application of loud
speakers is the adequate damping 

of their motion. Thus, owing to the 
masses and compliances involved, the 
sudden application or removal of current 
in the voice coil tends to produce a 
transient oscillation of a damped sinu
soidal naturl'. 

In particular, the sudden cessation of 
current in the voice coil may find the 
loudspeaker continuing to vibrate in the 
manner described, so that the sound 
"hangs over". Anyone who has experi
enced this unpleasant effect will seek 
ways and means to eliminate it. 

In the case of a horn type loud
speaker, the horn imposes in general 
sufficient mechanical loading to damp 
out such transient response of "hang
over", and also serves to limit the ex
cursions of the voice coil so that it does 
not operate into the nonlinear portion 
of the air-gap magnetic field. The damp
ing also serves to minimize nonlinear 
compliance of the suspension system by 
limiting the amplitude ot oscillation. 

However, if the horn design is lim
ited by such considerations as maximum 
permissible mouth area and is operated 
at a frequency not too low to be trans
mitted by the horn taper yet low enough 
so that appreciable reflections occur at 
the mouth, then the horn may cease to 
act as a mechanical resistance, but in
stead become predominantly reactive, 
and thereupon cease to damp a reson
ance in the speaker unit occurring in 
this frequency range. In such an event 
other means of damping will be of value 

* Capitol Radio Engineering Institute, Washing
ton, D.C. 

Responsibility for the contents of this paper rests 
upon the author and statements contained herein are 
not binding upon the Audio Engineering Society. 

to the designer or applications engineer. 
In the case of the direct-radiator 

loudspeaker unit, the air load is small, 
and is mainly reactive at the lower 
frequencies. Hence mechanical damping 
of the unit is small in magnitude, and 
"hangover" effects may be particularly 
noticeable. 

A reflexed cabinet may help to load 
the loudspeaker, or at any rate to pro
duce a two-mesh mechanical network 
exhibiting two resonance peaks, neither 
of which is as high as that of the unit 
by itself or in a flat baffle. Neverthe
less, the damping may still not be suffi
cient to produce "clean" low-frequency 
tones. 

Hence, in general, it is advisable or 
at least desirable to provide sufficient 
damping of the direct-radiator type of 
unit by means of its electrical character
istics, so that whether it is operated into 
a horn, reflexed cabinet, or simply a flat 
baffle, it will be adequately damped. 

An important point about electrical 
damping is that it represents high 
rather than low efficiency of operation, 
just as a horn does. On the other hand, 
were some material such 'as viscaloid 
employed to provide the required damp
ing, the electrical input power would in 
part at least be converted into heat en
ergy in the material instead of into 
acoustic energy, and thus represent a 
decrease in efficiency. It will therefore 
be of interest to examine damping pro
duced by the electrical characteristics of 
the system. 

Motional Impedance 
When an alternating current flows in 

a voice coil, it reacts with the constant 
magnetic field to produce an alternating 
force which causes the voice coil to 
vibrate at the frequency of the current. 

Me M. 

r-V 

r F 

0 

Fig. 1. Equivalent circuit of loudspeaker 
unit at low frequencies .. 

In so doing, the voice coil cuts through 
the magnetic lines, and generates a 
cOllntp.r electromotivl' force. c.e.m.f. 

The action is exactly similar to that 
of the rotating armature of a d.c. motor 
- the armature generates a c.e.mJ. by 
its rotation in the magnetic field. Con-

v 

Fig. 2. Mechanical characteristics of 
speaker seen from voice-coil terminals. 

sider the case of the loudspeaker voice 
coil. The electrical c.e.mJ. which is gen
erated, tends to oppose the flow of cur
rent in the coil, just as if its impedance 
had gone up. After all, one ohm of im
pedance simply means a one volt drop in 
the unit for a one-ampere current flow
ing through it; i.e., volts per ampere. 
In the case of the loudspeaker the force, 
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and hence motion and c.e.m.f., are pro
portional to the voice coil current, so 
that a ratio is involved which is an ap
parent impedance. 

Hence, when a loudspeaker voice coil 
is permitted to vibrate, its impedance 
apparently goes up. The increase in the 
impedance owing to its motion is known 
as the MOTIONAL IMPEDANCE, and it is 
measured in ohms just as the electrical 
impedance of the voice coil is measured 
in ohms. 

Several characteristics of the motional 
impedance can be readily analyzed quali
tatively. In the first place, the lower the 
mechanical impedance, the more readily 
does the voice coil vibrate, and the 
higher is the induced c.e.m.f. for a given 
current flowing through it; i.e., the 
higher is its motional impedance. 

A second point to note is that the 
greater the magnetic flux density, the 
greater is the induced c.e.m.f., and the 
higher is the motional impedance of the 
voice coil. Finally; we note that if the 
total length of voice-coil wire is in
creased, there is more conductor cutting 
the magnetic field, and hence more 
c.e.m.f. induced. Therefore the motional 

2 

Fig. 3. Circuit of Fig. 2 with addition 
of generator. 

impedance increases if the length of voice 
coil wire is increased. 

The actual quantitative relations are 
as follows: 

where Zme is the motional impedance in 
electrical ohms; B is the magnetic flux 
density in gauss; l = length of voice coil 
conductor in cm., and Zm is the mechan
ical impedance in mechanical ohms, i.e. 
(dynes/cm/sec.). 

Loudspeaker Low-Frequency Resonance 
The mechanical impedance Zm of the 

loud speaker unit varies considerably 
over the frequency range. However, as 
a direct radiator its value and effect on 
the lowest ,!-udio frequencies is of great
est importance, particularly with regard 
to "hangover' effects, and hence will be 

At the lowest audio frequencies, the 
loudspeaker unit acts mechanically as a 
simple series resonant circuit. This is 
illustrated in Fig. 1. The masses in
volved are those of the cone, Me' and 
the air set in motion by the cone M a 

The latter is a function of frequency 
but can be assumed fairly constant over 
a narrow frequency range involving the 
resonant frequency of the unit. 

The compliance C 8 represents that of 
the suspension, both of the rim of the 
cone and of the center spider. It is apt 
to be nonlinear, particularly for large 
excursions, but is reasonably constant 
for moderate and small amplitudes of 
vibration. 

The resistive factors are that of the 
suspension R., and that of the air set 
in motion by the cone, Ra. The latter is 
particularly variable with frequency, but 
is usually very small at the low fre
quency at which resonance occurs, par
ticularly if the speaker unit is tested by 
itself, or at most in a flat baffle. Values 
for several sizes of cones are given by 
0lson.1 

From Fig. 1, it is apparent that 

Zm = (R, + Ra) + jro(Mo + Ma) + l/jroC, 
(2) 

Substituting this in Eq. (1), we obtain 

(ElF x 10-9 

Zme = (R, + Ra) + jro(Me + Ma) + 1/jroC. 

(3) 

If we divide the numerator and denomi
nator of the right side of Eq. (3) by 
(Bl) 2 x 10-9 we obtain 

1 
Zmt== 

(R8+ Ra) . (1IIc+ M a) 
(El)2 x 10-9 + Jro (BI)2 x 10-9 

1 
+ -:.---::::---7-==:-:--~. 

JroC,(El)t x 10-9 
(4) 

Let 

(R, + Ra)/(El)2 x 10-9 = Gme = 1/Rme 

=Cm• 

and C8 (BI)2 x 10-9 

where 

Rme is the motional resistance COrres
ponding to the mechanical damping 
R. and Ra, 

----
I H. F. Olson, "Elements of Acoustical 
Engineering," p. 126. D. Van Nostrand Co. 
New York. 

Cme is the motional capacitance COrres
ponding to Me and Ma, 

and 

Lme is the motional inductance corres
ponding to C ,. 

In short, we shall assume that the me
chanical resistance appears as an elec
trical conductance G me = 1/ Rme; the me
chanical compliance appears as an elec
trical inductance; and the mechanical 
mass appears as an electrical capaci
tance. The latter transformation has 
been known for a long time in the power 
field; years ago oscillating synchronous 
motors were used in Europe as electrical 
capacitors, since a relatively small arma
ture mass appeared as a surprisingly 
large electrical capacitance. 

If we substitute Eq. (5) in Eq. (4), 
we obtain: 

The quantities on the right side repre
sent a resistance, capacitance, and in
ductance in parallel since the parallel 
impedance is equal to the reciprocal of 
the sum of the reciprocals of the indi
vidual impedances. 

Hence we finally arri,-:e at the conclu
sion that the mechanical characteristics 
of the loudspeaker at the lower frequen
cies appear at the electrical terminals of 
the voiee coil as shown in Fig. 2. Here 
Rvc represents the electrical resistance of 
the voice coil; the electrical (clamped) 
inductance of the voice coil can be dis
regarded at the lower audio frequencies. 

The mechanical characteristics of the 
speaker appear as a parallel resonant cir
cuit shunted by a certain amount of re
sistance; these constitute the motional 
imoedance Zm. of the speaker. and the 
total electrical impedance Zt is Zm. plus 
Rvc· 

We can now analyze the behavior of 
the speaker from its electrical motional 
impedance characteristics. Thus, just as 
Fig. I indicated a certain frequency of 
resonance, so does Fig. 2 indicate this 
fact. Since the two circuits are equiva
lent, they must have the same resonant 
frequency. This can be readily shown. 
Thus, from Eq. (5) 

L C -C (Bl)2xl0-S (Mo+Ma) 
me m.- 8 (Bl)2xl0-S 

= (Mo+MQ.)C, (7) 

that is, the electrical LC product equals 
the mechanical MC product; either 

AUDIO ENGINEERING • MARCH, 1951 

and hence motion and c.e.m.f., are pro
portional to the voice coil current, so 
that a ratio is involved which is an ap
parent impedance. 

Hence, when a loudspeaker voice coil 
is permitted to vibrate, its impedance 
apparently goes up. The increase in the 
impedance owing to its motion is known 
as the MOTION AL IMPEDANCE, and it is 
measured in ohms just as the electrical 
impedance of the voice coil is measured 
in ohms. 

Several characteristics of the motional 
impedance can be readily analyzed quali
tatively. In the first place, the lower the 
mechanical impedance, the more readily 
does the voice coil vibrate, and the 
higher is the induced c.e.m.f. for a given 
current flowing through it; i.e., the 
higher is its motional impedance. 

A second point to note is that the 
greater the magnetic flux density, the 
greater is the induced c.e.m.f., and the 
higher is the motional impedance of the 
voice coil. Finally; we note that if the 
total length of voice-coil wire is in
creased, there is more conductor cutting 
the magnetic field, and hence more 
c.e.m.f. induced. Therefore the motional 

2 

Fig. 3. Circuit of Fig. 2 with addition 
of generator. 

impedance increases if the length of voice 
coil wire is increased. 

The actual quantitative relations are 
as follows: 

where Zme is the motional impedance in 
electrical ohms; B is the magnetic flux 
density in gauss; l = length of voice coil 
conductor in cm., and Zm is the mechan 
ical impedance in mechanical ohms, i.e. 
(dynes/cm/sec.). 

Loudspeaker Low-Frequency Resonance 

The mechanical impedance Zm of the 
loud speaker unit varies considerably 
over the frequency range. However, as 
a direct radiator its value and effect on 
the lowest ,!-udio frequencies is of great
est importance, particularly with regard 
to "hangover' effects, and hence will be 

At the lowest audio frequencies, the 
loudspeaker unit acts mechanically as a 
simple series resonant circuit. This is 
illustrated in Fig. 1. The masses in
volved are those of the cone, Mc, and 
the air set in motion by the cone Ma 
The latter is a function of frequency 
but can be assumed fairly constant over 
a narrow frequency range involving the 
resonant frequency of the unit. 

The compliance C 8 represents that of 
the suspension, both of the rim of the 
cone and of the center spider. It is apt 
to be nonlinear, particularly for large 
excursions, but is reasonably constant 
for moderate and small amplitudes of 
vibration. 

The resistive factors are that of the 
suspension R., and that of the air set 
in motion by the cone, Ra. The latter is 
particularly variable with frequency, but 
is usually very small at the low fre
quency at which resonance occurs, par
ticularly if the speaker unit is tested by 
itself, or at most in a flat baffle. Values 
for several sizes of cones are given by 
0lson.1 

From Fig. 1, it is apparent that 

Zm = (R, + Ra) + jro(Mo + Ma) + l/jroC, 
(2) 

Substituting this in Eq. (1), we obtain 

(ElF x 10-9 
Zme = (R, + Ra) + jro(Mc + Ma) + 1/jroC. 

(3) 

If we divide the numerator and denomi
nator of the right side of Eq. (3) by 
(Bl) 2 x 10-9 we obtain 

Zmt== 

Let 

1 
(R8+Ra) . (1IIc+Ma) 

(El)2 x 10-9 + Jro (BI)2 x 10-9 

1 
+ -:.---::::---7-==:-:--�. JroC,(El)t x 10-9 (4) 

(R, + Ra)/(El)2 x 10-9 = Gme = 1/Rme 

= Cm. 

and C8(BI)2 x 10-9 

where 

Rme is the motional resistance COrres
ponding to the mechanical damping 
R. and Ra, 

----
I H. F. 0lson, "Elements of Acoustical 
Engineering," p. 126. D. Van Nostrand Co. 
New York. 

Cme is the motional capacitance COrres
ponding to Mc and Ma' 

and 

Lme is the motional inductance corres
ponding to C ,. 

In short, we shall assume that the me
chanical resistance appears as an elec
trical conductance G me = 1/ Rme; the me
chanical compliance appears as an elec
trical inductance; and the mechanical 
mass appears as an electrical capaci
tance. The latter transformation has 
been known for a long time in the power 
field; years ago oscillating synchronous 
motors were used in Europe as electrical 
capacitors, since a relatively small arma
ture mass appeared as a surprisingly 
large electrical capacitance. 

If we substitute Eq. (5) in Eq. (4), 
we obtain: 

The quantities on the right side repre
sent a resistance, capacitance, and in
ductance in parallel since the parallel 
impedance is equal to the reciprocal of 
the sum of the reciprocals of the indi
vidual impedances. 

Hence we finally arri,-:e at the conclu
sion that the mechanical characteristics 
of the loudspeaker at the lower frequen
cies appear at the electrical terminals of 
the voiee coil as shown in Fig. 2. Here 
Rvc represents the electrical resistance of 
the voice coil; the electrical (clamped) 
inductance of the voice coil can be dis
regarded at the lower audio frequencies. 

The mechanical characteristics of the 
speaker appear as a parallel resonant cir
cuit shunted by a certain amount of re
sistance; these constitute the motional 
imoedance Zm. of the speaker. and the 
total electrical impedance Zt is Zm. plus 
Rvc· 

We can now analyze the behavior of 
the speaker from its electrical motional 
impedance characteristics. Thus, just as 
Fig. I indicated a certain frequency of 
resonance, so does Fig. 2 indicate this 
fact. Since the two circuits are equiva
lent, they must have the same resonant 
frequency. This can be readily shown. 
Thus, from Eq. (5) 

L C -C (Bl)2xl0-S (Mo+Ma) me m.- 8 (Bl)2xl0-S 

= (Mo+MQ.)C, (7) 

that is, the electrical LC product equals 
the mechanical MC product; either 

AUDIO ENGINEERING • MARCH, 1951 

Owner
Highlight

Owner
Highlight



therefore represents the· same resonant 
frequency. 

It will be of interest to compare the 
behavior of the electrical circuit of Fig. 
2. For example, at the resonant fre
quency of the loudspeaker, namely 

(8) 

the mechanical current or velocity 'V is 
a maximum, and is in phase with the 
force F, Fig. 1. 

This in turn means that the electrical 
c.e.m.f. will be a maximum and in phase 
opposition with the force F, which in 
turn is in phase with the current in the 
voice coil. Hence this c.e.m.f. will pro
duce an in-phase or resistive reaction: 
the generator will view the voice coil as 
having increased in impedance, and that 
this increased impedance is resistive in 
nature. 

Now refer to Fig. 2. At the frequency 
of resonance, Lme and C me act as an 
open circuit shunting Rme, so that the 
electrical impedance is 

Zt = R1JC + Rme (9) 

and is a maximum. Furthermore, if the 
mechanical resistance (R, + R5 ) is 
small, v will be a maximum, as will also 
be the c.e.m.f., whereupon the electrical 
source will see a high resistive impe
dance Rme' This checks the inverse re
lation between Rme and (R, + Ra) given 
ill Eq. (5); when (R,+RIl ) is small, 
Rme appears large since (R, + Ra) ap
pears in the denominator of the expres
sion for Rme in Eq. (5). 
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loudspeaker Damping 
ALBERT PREISMAN* 

Part 2. A discussion of theoretical considerations of loudspeaker characteristics, together with a 
practical method of determining the constants of the unit as a preliminary step in. obtaining satis

factory performance. 

WE NOW COMF. to the question of 
damping of the loudspeaker 
mechanism by the electrical 

circuit. In Fig 3 is shown the electrical 
equivalent of a loudspeaker illustrated 
in Fig. 2, with the addition of an elec
trical source of internal resistance RG 
feeding it. This normally represents the 
Rp of the output tube or tubes as viewed 
from the secondary terminals of the 
output transformer. 

The apparent generated voltage as 
viewed from the secondary terminals is 
ea. The transient solution, however, is 
that current which flows in the network 
when eo is zero, and subject to whatever 
initial conditions we seek to impose. 

This circuit has been solved innumer
able times; the current flow is oscillatory 
in nature, and of a frequency and decre
ment determined by the L, C, and R of 
the circuit. In particular, if. 

R = V Lme/C-: 

1 

(10) 

where fr is given by Eq. (8), and R is 
the resistance paralleling Lm. and Cme, 
then the circuit is critically damped. 
This means that the natural frequency is 
zero, or the circuit is no longer oscilla
tory; physically the loudspeaker has no 
hangover effect. Of course R can be less 
than the value given by Eq. (10); the 
latter merely gives the maximum per
missible value of R. 

An inspection of Fig. 3. indicates that 
R must represent Rme paralleled by 
(R"c+Ro), hence if Rme is greater than 
the value required by Eq. (10), 
(Rvc+Ro) must be a low enough shunt 
to provide in conjunction with Rme the 
:ritieal damping necessary. 

It will be recalled from Eq. (5) that 
If the mechanical damping (R. + Ra) is 
low, Rme will be correspondingly high. 
An example which is to follow will show 
that usually the mechanical damping 
(R. + Ra) is very low, so that it can be 
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Fig. 3. Circuit of Fig. 2 with addition 
of generator. 

expected that Rme will be relatively very 
high; much higher than will provide 
critical damping. 

From this it follows that (Rvc+Ro) 
must be a sufficiently low shunt to satisfy 
the critical damping condition given by 
Eq. (10). However, it is possible that 
the voice coil resistance Rvc is itself so 
high that Eq. (10) cannot be satisfied. 
In the usual case R"c is not too high, 
but the maximum value left for Ra to 
assume can be quite low. In such a case 
a large amount of inverse voltage feed
back may be necessary to reduce the 
source impedance to the requisite low 
value. 

Numerical Example 
The fotlowing numerical example will 

serve to illustrate the above analysis. 
Suppose we take a 16-inch cone type 
loudspeaker, whose mass is 40 grams, 
plus 4 grams for the voice coil. Assume 
further that the compliance of the sus
pension is C. = 3.2 X 10-1 cm/dyne, and 
that the mechanical resistance is 2400 
mechanical ohms. 

To the mas$'-<lf the cone and voice coil 
must be added that of the mass of the 
air. In the neighborhood of 25 cps or so, 
Olson 2 gives the reactance of the air 
load as 7500 mechanical ohms. The cor
respending mass is 

7500 
Ma = ---= 48 grams 

2 7r x 25 

Hence the total mass is 

M t =40+4+48=92 grams 

The resonant frequency is, by Eq. (8) 

2 H. F. Olson, "Elements of Acoustical 
Engineering," p. 126. D. Van Nostrand Co. 
New York. 
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1 
fr = 2 7r 92 x 3.2 x 10-7 = 29.3 eps 

which is close to the value of 25 cps 
initiatly used to calculate the air mass. 

The air also imposes a certain amount 
of damping in the form of radiation re
sistance. This is a rapidly varying func
tion of frequency; from Olson's book 
we find it to be 600 mechanical ohms at 
29 cps. Hence the total mechanical 
damping is 

R. + Ra = 2100 + 600 = 3000 meeh. ohms. 

Now suppose the flux density B is 
10,000 gauss, and the length l of voice 
coil conductor is 1500 cm. Assume fur
ther that the voice coil resistance Rvc is 
10 ohms. 

Then, from Eq. (5), we have 

(1500 x 104 ) 2 X 10-9 

Rme = 3000 -75 ohms 

C - 92 -409 f 
me - (1500 X 10')2 X 10-9 - po 

Lme= (3.2xl0-7) (1500 x 10')2 X 10-9 

= 0.072 henry 

Observe how large C me is even though 
the mass responsible for this capacitive 
effect is only 92 grams. 

For critical damping, the total resist
ance shunting Lme and Cme must be, by 
Eq. (10): 

I .072 
R = ~ 409 X 10-6 = 13.3 ohms 

Since Rme is one branch in parallel with 
R"o plus the generator resistance, and 
this all totals 13.3 ohms, the voice coil 
branch must be 

R RmexR 75X13.3 
6 = Rme _ R = 75 _ 13.3 -16.18 ohms 

Since the voice coil r~sistance Rvc is 10 
ohms, the generator or source resistance, 
as viewed from the secondary terminals 
of the output transformer, must be 

Ra = 16.18 -10 = 6.18 ohms. 

Although this is a low value, it is by 
no means prohibitively low. For example, 

loudspeaker Damping 
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E NOW COMF. to the question of 

damping of the loudspeaker 
mechanism by the electrical 

circuit. In Fig 3 is shown the electrical 
equivalent of a loudspeaker illustrated 
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ea. The transient solution, however, is 
that current which flows in the network 
when ea is zero, and subject to whatever 
initial conditions we seek to impose. 

This circuit has been solved innumer
able times; the current flow is oscillatory 
in nature, and of a frequency and decre
ment determined by the L, C, and R of 
the circuit. In particular, if. 

R = V Lme/C-: 
1 
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where fr is given by Eq. (8), and R is 
the resistance paralleling Lm. and Cme, 
then the circuit is critically damped. 
This means that the natural frequency is 
zero, or the circuit is no longer oscilla
tory; physically the loudspeaker has no 
hangover effect. Of course R can be less 
than the value given by Eq. (10); the 
latter merely gives the maximum per
missible value of R. 

An inspection of Fig. 3. indicates that 
R must represent Rme paralleled by 
(R"c+Ra), hence if Rme is greater than 
the value required by Eq. (10) , 
(Rvc+ Ra) must be a low enough shunt 
to provide in conjunction with Rme the 
:ritieal damping necessary. 

It will be recalled from Eq. (5) that 
If the mechanical damping (R. + Ra) is 
low, Rme will be correspondingly high. 
An example which is to follow will show 
that usually the mechanical damping 
(R. + Ra) is very low, so that it can be 
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Fig. 3. Circuit of Fig. 2 with addition 
of generator. 

expected that Rme will be relatively very 
high; much higher than will provide 
critical damping. 

From this it follows that (Rvc+Ro) 
must be a sufficiently low shunt to satisfy 
the critical damping condition given by 
Eq. (10). However, it is possible that 
the voice coil resistance Rvc is itself so 
high that Eq. (10) cannot be satisfied. 
In the usual case R"c is not too high, 
but the maximum value left for Ra to 
assume can be quite low. In such a case 
a large amount of inverse voltage feed
back may be necessary to reduce the 
source impedance to the requisite low 
value. 

Numerical Example 

The fotlowing numerical example will 
serve to illustrate the above analysis. 
Suppose we take a 16-inch cone type 
loudspeaker, whose mass is 40 grams, 
plus 4 grams for the voice coil. Assume 
further that the compliance of the sus
pension is C. = 3.2 X 10-1 cm/dyne, and 
that the mechanical resistance is 2400 
mechanical ohms. 

To the mas$'-<lf the cone and voice coil 
must be added that of the mass of the 
air. In the neighborhood of 25 cps or so, 
Olson 2 gives the reactance of the air 
load as 7500 mechanical ohms. The cor
respending mass is 

7500 Ma = ---= 48 grams 
2 7r x 25 

Hence the total mass is 

Mt=40+4+48=92 grams 

The resonant frequency is, by Eq. (8) 

2 H. F. 0lson, "Elements of Acoustical 
Engineering," p. 126. D. Van Nostrand Co. 
New York. 
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1 fr = 2 7r 92 x 3.2 x 10-7 = 29.3 eps 

which is close to the value of 25 cps 
initiatly used to calculate the air mass. 

The air also imposes a certain amount 
of damping in the form of radiation re
sistance. This is a rapidly varying func
tion of frequency; from Olson's book 
we find it to be 600 mechanical ohms at 
29 cps. Hence the total mechanical 
damping is 

R. + Ra = 2100 + 600 = 3000 meeh. ohms. 

Now suppose the flux density B is 
10,000 gauss, and the length l of voice 
coil conductor is 1500 cm. Assume fur
ther that the voice coil resistance Rvc is 
10 ohms. 

Then, from Eq. (5), we have 

(1500 x 104 ) 2 X 10-9 
Rme = 3000 -75 ohms 

C - 92 -409 f me - (1500 X 10' ) 2 X 10-9 - po 
Lme= (3.2xl0-7) (1500 x 10')2 X 10-9 

= 0.072 henry 

Observe how large C me is even though 
the mass responsible for this capacitive 
effect is only 92 grams. 

For critical damping, the total resist
ance shunting Lme and Cme must be, by 
Eq. (10): 

I .072 
R = � 409 X 10-6 = 13.3 ohms 

Since Rme is one branch in parallel with 
R"o plus the generator resistance, and 
this all totals 13.3 ohms, the voice coil 
branch must be 

R RmexR 75X13.3 

6 = Rme _ R = 75 _ 13.3 -16.18 ohms 

Since the voice coil r�sistance Rvc is 10 
ohms, the generator or source resistance, 
as viewed from the secondary terminals 
of the output transformer, must be 

Ra = 16.18 -10 = 6.18 ohms. 

Although this is a low value, it is by 
no means prohibitively low. For example, 



if in the case of a single-ended triode 
output stage, RL ~ 2Rp, then at the sec
ondary terminals Rp should reflect as 
half of the voice coil load, if Rvc is 10 
ohms, the reflected tube resistance Ro 
would be 10/2 = 5 ohms. In short, a 
triode tube may be expected to act as 
critical damping in conjunction with the 
voice coil resistance. 
. In the case of a pentode tube, Rp is so 
high that no damping can be expected 
from it unless inverse voltage feedback 
is employed to an extent sufficient to 
lower the apparent source resistance to 
the required degree. 

However, note that all this depends 
upon how low Rvc is compared to the 
length of wire used, and also how high 
the flux density B is. If the product (Bl) 
is low, both Rme and R may come out so 
low that Rue alone may be in excess of 
that which paralleling Rme, will give the 
required value of R for critical damping. 
This means that even if the source re
sistance is zero, Rue is too large and 
will not permit critical damping to be 
obtained. 

Experimental Determination of 
Circuit Constants 

It is possible to measure the motional 
impedance by simple electrical means, 
and from these measurements to deter
mine the critical damping required. Since 
the measurements are to be made at the 
very low audio frequencies, ordinary 
iron vane meters can be used if so de
sired, and even a d.c. measurement of 
the voice coil resistance should be suf
ficient to furnish the value of Rue. 

If, however, it is desired to determine 
this quantity at the resonant frequency 
of the cone, or at any rate at some a.c. 
frequency, then the cone should be 
clamped so that it does not vibrate and 
generate a c.e.m.f., thereby furnishing a 
motional impedance value. 

To measure the motional impedance, 
a set-up such as that indicated in Fig. 4 
can be used. The audio oscillator wave 
shape should be reasonably free of har
monics, and the audio amplifier should 
be capable of furnishing several watts of 
power without distorting. The ammeter 
can be of the iron-vane type, and should 
read one ampere or less at full scale. 
The voltmeter is preferably of a high. 
impedance type. A preliminary run 
should be made to determine the reson· 
ant frequency of the cone and its sus
pension. This is done by varying the 
frequency upward in steps starting from 
say, 20 cps, and noting E and I at each 
step. Their quotient is the impedance 
seen looking into the voice coil. This 
should be done with the field fully ener
gized if it is of the electrodynamic type. 

At the mechanical series resonant fre· 
quency of the cone, I will drop to a very 
low value, and E will tend to rise. In 
short, the quotient will be relatively 
large, and will represent (R". + Rme) . 
If the value found previously for R"e is 
subtracted from this reading, Rme is ob
tained. The resonant peak is normally 
quite sharp for reasons that will be ex
plained further on. 

Audio 
Oscillator 

Audio 
Amplifier 

Loudspeaker 

Fig. 4. Circuit arrangement used for 
making measurement of motional 

impedance. 

In order to determine the value of 
critical damping R, it would appear 
necessary to measure Lme and C me. How
ever, R can also be determined by meas
uring the Q of the circuit; critical damp
ing is obtained if Q '" 1. To measure Q, 
ordinarily one merely has to plot the 
selectivity curve for the device, whether 
this curve represents transmission, im
pedance, admittance, or whatever other 
quantity gives this characteristic. 

In the case of the loudspeaker, the 
resonant Q of the circuit is- determined 
by the impedance as measured across 
Rme, Lme, and Cme in Fig. 3, with the 
electrical resistance (Rue + Ra) in paral
lel with Rm •. In other words, the condi
tion given by Eq. (to) for critical 
damping is also the condition for the 
resonant Q to be unity, where Qr is in 
general determined by oorCme, and Rme 
and (R"e+RO) in parallel. 

Unfortunately, measurements must be 
made at terminals 1-2 in Fig. 3, since 
there are no accessible terminals across 
Zme. The resulting impedance, Zt, repre
sents Rue in series with Zme, that is
with Rme, C me' and Lme all in parallel. 
To find the above-defined resonant Q 
therefore requires some preliminary 
analysis, which will be given below. 

Experimentally, however, all one has 
to do is to measure the impedance Zt at 
and around resonance over a range in
cluding frequencies at which Zt drops 
to 1/ y2 of its value at resonance 
(where it has the maximum value 
Rue + Rme). Then, knowing the two fre
quencies at which this occurs, as well as 
the resonant frequency f,., Q can be cal
culated. Once Q is known, the necessary 
value of R can be found, and then the 
maximum permissable generator resist
ance Ro. 
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Let us therefore proceed to evaluate 
this impedance. The impedance looking 
to the right into terminals 1-2 of Fig. 3 
can be calculated from the circuit ele
ments shown. It is: 

where Qr is the resonant Q of the cir
cuit if terminals 1-2 of Fig. 3 were 
short-circuited; i.e., 

in which R represents Rme and R"c in 
parallel, and 00,. is the resonant angular 
velocity of Lme and eme. Furthermore, 

P =f/f,. (13) 

where f is the frequency at which Zt 
is being measured, and fr is the resonant 
frequency; in short, p represents the 
fractional deviation from the resonant 
frequency. 

In particular, if p=l, (/=f,.), Eq. 
(11) reduces to 

Zt = Rme + Rue (14) 

which is correct from an inspection of 
Fig. 3, since at the resonant frequency 
Lme and eme form a negligibly high 
shunt impedance across Rmel so that Zt 
becomes Rme + R ve, as stated above. 

Furthermore, if p = 0, (1= 0), or 
p = 00, (f = 00), Zt becomes equal to 
Rvc alone, as is also clear from Fig. 3, 
since Lme is a short circuit across Rme 
at f = 0, and eme is the short circuit at 
f = 00. 

If Eq. (11) is solved for Q,. in terms 
of the other variables, there is obtained: 

Now suppose the frequency is varied, 
which is the same a!'; gying p is varied 
until Zt drops to 1/y2 of its maximum 
value; i.e., 

Rme+ Rvc 
Z,:::---=- (16) y2 

If this value is substituted in Eq. (15), 
together with the corresponding specific 
value of p, call it PI, there is obtained: 

(17) 

if in the case of a single-ended triode 
output stage, RL � 2Rp, then at the sec
ondary terminals Rp should reflect as 
half of the voice coil load, if Rvc is 10 
ohms, the reflected tube resistance Ra 
would be 10/2 = 5 ohms. In short, a 
triode tube may be expected to act as 
critical damping in conjunction with the 
voice coil resistance. 
. In the case of a pentode tube, Rp is so 
high that no damping can be expected 
from it unless inverse voltage feedback 
is employed to an extent sufficient to 
lower the apparent source resistance to 
the required degree. 

However, note that all this depends 
upon how low Rvc is compared to the 
length of wire used, and also how high 
the flux density B is. If the product (El) 
is low, both Rme and R may come out so 
low that Rvc alone may be in excess of 
that which paralleling Rme, will give the 
required value of R for critical damping. 
This means that even if the source re
sistance is zero, Ruc is too large and 
will not permit critical damping to be 
obtained. 

Experimental Determination of 

Circuit Constants 
It is possible to measure the motional 

impedance by simple electrical means, 
and from these measurements to deter
mine the critical damping required. Since 
the measurements are to be made at the 
very low audio frequencies, ordinary 
iron vane meters can be used if so de
sired, and even a d.c. measurement of 
the voice coil resistance should be suf
ficient to furnish the value of Ruc. 

If, however, it is desired to determine 
this quantity at the resonant frequency 
of the cone, or at any rate at some a.c. 
frequency, then the cone should be 
clamped so that it does not vibrate and 
generate a c.e.m.f., thereby furnishing a 
motional impedance value. 

To measure the motional impedance, 
a set-up such as that indicated in Fig. 4 
can be used. The audio oscillator wave 
shape should be reasonably free of har
monics, and the audio amplifier should 
be capable of furnishing several watts of 
power without distorting. The ammeter 
can be of the iron-vane type, and should 
read one ampere or less at full scale. 
The voltmeter is preferably of a high. 
impedance type. A preliminary run 
should be made to determine the reson· 
ant frequency of the cone and its sus
pension. This is done by varying the 
frequency upward in steps starting from 
say, 20 cps, and noting E and I at each 
step. Their quotient is the impedance 
seen looking into the voice coil. This 
should be done with the field fully ener
gized if it is of the electrodynamic type. 

At the mechanical series resonant fre· 
quency of the cone, I will drop to a very 
low value, and E will tend to rise. In 
short, the quotient will be relatively 
large, and will represent (Rv. + Rme) . 
If the value found previously for Rvc is 
subtracted from this reading, Rme is ob
tained. The resonant peak is normally 
quite sharp for reasons that will be ex
plained further on. 
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In order to determine the value of 
critical damping R, it would appear 
necessary to measure Lme and C me. How
ever, R can also be determined by meas
uring the Q of the circuit; critical damp
ing is obtained if Q '" 1. To measure Q, 
ordinarily one merely has to plot the 
selectivity curve for the device, whether 
this curve represents transmission, im
pedance, admittance, or whatever other 
quantity gives this characteristic. 

In the case of the loudspeaker, the 
resonant Q of the circuit is- determined 
by the impedance as measured across 
Rme, Lme, and Cme in Fig. 3, with the 
electrical resistance (Ruc + Ra) in paral
lel with Rm •. In other words, the condi
tion given by Eq. (to) for critical 
damping is also the condition for the 
resonant Q to be unity, where Qr is in 
general determined by oorCme, and Rme 
and (R"c+Ra) in parallel. 

Unfortunately, measurements must be 
made at terminals 1-2 in Fig. 3, since 
there are no accessible terminals across 
Zme. The resulting impedance, Zt, repre
sents Rvc in series with Zme, that is
with Rme, C me' and Lme all in parallel. 
To find the above-defined resonant Q 
therefore requires some preliminary 
analysis, which will be given below. 

Experimentally, however, all one has 
to do is to measure the impedance Zt at 
and around resonance over a range in
cluding frequencies at which Zt drops 
to 1/ y2 of its value at resonance 
(where it has the maximum value 

Ruc + Rme). Then, knowing the two fre
quencies at which this occurs, as well as 
the resonant frequency f,., Q can be cal
culated. Once Q is known, the necessary 
value of R can be found, and then the 
maximum permissable generator resist
ance Ra. 
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Let us therefore proceed to evaluate 
this impedance. The impedance looking 
to the right into terminals 1-2 of Fig. 3 
can be calculated from the circuit ele
ments shown. It is: 

where Qr is the resonant Q of the cir
cuit if terminals 1-2 of Fig. 3 were 
short-circuited; i.e., 

in which R represents Rme and RV" in 
parallel, and 00,. is the resonant angular 
velocity of Lme and Cme. Furthermore, 

P =f/f,. (13) 

where f is the frequency at which Zt 
is being measured, and fr is the resonant 
frequency; in short, p represents the 
fractional deviation from the resonant 
frequency. 

In particular, if p=l, (/=f,.), Eq. 
(11) reduces to 

Zt = Rme + Ruc (14) 

which is correct from an inspection of 
Fig. 3, since at the resonant frequency 
Lme and Cme form a negligibly high 
shunt impedance across Rmel so that Zt 
becomes Rme + Rve, as stated above. 

Furthermore, if p = 0, (1= 0), or 
p = 00, (f = 00), Zt becomes equal to 
Rvc alone, as is also clear from Fig. 3, 
since Lme is a short circuit across Rme 
at f = 0, and Cme is the short circuit at 

f = 00. 
If Eq. (11) is solved for Q,. in terms 

of the other variables, there is obtained: 

Now suppose the frequency is varied, 
which is the same a!'; gying p is varied 
until Zt drops to 1/y2 of its maximum 
value; i.e., 

Rme+ Rv" 
Z,:::---=- (16) 

y2 
If this value is substituted in Eq. (15), 
together with the corresponding specific 
value of p, call it PI, there is obtained: 

(17) 



If ( Rm8 + RvO)2 
R vo ~ 2, say twenty times 

two, then Eq. (17) simplifies to 

Q = (_1 ) ( Rvo ) 
r 1-p/ Rme + i<". 

(18) 

If PI is nearly unity, the difference 
between the actual frequency 11 and the 
resonant frequency Iris small; that is, 

or 
All=fr-fl 

All = II - Ir 

(depending upon whether the excursion 
is below or above the resonant fre
quency) is small. This is usually the 
case, and under such conditions Eq. 
(18) can be rewritten as 

which can form the basis of our ex
perimental procedure as well as Eq. 
(18) can. If we re-write Eq. (19) as 
follows: 

we recognize the form to be similar to 
that of the well-known resonance form
ula, in which the fractional bandwidth 
(2Aflfr) for the half-power points is 
the reciprocal of the resonant Q of the 
circuit. Eq. (20) shows that owing to 
the point ill the circuit at which the 
measuring instruments are introduced, 
the fractional bandwidth is reduced bv 
a factor R"el(Rme+R"o), which would 
not occ~r if the measurements could be 
made across the motional impedance 
component itself. 

The significance of Eq. (20) is that 
even though Qr for a loudspeaker sys
tem may be less than unity, the frac
tional bandwidth will nevertheless be 
quite small because of the reducing 
factor Rvel (Rm• + R"c)' This makes the 
measurements somewhat critical and re
quires a well,calibrated frequency scale 
on the audio oscillator. 

To see how this all fits together, let 
us proceed with an experimental run. 
T~e first measurement is Rile; this is 
found to be 10 ohms. Then the test setup 
of Fig. 4 is connected to the loudspeaker 
and the frequency varied from say 20 
to 50 cps. 

At 29.3 cps the current is found to 
dip to a minimum value of 83.2 rna, and 

the voltmeter reads 7.07 volts. The im
pedance is resistive, and of a value 

R"o + Rme = 7.07;'0832 = 85 . ohms. 

Hence Z~ = Rm. = 85 -10 = 75 ohms. 

Now the frequency is varied above 
and below 29.3 cps to the point where Zt 
drops to 85 -.../2/2 = 60.1 ohms, as found 
by taking the ratio of the voltmeter to 
ammeter readings in exactly the same 
way as (R"c + R",.) was calculated. 

Suppose the frequency drops from 
29.3 to 26.7 cps before Zt = 60.1, and 
rises to 31.9 cps before this value is 
reached once more. Then Afl = 29.3-
26.7 = 2.6 cps, or Afl = 31.9 -29.3 = 2.6 
cps, and 

2Aidll = 2 x 2.6/29.3 = 0.1776. 

We can now use Eq. (19) to calculate 
Qr. Thus 

Qr = (0.1~76) (~~);: 0.663. 

This is the Q of the loudspeaker cir
cuit if the source impedance RG were 
zero. Since Qr is less than unity, it can 
be raised to that figure by allowing Ra 
to be greater than zero. It remains to 
calculate this value. 

We have, for a parallel resonant cir
cuit such as in Fig. 3, that 

where R is the resistance shunting C_ 
and Lm. (Fig. 3), and is therefore R_ 
in parallel with ( Rvo + R a). However, 
in the measuretnent and calculation 
yielding Qr, Ra is essentially zero, and 
R represents simply Rme and R"/1 in 
parallel. 

We seek a value R', such that the 
Q is equal to unity; i.e., 

or 
(22) 

Substituting from Eqs. (21) and (20) 
in Eq. (22), we obtain 

This represents R_ paralleled by (Rvo 
+Ra), hence 

AUDIO ENGINEERING • APRIL, 1951 

and 

R R R'R",. 
tI.+ a= R -R' 

me 
(24) 

(25) 

Hence let us finish our experimental 
determination of R(}. From Eq. (23) we 
can find R'. If we use the last form, we 
have 

, 2Afl 
R ;::: T Rme = (0.1776) (75) = 13.31 

ohms and from Eq. (25) we obtain 

R _ (13.31) (85) - (10) (75) 
(J- (75:"'13.31) 

=6.19 ohms 

which of course checks the previous 
computation from the values for the 
mechanical constants, since it is the 
same. loudspeaker that we have. under 
consideration. 

An Altern.tiye Viewpoint 
It is possible to reflect the electrical 

constants into the mechanical side of 
the circuit, and obtain an alternative 
viewpoint of the behavior of the system 
as a whQle. The results, 50 far as the 
low-frequency resonance is concerned, 
are the same, as will be shown. There is, 
however, another advantage of this 
aIternati ve point of view with regard 
to the acoustical design; it permits the 
designer to incorporate the electrical 
constants into the acoustical design with 
a corresponding improvement in the 
performance of the loudspeaker. 

First, the design formulas will have 
to be presented. The electrical impedance 
of the source and the voice coil appears 
in the mechanical side of the system as 
follows: 

Z_=(Bl)2 X1o-9 (26) 
Z, 

where Zem is the mechanical impedance 
equivalent to the actual electrical im
pedance Z., and Band l have the same 
significance as before. 

The output stage and voice coil in 
series with it exhibit essentially an in
ductive and resistive impedance at the 
higlier audio frequencies. The induct
ance is the leakage inductance of the 
output transformer, plus that of the 
voiCe coil, and the resistance is the ap
parent source resistance Ra as viewed 
from the secondary terminals of the out
put transformer, plus that of the voice 
coil. 

If ( Rm8 + Rvo)2 
Rv. 

� 2, say twenty 

two, then Eq. (17) simplifies to 

Q = (_1 ) ( Rvo ) r 1- p/ Rme + i<". 

times 

(18) 
If pt is nearly unity, the difference 

between the actual frequency 11 and the 
resonant frequency Iris small ; that is, 

or 
All=fr-fl 

All = 11 - Ir 

(depending upon whether the excursion 
is below or above the resonant fre
quency) is small. This is usually the 
case, and under such conditions Eq. 
(18) can be rewritten as 

which can form the basis of our ex
perimental procedure as well as Eq. (18) can. If we re-write Eq. (19) as 
follows: 

we recognize the form to be s imilar to 
that of the well-known resonance form
ula, in which the fractional bandwidth 
(2Aflfr) for the half-power points is 
the rec iprocal of the resonant Q of the 
circuit. Eq. (20) shows that owing to 
the point ill the circuit at which the 
measuring instruments are introduced, 
the fractional bandwidth is reduced bv 
a factor R"el(Rme+Rv.), which would 
not occ�r if the measurements could be 
made across the motional impedance 
component itself. 

The significance of Eq. (20) is that 
even though Qr for a loudspeaker sys
tem may be less than unity, the frac
tional bandwidth will nevertheless be 
quite small because of the reducing 
factor Rve/ (Rm• + Rv.). This makes the 
measurements somewhat critical and re
quires a well,calibrated frequency scale 
on the audio oscillator. 

To see how this all fits together, let 
us proceed with an experimental run. 
T�e first measurement is Rile; this is 
found to be 10 ohms. Then the test setup 
of Fig. 4 is connected to the loudspeaker 
and the frequency varied from say 20 
to SO cps. 

At 29.3 cps the current is found to 
dip to a minimum value of 83.2 ma, and 

the voltmeter reads 7.07 volts. The im
pedance is resistive, and of a value 

Rv. + Rme = 7.07;'0832 = 85 . ohms. 

Hence Z� = Rm. = 85 -10 = 75 ohms. 

Now the frequency is varied above 
and below 29.3 cps to the point where Zt 
drops to 85 -.../2/2 = 60.1 ohms, as found 
by taking the ratio of the voltmeter to 
ammeter readings in exactly the same 
way as (R"c + R",.) was calculated. 

Suppose the frequency drops from 
29.3 to 26.7 cps before Zt = 60.1, and 
rises to 31.9 cps before this value is 
reached once more. Then Afl = 29.3-
26.7 = 2.6 cps, or Afl = 31.9 -29.3 = 2.6 
cps, and 

2Aidll = 2 x 2.6/29.3 = 0.1776. 
We can now use Eq. (19) to calculate 
Qr. Thus 

Qr = (0.1�76) (��);: 0.663. 
This is the Q of the loudspeaker cir
cuit if the source impedance Ra were 
zero. Since Qr is less than unity, it can 
be raised to that figure by allowing Ra 
to be greater than zero. It remains to 
calculate this value. 

We have, for a parallel resonant cir
cuit such as in Fig. 3, that 

where R is the resistance shunting C_ 
and Lm. (Fig. 3), and is therefore R_ 
in parallel \vi th ( Rv. + Ra). However, 
in the measuretnent and calculation 
yielding Qr, Ra is essentially zero, and 
R represents simply Rme and R"/1 in 
parallel. 

We seek a value R', such that the 
Q is equal to unity ; i.e., 

or 
( 22 ) 

Substituting from Eqs. (21) and (20) 
in Eq. (22), we obtain 

This represents R_ paralleled by (Rvo 
+Ra), hence 
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and 

R R 
R'R",. 

tI.+ a= R -R' me 
(24) 

(25) 

Hence let us finish our experimental 
determination of Ra. From Eq. (23) we 
can find R'. If we use the last form, we 
have 

, 2Afl R ;::: 
T 

Rme = (0.1776) (75) = 13.31 

ohms and from Eq. (25) we obtain 

R _ (13.31) (85) - (10) (75) 
(J- (75:"'13.31) =6.19 ohms 

which of course checks the previous 
computation from the values for the 
mechanical constants, since it is the 
same. loudspeaker that we have. under 
consideration. 

An Altern.tiye Viewpoint 

It is possible to reflect the electrical 
constants into the mechanical side of 
the circuit, and obtain an alternative 
viewpoint of the behavior of the system 
as a whQle. The results, 50 far as the 
low-frequency resonance is concerned, 
are the same, as will be shown. There is, 
however, another advantage of this 
aIternati ve point of view with regard 
to the acoustical design ; it permits the 
designer to incorporate the electrical 
constants into the acoustical design with 
a corresponding improvement in the 
performance of the loudspeaker. 

First, the design formulas will have 
to be presented. The electrical impedance 
of the source and the voice coil appears 
in the mechanical side of the system as 
follows: 

Z_=(Bl)2X1o-9 
(26) 

Z, 

where Zem is the mechanical impedance 
equivalent to the actual electrical im
pedance Z., and B and l have the same 
s ignificance as before. 

The output stage and voice coil in 
series with it exhibit essentially an in
ductive and resistive impedance at the 
higlier audio frequencies. The induct
ance is the leakage inductance of the 
output transformer, plus that of the 
voiCe coil, and the resistance is the ap
parent source resistance Ra as viewed 
from the secondary terminals of the out
put transformer, plus that of the voice 
coil. 



Hence, set 

(27) 

where Re=R1)o+R(J (see Fig. 3), and 
Le is the inductance defined above, and 
which we have not heretofore taKen into 
account. At the lower aUdi'o frequencies 
jroLe can be ignored, whereupon Ze re
duces to Re. 

However, if Eq. (27) be substituted 
in Eq. (26), and then numerator and 
denominator divided by (Bl) 2 X 10-9, as 
before, there is obtained: 

(28) 

If we consider Re/(Bl)210-9 as a 
mechanical conductance Gem. so that its 
reciprocal Rem' a mechanical resistance. 
is given 

and if we further consider Le/(Bl)210-9 
as a mechanical compliance C em, then 
we can write Eq. (28) as 

Zem= (l/Rem)l + jroCem (30) 

or the electrical resistance and induct
ance in series appear in the mechanical 
system as a mechanical ,resistance ,and 
compliance in parallel. Hence, the coun
terpart of Fig. 3 is that shown in Fig. 
S: a constant-velocity mechanical gen
erator (courtterpart of a constant-volt
age electrical generator) feeds the me
chanical resistance Rem equivalent to 
the electrical resistance Re, in parallel 
with the mechanical compliance Cem 
equivalent to the electrical inductance 
L e, and the actual mechanical impedance 

,.-V 

Constant 
Velocity 

Generator 

Fig. 5. Counterpart of Fig. 3, in me
chanical terminology4 

Zm of the loudspeaker. This circuit has 
interesting implications both at the low
and a! the high-frequency ends of the 
audio spectrum. 

Consider the low-frequency end first. 
In this range C em can be ignored, and 

~V 

Constant 
Velocity Rem 

Generator 

Fig. 6. Equivalent circuit corresponding 
to Fig. 5, showing damping due to 

electrical resistance. 

Z", consists, in the case of a direct-radi
ator cone loudspeaker, of the elements 
shown in Fig. 1. Hence Fig. S becomes 
circuit shown in Fig. 6. Here it is ap
parent how the electrical resistance Re 
introduces in effect damping into the 
mechanical circuit by its transformed 
element Rem. 

From Fig, 6 it is apparent that for 
critical damping, 

or alternatively, that the mechani~l Q 
at resonance is unity: 

(32) 

from which the required electrical re
sistance must be 

Once Rem is evaluated from Eq. (33), 
the equivalent electrical resistance R. 
can be found from Eq. (29). Then the 
voice coil resistance Ruo is subtracted 
from Re to yield the maximum permis
sible value of apparent generator re
sistance R(J. 

Let us tryout these formulas on the 
loudspeaker constants given previously. 
It will be recalled that the tptal mass 
(including that of the voice coil) was 
92 mechanical ohms. This will be the 
value used for (Mo+M,,). The resonant 
fr17quency was 29.3 cps, so that ror = 2'/1' 
29.3 rad.j sec. Also (R. + R,,) came out 
to be 3000 mechanical ohms. 

Hence, if the appropriate values be 
substituted in Eq. (33), there is ob
tained: ' 

R_ = (2'/1' 29.3)(92) - (3000) 
= 16,98f) - 3,OOO:=: 13,980 mech. ohms 

Now, from Eq. (29), the equivalent 
electrical resistance Re that is required 
to obtain critical damping is 
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R _ (Bl)210-9 _ (10000 X 1500)2 
• - Rem - --13980 

:=:16.13 ohms (electrical). 

Since the voice coil resistance R"c is 
10 ohms, the apparent source resistance 
can be 

R(J=16.13-10=6.13 ohms 

which checks our previous calculations, 
as it should. 

High-Frequency Response 

The same equivalence between circuits 
can be utilized in the analysis of a high
fr,equency tweeter unit of the horn type. 
This employs a small diaphragm and 
voice coil. which feeds the cavity in 
front of it that leads to an exponential 
horn. The physical arrangement is 
shown in cross-section in Fig. 7. Here 
md represents the mass of the diaphragm 
and associated voice coil; C", the com
pliance of the air chamber in front of 
the diaphragm, necessary to furnish 

- clearance for the motion of the dia
phragm and useful in building out the 
mechanical circuit; and finally r" repre
sents the acoustical resistance of the 
horn throat in the frequency range above 
its low-frequency cutoff point. 

The mechanical circuit has been ana
lyzed many times in the past; it is 
given in Fig. 8. The resistance rll is 
that of the throat of the horn, and is 
equal to the area of the throat in sq. 
cm. multiplied by 41.4 mech. ohms, 
which is the radiation resistance of air 
per sq. cm. Ad is the area of the dia-

,phragm; in conjunction with All it 
forms a kind of hydraulic press which 
is the mechanical counterpart of an elec
trical transformer. The step-down ratio 
is Ad to A l ; conv~rsely .YII is reflected 
to the diaphragm as an equivalent re
sistance r'lI such that 

r\ = (Ad/A,Y (34) 

The reflected resistance r'lI shunts the 
air chamber compliance Ca. This is be
cause the lower r'1I is. the more readily 
can it relieve the pressure built up in 
the air chamber by the motion of the 
diaphragm. This is exactly analogous to 
the reduction in 'the charge and voltage 
acros~ a capacitor when it is shunted 
by a low resistance. 

From Fig. 8 the loudspeaker unit is 
recognized as forming an L-section low
pass filter. For proper transmission up 
to the cut-off ft:equency, it is necessary 
that 

r'lI=yMd/Ca (35) 

Hence, set 

(27) 

where Re=R1)o+R(J (see Fig. 3), a nd 
Le is the inductance defined above, and 
which we have no t heretofore taKen into 
account. At the lower aUdi

'
o frequencies 

jroLe can be ignored, whereupon Ze re
duces to Re. 

However, if Eq. (27) be substituted 
in Eq. (26), and then numerator and 
d enominator divided by (El) 2 X 10-9, as 
before, there is obtained : 

(28) 

If we consider Re/(Bl)210-9 as a 
mechanical conductance Gem. so that its 
reciprocal Rem' a mechanical resistance. 
is giv en 

and if we further consider Le/(Bl)210-9 
as a mechanical compliance C """ then 
we can write Eq. (28) as 

Zem= 
(l/Rem)

l 

+ jroC"", 
(30) 

or the electrical resistance and induct
ance in series appear in the mechanical 
system as a mechanical ,resistance ,and 
complia nce in parallel. Hence, the coun
terpart of Fig. 3 is that shown in Fig. 
S: a constant-velocity mechanical gen
erator (courtterpart of a constant-volt
age electrical generator ) feeds the me
chanical resistance Rem equivalent to 
the electrical resistance Re, in parallel 
with the mechanical compliance Cem 
equivalent to the electrical inductance 
Le, and the actual mechanical impedance 

,.-V 

Constant 
Velocity 

Generator 

Fig. 5. Counterpart of Fig. 3, in me
chanical terminology4 

Zm of the loud sp eak er . This circuit has 
interest ing imp lications both at the low
and a! the high-frequency ends of the 
audio spectrum. 

Consider the low-f requency end first. 
In this range C em can be igno red , and 

�V 

Constant 
Velocity Rem Generator 

Fig. 6. Equivalent circuit corresponding 
to Fig. 5, showing damping due to 

electrical resistance. 

Z", consists, in the case of a direct-radi
ator cone loudspeaker, of the elements 
shown in Fig. 1. Hence Fig. S becomes 
circuit shown in Fig. 6. Here it is ap
parent how the electrical resistance Re 
introduces in effect damping into the 
mechanical circuit by its transformed 
element Rem. 

From Fig, 6 it is apparent that for 
critical damping, 

or alternatively, that the mechani�l Q 
at resonance is u nity : 

(32) 

from which the required electrical re
sistanc e must be 

Once Rem is evaluated from Eq. (33), 
the equivalent electrical resistance R. 

can be found from Eq. (29). Then the 
voice co il resistance Ruc is subtracted 
from Re to yield the maximum permis
sible value of apparent generator re
sistance R(J. 

Let us try out these formulas on the 
loudspeaker constants giv en previously. 
It will be r ecalled that the tptal mass 
(including that of the voice co il) was 
92 mechanical ohms. This will be the 
valu e used for (Mo+M,,). Th e resonant 
fr17quency was 29.3 cps, so that ror = 2'/1' 
29.3 rad.j sec. Also (R. + R,,) came out 
to be 3000 mechanical ohms. 

Hence, if the appr opriate values be 
substituted in Eq. (33), there is ob
tained: ' 

R_ = (2'/1' 29.3) (92) - (3000) 
= 16,98f) - 3,OOO:=: 13,980 mech. ohms 

Now, from Eq. (29), the equivalent 
electrical resistance Re that is r equir ed 
to obtain critical damping is 
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R 
_ (Bl) 2 10-9 _ (10000 X 1500)2 

• - Rem - --13980 
:=:16.13 ohms (electrical). 

Since the voice coil resistance R"c is 
10 ohms, the apparent source resistance 
can be 

R(J=16.13-10=6.13 ohms 

which checks our prev ious calculations, 
as it should. 

High-Frequency Response 
The same equivalence between circuits 

can be utilized in the analysis of a hig h
fr,equency tweeter unit of the horn typ e. 
Th is e mp loys a small diaphragm a nd 
voice coil. which feeds the cavity i n 
front of it that leads to an expo nenti al 
horn. The physi cal arrangement is 
shown in cross-section in Fig. 7. Her e 
md r epresen ts the mass of the diaphragm 
and associated voice coil; C", the com
p liance of the air chamber in front of 
the d iaphragm, necessary to furnish 

- clearance for the motion of the dia
phr agm and useful in build ing out the 
mechanical circuit; and fin al ly r" repre 
sents the acoustical resistance of the 
horn throat in the f requenc y range above 
its low-frequency cuto ff point. 

The mechanical c ircu it has been ana
l yzed many times in the past; i t is 
giv en in Fig. 8. The resistance rh is 
that of the throat of the horn, and is 
equ al to the area of the throat in sq. 
cm. multiplied by 41.4 mech. ohms, 
which is the radiation resistance of air 
per sq . cm. Ad is the area of the dia-

, phragm; in conjunction with Ah it 
forms a kind of h ydrauli c press which 
is the mechanical counterpart of an elec
tr ica l transformer . The step -down ratio 
is Ad to Al; conv�rsely rh is reflec ted 
to the diaphragm as an equ ival ent re
sistance ,.' h such that 

r\ = (Ad/A,Y (34) 

The reflected resistance ,.' h shu nts the 
a ir chamber compliance Ca. This is be
cause the lower r'1I is. the more r eadily 
can it relieve the pressure built up in 
the air chamber by the motion of the 
d iap hragm . This is exactly ana log ous to 
the reduction in 'the charge and voltage 
acro s� a capacitor when it is s hunted 
by a low resistance. 

From Fig. 8 the loudspeake r unit is 
recognized as fo rming an L-section low
pass filter. For proper transmission up 
to the cut-off ft:equency, it is n ecessar y 
that 

r'lI=yMd/Ca (35) 



The cutoff frequency is given by 

If twice the mass (2Ma) were employed 
and another compliance C" placed at the 
left end, a 1T-section filter would be ob
tained, to which Eqs. (35) and (36) 
would apply equally well. In short, the 
same cutoff frequency can be obtained 

Field Magnet 

Fig. 7. Physical arrangement of me· 
chanical elements of a high
frequency horn and unit. 

for double the mass, if a compliance is 
?laced at the other end of it. 

If only the mass is doubled, then the 
cutoff frequency ,is reduced to 70.7 per 
cent of its original value, as is evident 
by substituting 2Md for M", in Eq. (36). 
(The corresponding changes in r'lI are 
not of importance as they involve merely 
a change in the ratio of Ad to All' 

For a given high-frequency cutoff and 
power-handling ability of the speaker, 
the diaphragm mass M a comes out to 
be a certain amount. If M", can be kept 
the same, and yet a compliance placed 
at the front end, the high-frequency cut-
off can be extended to \/2 or 1.414 times 
its original value without altering the 
speaker's power handling ability. Hence 
it is of interest to see how this can be 
done. 

At the higher audio frequencies, the 
output transformer appears at its sec
ondary terminals essentially as a series 
inductance LL (its leakage inductance). 
The power amplifier tubes, as reflected 
to the secondary of the transformer ap.
pear as a resistance Ra in series with 
LL' To this must be added the voice coil 
resistance Rvc and its inductance L~o in 
series with R(J and'LL' Hence finally 
the electrical current appears as 

where 

and 

Figure 5 and Eq. (30) show how 
these appear in the mechanical circuit. 
The mechanical impedance Zm is in this 
case illustrated by Fig. 8, so that finally 
in Fig. 9 is given the complete mechan
ical circuit including the equivalent elec
trical circuit parameters. 

Here, in accordance with Eq. (29) 

Fig. 8. Mechanical circuit of high 
frequency speaker. 

and this should match r'1I for maximum 
power transfer, or 

Re"" (Bl)2x1o-9jr',. (38) 

from which the apparent source im
pedance should equal 

(Bl)2 x 10-9 

RG=R.-Rvc= , -Rvc (39} 
r 11 

The apparent mechanical compliance 
equivalent to -the electrical inductance 
is indicated by Eqs. (28) and (30), 
namely: 

However, in order to convert the 
L-section mechanical low-pass filter of 
Fig. 8 into the 1T-section low-pass filter 
of Fig. 9, it is necessary that 

C C L. 
em = a = (Bl)2 X 10-9 

(41) 

If such coordination in electrical and 
mechanical design be accomplished, a 41 
per cent increase in frequency response 
may be expected over the case of no 
electrical inductance at all. Of course, 
in actual practice the electrical system 
inherently has inductance and resist
ance so that the "building-out" of the 
L-section into a 1l'-section tends to take 
place; all that it is desired to point out 
here is that the electrical and mechanical 
circuit elements can be coordinated so 
as to improve the performance rather 
than to have a haphazard relationship 
to one another, and that furthermore, 
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electrical inductance is not necessarily 
an undesirable characteristic in the out
put stage, but can -serve a useful purpose. 

Undoubtedly, in most systems the in
ductance - particularly that of the voice 
coil itself - is too high and produces a 
Cem in excess of Ca. Also, R.m may be 
too low compared to r'1I because of ex
cessive electrical resistance Ra + Rvc. 
However, this serves to counterbalance 
an excessive value for C em and there
fore tends to smooth out the response. 

The interested experimenter can cal
culate the actual response of the net
work shown in Fig. 9 on the basis that 
it is not a truly terminated low-pass 
filter section, since a resistance such as 
r'lt is but a nominal match over the pass 

Md Ad 

r-v Ah 

R em Cem C. " 0 _h 

Fig. 9. Conversion of Fig. 8 circuit 
to pi-section equivalent. 

band, and is a considerable mismatch 
near the cutoff frequency, where the 
termination should approach zero. He 
can also calculate the response for his 
actual speaker and amplifier output 
stage, in order to see directly the effect 
of varying, for example, the electrical 
circuit constants. 

Conclusion 
A method of coordinating the mo

tional impedance of a loudspeaker with 
the electrical impedance has been pre
sented here with the object of reducing 
"hangover" effects and objectionable 
transients in general at the low-fre
quency resonance of the speaker. 

An experimental method has also 
been presented to enable the necessary 
measurements to be made in order that 
the correct source impedance be ob
tained for critical damping of the sys
tem. The method requires merely an 
audio oscillator, an a-c voltmeter and 
an a-c ammeter in order to determine 
the impedance over a range of frequen
cies. From the shape of the impedance 
curve the Q of the system can be deter
mined, and from the value of voice coil 
and motional impcdance at resonance, 
the requisite source resistance for crit
ical damping can be calculated. 

An alternative method based on vi.ew
ing the electrical constants from the 
mechanical side was then presented, and 
it was shown that this method led to the 
same answers as above. Finally, it was 

The cutoff frequency is given by 

If twice the mass (2Ma) were employed 
and another compliance C" placed at the 
left end, a 1T-section filter would be ob
tained, to which Eqs. (35) and (36) 
would apply equally well. In short, the 
same cutoff frequency can be obtained 
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Fig. 7. Physical arrangement of me· 
chanical elements of a high
frequency horn and unit. 

for double the mass, if a compliance is 
?laced at the other end of it. 

If only the mass is doubled, then the 
cutoff frequency ,is reduced to 70.7 per 
cent of its original value, as is evident 
by substituting 2Md for M", in Eq. (36). 
(The corresponding changes in r'lI are 
not of importance as they involve merely 
a change in the ratio of Ad to All' 

For a given high-frequency cutoff and 
power-handling ability of the speaker, 
the diaphragm mass M a comes out to 
be a certain amount. If M", can be kept 
the same, and yet a compliance placed 
at the front end, the high-frequency cut-
off can be extended to \/2 or 1.414 times 
its original value without altering the 
speaker's power handling ability. Hence 
it is of interest to see how this can be 
done. 

At the higher audio frequencies, the 
output transformer appears at its sec
ondary terminals essentially as a series 
inductance LL (its leakage inductance). 
The power amplifier tubes, as reflected 
to the secondary of the transformer ap.
pear as a resistance Ra in series with 
LL' To this must be added the voice coil 
resistance Rvc and its inductance L�o in 
series with Ra and 'LL' Hence finally 
the electrical current appears as 

where 

and 

Figure 5 and Eq. (30) show how 
these appear in the mechanical circuit. 
The mechanical impedance Zm is in this 
case illustrated by Fig. 8, so that finally 
in Fig. 9 is given the complete mechan
ical circuit including the equivalent elec
trical circuit parameters. 

Here, in accordance with Eq. (29) 

Fig. 8. Mechanical circuit of high 
frequency speaker. 

and this should match r'1I for maximum 
power transfer, or 

Re"" (Bl)2x1o-9jr',. (38) 

from which the apparent source im
pedance should equal 

(Bl)2 x 10-9 
RG=R.-Rvc= , -Rvc (39} r 11 

The apparent mechanical compliance 
equivalent to -the electrical inductance 
is indicated by Eqs. (28) and (30), 
namely: 

However, in order to convert the 
L-section mechanical low-pass filter of 
Fig. 8 into the 1T-section low-pass filter 
of Fig. 9, it is necessary that 

C C 
L. 

em = a = (Bl)2 X 10-9 (41) 

If such coordination in electrical and 
mechanical design be accomplished, a 41 
per cent increase in frequency response 
may be expected over the case of no 
electrical inductance at all. Of course, 
in actual practice the electrical system 
inherently has inductance and resist
ance so that the "building-out" of the 
L-section into a 1l'-section tends to take 
place; all that it is desired to point out 
here is that the electrical and mechanical 
circuit elements can be coordinated so 
as to improve the performance rather 
than to have a haphazard relationship 
to one another, and that furthermore, 
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electrical inductance is not necessarily 
an undesirable characteristic in the out
put stage, but can -serve a useful purpose. 

Undoubtedly, in most systems the in
ductance - particularly that of the voice 
coil itself - is too high and produces a 
Com in excess of Ca. Also, R.m may be 
too low compared to r'1I because of ex
cessive electrical resistance Ra + Rvc. 
However, this serves to counterbalance 
an excessive value for C em and there
fore tends to smooth out the response. 

The interested experimenter can cal
culate the actual response of the net
work shown in Fig. 9 on the basis that 
it is not a truly terminated low-pass 
filter section, since a resistance such as 
r'lt is but a nominal match over the pass 

Md Ad 
r-v Ah 

R em Com C. " 0 _h 

Fig. 9. Conversion of Fig. 8 circuit 
to pi-section equivalent. 

band, and is a considerable mismatch 
near the cutoff frequency, where the 
termination should approach zero. He 
can also calculate the response for his 
actual speaker and amplifier output 
stage, in order to see directly the effect 
of varying, for example, the electrical 
circuit constants. 

Conclusion 
A method of coordinating the mo

tional impedance of a loudspeaker with 
the electrical impedance has been pre
sented here with the object of reducing 
"hangover" effects and objectionable 
transients in general at the low-fre
quency resonance of the speaker. 

An experimental method has also 
been presented to enable the necessary 
measurements to be made in order that 
the correct source impedance be ob
tained for critical damping of the sys
tem. The method requires merely an 
audio oscillator, an a-c voltmeter and 
an a-c ammeter in order to determine 
the impedance over a range of frequen
cies. From the shape of the impedance 
curve the Q of the system can be deter
mined, and from the value of voice coil 
and motional impcdance at resonance, 
the requisite source resistance for crit
ical damping can be calculated. 

An alternative method based on vi.ew
ing the electrical constants from the 
mechanical side was then presented, and 
it was shown that this method led to the 
same answers as above. Finally, it was 



shown by this method how inductance 
and even resistance in the electrical 
system could be put to use to obtain a 
coordinated system in the case of a high
frequency loudspeaker. 
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shown by this method how inductance 
and even resistance in the electrical 
system could be put to use to obtain a 
coordinated system in the case of a high
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ACOUSTIC DAMPING FOR LOUDSPEAKERS* 

Benjamin B. Bauer 
Vice-president & Chief Engineer 

Shure Brothers, Inc. 
Chicago 10, Illinois, USA 

The fundamental resonance of lounspeakers is recognized by many as a 
s,?urce of annoyance.· Usually this resonance can be dampe'd electrically 
by sui table selection of the amplifier impedance .(1) What is less well-
known is that damping can also be achieved by acoustical means incorporated 
into the loudspeaker or the enclosure. This paper deals with the theory 
and methods for providing 6.coustic damping. 

Electrical damping requires the use of a low impedance amplifier. When 
this type of source is not available, and in the absence of ot�er damping 
means, performance of the system may be seriously impaired. For example, . 

a typical home radio or record player has a pentode output stage without 
inverse feedback. This type of output stage is known to provide a source 
of hi3h imredance. L loudspeaker driven from this source vill exhibit 
a resonant condition which may cause poor transient response or "hane-over" 
and it may be responsible for the acoustic feedback in record players. 
Acoustic damping may be found helpful in this instance. 

Another use for acoustic dampinz will be found in the design of high
fidelity systems, where frequent attempts are made to improve damping 
by lowering the amplifier impedance to a value approaching zero. There 
is a limit to the amount of damping which may be obtained in this manner.(2,3) 
Furthermore, electrical damping per se is not very effective in eliminating 
the resonance in cabinets with reflex ports. Acoustic damping can readily 
provide such additional damping as may be required� 

Much effort and circuitry has been devoted to attempts to obtain damping 
from the electrical side. By contrast, the use of acoustic damping has 
been given little att�ntion. In this paper we outline a simplified 
theory of acoustic damping' for loudspeakers and enclosures. To proviae 
a rational basis for the design of acoustic damping the acoustic constants 
of the loudspeaker and the enclosure must be known. Thence, an equivalent 
electrical circuit can be set up and the damping resistance may be 
determined experimentally by adjusting the electrical circuit constants. 
Keeping this approach in mind, first we derive the resonant frequency 
e�uations of a loudspeaker in a flet baffle and in an enclosure. Next, 
from these two equations we determine the acoustic mass and compliance of 
the loudspeaker cone. Thirdly, we set up an eqUivalent electrical circuit 
and determine the required damping resistance. And finally we build the 
acoustic damping into the enclosure and test its acoustic performance. 

*Presented at the Southwestern IRE Conference, February 7, 1953, in San 
Antonio, Texas. Demonstration of transient response damping was 

presented at the Chicago Section IRE meeting September, 1952. 
Manuscript received February 9. 
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Fig.5. Experimental loudspeaker system demonstrating acoustic damping. 
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Fig. 6. Equivalent circuit of experimental loudspeaker system. Values in ( )  are acoustical 

values. Electrical values for resistance and inductance are acousticals times 2,000, capacitance 

values are acousticals times 112,000. The GenRad 1531 Strobotac is used as a pulse generator. 
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Fig. 7. Transients obtained with equivalent 

circuit of Fig. 6. 
( a) simulating open box 

(b) simulating closed box 

( c) simulating damped box 
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Fig. 8. Schematic arrangement for studying 

acoustical transients. 
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(a) (b) 

Fig. 9. Transients obtained by 

acoustic measurements: 

(a) open box 

(b) closed box 

(c) damped box 

(c) 
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Fig. 10. Transients obtained by 

acoustic measurements: 

(a) closed box w/electric damping 

(b) acoustically damped box 

w/electric damping 

Fig. 11. Setup for frequency response measurements 
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Fig. 12. Frequency responses: 

(a) dashed line - open 

(b) dotted line - closed 

(c) solid line - damped 
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Fig. 13. Response of acoustically damped loud

speaker as a function of source impedance: 

(a) solid line - high source Z 

(b) dashed line - low source Z 



Revolutionary Loudspeaker 
and Enclosure 

The author describes a fundamentally new loudspeaker system whose 12-inch 
woofer utilizes an enclosure volume of only 1.7 cubic feet, but whose bass per

formance is claimed to be superior to that of a true infinite baffle installation. 

T

HREE OUTSTANDING PROBLEMS that 
still plague the field of loudspeaker 
design may be categorized as: 

I. How to keep harmonic distortion 
low in the f rCCJuency region below 70 or 
80 cps, especially at high power. 

2. How to keep frequency response 
lilli/arm and extended at all power levels. 

3. How to solve the above two prob
lems without requiring architectural in
stallations, very large cabinets, and dif
ficult final adjustments. 

The loudspeaker system here described 
is the fruit of an investigation that was 
primarily directed towards solving the 
first of these pro .Iems, that is, towards 
creating an electro-acoustic transducer 
that made no compromise with low dis
tortion bass dOlVn to 40 cps. The solu
tion to the distortion problem turned out 
at the same time to be a solution to the 
problems of uniform bass frequency re
sponse and of cabinet size. 

The greatest source of distortion in a 
typical high-quality reproducing system 
is the loudspeaker. Speaker harmonic 
distortion in the bass range is tolerated 
in amounts far greater than would ever 
be allowed in the amplifier or pickup-
values between 5 and 10 per cent below 
60 cps and at moderate power are com
mon even in high-quality units. The 
greatest single source of distortion in the 
loudspeaker itself is the non-linearity of 
the voice-coil and rim suspensions which 
hold the cone and voice-coil to the 
speaker frame. The elastic stiffness of 
the suspending members, a property 
which they must possess in order to per
form their functions properly, does not 
remain constant over the excursive path 
of the cone: the iurther the cone moves 
from its central position the greater is 
the resisting iorcc constant of the sus
pensions. 

The design of these suspensions and 
of the speaker's n1:>ving system has been 
refined but not changed radically over 
the last twenty years or so. The situation 
is comparable to that of the acoustic 
phonograph in the nineteen twenties
there wasn't much further to go in the 
direction of improved performance until 
designers retraced their steps, back to 

• Presidl.'lIt, Acollstic Rl.'sl.'arch, 1111.'., 23 
Mt. Aubur/I St., Cambridge 38, Mass. 

EDGAR M. VILLCHUR* 

the basic problems associated with con
verting needle vibrations to sound, and 
applied a new approach, the electrical 
one. In the present case, instead of at
tcmpting to re-design an already re
fined mechanical suspension system for 
a linear force displacement relationship, 
the elastic stiffness of the mechanical 
suspension system was substantially 
eliminated, and a linear, acollstic elas
ticity used instead. Thus, the domination 
of voice-coil motion by the non-linear 
elastic mechanical suspensions was also 
suhstantially eliminated. The phrase 
"substantially eliminated" can mean 
many things; here it is used to denote 
reduction by a factor he tween 6 and 10. 

Acoustic Elasticity 

The acoustic elasticity is provided by 
the enclosure's sealed-in air, which must 
be compressed when the cone moves 
back, and rarefied or stretched when the 
cone moves forward. In other words the 
air of the enclosure is used as an elastic 
cushion, which supplies to the special 
speaker the restoring force that the mov
ing system is by design deficient in, and 
that it needs. 

Such use of the enclosure's air turns 
out to have most fortunate consequences, 
and it is possible to reap large c.xtra 
dividends over and above the reduction 
of distortion. The amount of acoustic 
elastic stiffness available is determined 
by the cubic volume of the enclosure; the 
cubic volume which must be provided 
(not as a minimum but as an optimum 
value) is of the order of one-fifth the 
volume of a conventional totally enclosed 
cabinet for an equivalent speaker mech
antsm. 

The function of an infinite baffle or 
totally enclosed cabinet is to provide 
acuustical separation between the waves 
radiated by the front and back surfaces 
01 the speaker cone, waves which are 
out-of-phase and would cancel at lower 
frequencies. One may ask then, why it 
has not been possible to simply house a 
speaker in any small enclosed box, or 
even to close up the back of the speaker 
frame so that it is airtight, in order to 
achieve the necessary separation. The 
answer lies in this same acoustic elas
ticity referred to, which increases 
the elastic stiffness of the speaker's mov-

ing system and raises its main resonant 
frequency. The nature of modern loud
speakers is such that below the resonant 
frequency response falls off rapidly-at 
the rate of 12 db per octave, in terms of 
pressure, in an undamped unit. 

Suppose, for example, we have a 12-
in_ loudspeaker mechanism whose main 
resonance occurs at 50 cps in free air. 
If we now mount the speaker in a wall 
the resonant frequency will drop due to 
the air load mass, perhaps to 45 cps, and 
if the speaker has been well designed we 
can expect good response to l'omething 
below 40 cps, with about 6 db of attenu
ation at 32 cps. 

If we now take this same loudspeaker 
mechanism and mount it instead in a 
conventional totally enclosed cabinet (a 
second choice dictated by the landlord) 
we will find that the resonant frequency 
is raised by the additional acoustic stiff
ness of the enclosed air. Probably the 
best that we can hope for is to keep the 
resonant frequency at about 50 cps, an 
achievement that will certainly require 
a cabinet volume of over 10 cu. ft. A 
cabinet of 5 cu. ft. will raise the reso
nant frequency into the 60 cps region. 
and the system will suffer a correspond
ing loss of bass response. 

The problem, then, resolves itself into 
these terms: how provide complete 
acoustic separation between the front 
and back of the speaker cone, without 
raising the resonant frequency above 
what we want it to be, and without a 
wall installation or a monster cabinet? 
The answer dovetails with the solution 
for suspension distortion referred to pre
viously. We select the values of mass 
and elasticity for our speaker system as 
for a conventional speaker, on the basis 
of the resonant frequency we decide 
upon. We then design the speaker mech-· 
anism with perhaps only 10 per cent of 
the elastic stiffness that it needs, so 
that the resonant frequency for the un
mounted speaker mechanism is subsonic, 
of the order of 10 cps. For reasons that 
will be apparent a little later, this speaker 
mechanism is useless as a bass speaker 
in any conventional mounting-which 
was not designed for 10-cps resonance 
but for 45-cps resonance. 

The final step in the construction of 
the complete speaker system follows 
logically. We enclose the back of the 



Fig. 2. Experimental enclosure, showing Fiberglas made up in cheesecloth-covered "pillows." 
The enclosed volume of air. rather than mechanical suspensions, supplies elastic restoring force 

to the special 12-inch speaker. 

speaker with an acoustically sealed vol
ume of air which will supply the remain
ing 90 per cent of the elastic stiffness to 
the moving system, and which will raise 
the resonant frequency to 4S cps. The 
interior volume of the experimental 
acoustic suspension speaker, using a 12-
inch woofer and designed according to 
this princ iple, is 1.7 cubic feet. Increas
ing the cubic volume will 110t improve 
the performance of the system, but will 
degrade it. 

We can now compare the characteris
tics of the infinite baffle with correspond
ing characteristics of the acoustic sus
pension system. This is done in Table I. 

Speaker Restoring Force 

Speaker suspensions serve two pur
poses, that of centering the voice coil in 
the magnetic gap so that it does not rub, 
and that of providing elastic restoring 
force to the moving system. The restor
ing force of a particular speaker cannot 
be decreased below an optimum value for 
that speaker. Too Iowan elastic stiffness 
will result in increased bass distortion, 
as the voice-coil will travel out of the 
path of linear magnetic flux on high
ampl itude low-frequency signals, or will 
actually "bottom" against parts of the 
magnet structure. 

The same principle may be explained 
in terms of the main resonant frequency 
of the speaker, which, as we have seen, 
is determined by the values of elasticity 
and mass, both mechanical and acous
tica� of the suspended system. Other 
things being equal it is desirable to have 
speaker resonance as low in frequency 
as po ible, but too Iowa re onant fre
quency results in cone excursions too 
great for the length of the magnetic path 
provided by the particular speaker. 
Voice-coil excursion in the bass, for 
constant radiated power, must be quad-

rupled for each lower octave, and the 
attenuation of response below resonance 
protects the speaker against over-large 
excursions. 

Thus when a speaker is designed with 
the correct resonant frequency, voice
coil excursion is always kept within the 
limits of linear flux for all signals, re
gardless of frequency, up to rated power. 
Small speakers which can only allow 
short voice-coil travel relative to their 
power rating, and which provide rela
tively poor coupling to the air are prop
erly assigned high resonant frequencies, 
while speakers which allow greater ex
cursion, or can radiate the same power 
with less excursion due to some special 
means for matching them to the air, 
(such as a horn, for example) can be 
given lower resonant frequencie .. 

"'lith the understanding, then , that the 
non-linearity of the speaker's ela tic re
storing force cannot be cured by remov
ing or reducing the restoring force it
self, the necessity for substituting an 
acoustic restoring force for the decim
ated mechanical one becomes apparent. 
Boyle's law tells us that the restoring 
force will be symmetrical-that it will be 
the same coming and going. Acoustic 
pressure is a function of volume, and it 
makes no difference that the variations 
in pressure occur above and below nor
mal atmospheric pressure as a reference 
level. When the cone moves back the en� 
closure pressure on the back of the cone 
is greater than the atmospheric pressure 
on the front surface; when the cone 
moves forward the atmospheric pressure 
on the front of the cone is greater than 
the pressure of the rarefied enclosed ai r 
on the back surface. 

For twenty-five years the air in 
speaker enclosures has been considered 
an unavoidable evil. It has been unavoid
able because of the necessity for provid-
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Fig. 1. Typical bass frequency response, on 
axis, of the acoustic suspension speaker under 

open field conditions. 

ing acoustical separat ion between the 
front and back of the cone, and it has 
been an evil because of the effect of the 
added acoustic stiffness raising the res
onant frequency of the speaker above 
its optimum point and cutting off bass 
response. Thus the enclosed air can be 
rendered innocuous by providing a very 
large volume whose acoustic stiffness is 
negligible; this means, ideally, an infi
nite baffle wall installation or a very 
large, well braced cabinet, both of which 
are impractical in most hom�. Folded 
horns solve the problem, but again at 
the expense of large size-a horn that 
delivers clean, non-boomy bass requ i res 
a long flared path and an extremely large 
mouth diameter. Di fferent methods of 
"tuning out" the stiffness of the enclosed 
air have also been used, some using 
Helmholtz resonance, as illustrated by 
the v arious and popular bass-reflex type 
enclosures, and some by air-column res
onance. Critical adjustments are usually 
required for optimum results. 

The enclosed air in the present system 
is not a necessary evil but an integral 
and indispensable part of the loud
speaker, without which the speaker could 
not operate properly. Since we cannot 
conquer the acoustic stiffness readily we 
join it and make it work for us. The en
closure volume is so regulated that in 
conjunction with the mechanical moving 
system of the speaker the final resonant 
frequency is precisely what has been 
intended-about 4S cps. 

When the first experimental model of 
the acoustical suspension speaker was 
planned it was reasoned that the bass 
performance, at worst, would be equal 
to that of an equivalent conventional 
speaker in an infinite baffle. It was 
known that the experimental speaker 
would provide complete separation be
tween front and back waves, that the 
cabinet used no acoustical re onators, 
and contributed no 1I1l'Wallled sti ffness 
to the moving system, and that the re
sistive loading on the back of the cone 
in an infinite baffle would be more 
equalled by Fiberglas fil ling in the ex
perimental cabinet. Accordingly a control 
twelve-inch speaker, identical except for 
the sllspension system, was moun ted in 
a stairwell. 

The difference bewteen the experi
mental model and the in finite baffle in
stallation, however, was immediately 
apparent. The experimental unit, because 
it did not flatten the bass peaks on large 
cone excursions, had a fuller and cleaner 
bass, especially in the 40 to 60 cps 
region. In the beginning it seemed a 



little unreal to hear the fundamentals 
of organ pedal notes . which could be 
felt as. well as heard. issuing from this 
little box. 

Later measurements of frequency re
sponse and harmonic distortion indicated 
the reasons for the bass sounding as it 
did. Figllr� 1 shows the bass frequency 
response of the experimental model. 
taken under open field conditions. Bass 
response uniform with in :!: 10 db. as 
indicated in Fig. 1. would be ordinary 
for an amplifier. but is qu ite unusual 
for a loudspeaker system. This uniform
itv of response partly results from the 
f;�ct that the restoring force is applied 
snloothly to the whole of the cone sur 

faces rather than to the apex and rim 
of th� cone by mechanica� suspensions, 
and pa rtly from the optimum damping 
of the resonant peak. 

The practical result of uch uniform 
respon e is the absence of boominess. 
Speech program material. which nor
mally contains no energy below 100 cps, 
gives no hint of the fact that the woofer 
reaches down into the low bass. Organ 
pedal notes, bowed or plucked double 
basses, etc., are reproduced true in pitch 
and without ringing. 

It must be emphas ized that the repro
duced response curve is for a complete 
system rather than for a loudspea�er 
mechanism alone, mounted as the testmg 
lahoratory sees fit. As an illustration of 
the necessity for care in interpreting 
response curves for loudspeakers

. 
al?ne. 

it has been demonstrated that variatIOns 
in mounting the same speaker in differ
ent commercial cabinets can change the 
effective bass cut-off frequency by an 
octave . and the amplitude of the bass 
resonant peak by more than 10 db. 

It must also be emphasized that the 
resonant frequency of 45 cps is for the 
complete system rather than for an un
mounted speaker mechanism. or for a 
speaker mechanism mounted by the test
ing laboratory in an infinite baffle. The 
value of 45 cps was chosen to give full 
re�ponse down to slightly lower than 
40 cps; this low-frequency limit was 
determined to be as low as practically 
required. Although the ahove determi
nation was made on the basis of direct 
experiment with various types of pro
gram material. it is supported by author
ities in the field. such as Olson.' 

The harmonic distortion of the experi
mental model speaker was reduced. from 
that of the control model in the infinite 
harne, by a factor of about three. The 
harmonic distortion of a later model 
was measured hy an oUlside test ing 
laboratory and found to reach 1.4 per 
cent at 46 cps. 10 watts illput.� It will 
therefore be seen that this speaker sys-

, Harry F. 015011, "E/emfllis of Acollstical 
EllyillccriIl9." D. Van Nostrand Co .• 2nd 
cd., 1949, p. 477. Dr. Olsun lists 40 cps as 
the low-frequcncy limit rcquired for the re
production of orchestral music with perfect 
fidelity. 

2 These figures were taken with the elec
trical input as reference level. and are there
fore favored by the low efficiency of the 
system. 

TABLE I 
Compararive characteristics of on infinite baffle. a 12-�u. ft. to�ally enclosed conv�n
tional cabinet. and the acoustic suspeniion system. all uSing a 12-m. speaker mechanism 

Infinite 
baffle and 
installation 

Il-cu. ft. totally 
enclosed convcn-
tional cabinet 

Acoustic 
suspension 
system 

Distortion 
duo to 
suspensions 

Amount normal 
to speakers of 
current design 

Slightly less 
than above 

Practically 
non-existent 

Raising of 
resonant 
frequency 
above de-
sired value 

Very 
Slight 

Slight 

None 

tem has 1I0t been designed as a compro
mise "small unit." and it was not in
tended that a handicap weighting o[ its 
performance be allotted to it because of 
the small size ·of its enclosure. I t is the 
author's opinion that the bass perform
ance of a speaker with given magnetic 
and electrical design will be optimum, 
at the present state of the art. when a 
moving' system with the acollstical sus
pensio ll is utilized; the small enclosure 
not only entails no penalties but contrib
utes a tremendous advantage from the 
point of view o[ performance quality. 
It is anticipated that the acoustical sus
pension principle will become increas
ingly univer al in the indu try. and will 
have general application to speake r sys
tems of all sizes. One ohvious applica-

I 

Acoustic 
soparatlon 
between 
front and 
back 

Complete 

Complete 

Resistive 
damping 
on cono 

Good; air 
resistance 
loads both 
sides of 
cone 

Fair; air 
resistance 
does not load 
back of cone 
at bass 
frequencies 

Introduction 
of acoustic 
resonances 

Possible 
resonance of 
space into 
which back of 
cone faces 

Possible 
standing waves 
in cabinet 
unless properly 
damped out 

Complete Optimum; air None 
resistance 
loads front 
of cone and 
controlled 
acoustic vis
cosityapplied 
to back 

tion is in electronic organs. where pedal 
note fundamentals of low frequency can 
be produced cleanly and at high power 
[rom a speaker system installed right in 
the console. 

Damping 

The amoun t o[ Fiberglas damping 
material in the enclosure (see F1·g. 2) 
is fairly cr it ical. The Fiberglas, in the 
amount used. comp letely damps out 
standing waves at higher frequencies 
(a task made easier by the small cabinet 
dimensions. since the standing waves 
that tend to form are shorter wave 
lengths , and such sound waves arc more 
easily absorbed) and reduces the Q of 
the moving system so that the main 

_I 

Fig. 3. The assembled experimental speaker and enclosure. 



resonant impedance peak is broadened. 
The Q can be controlled at will; too 
little Fiberglas yields an <>utput peak in 
the bass, while too much over damps the 
system and attenuates the bass response. 

Since the enclosure is actually an in
tegral part of the speaker it cannot be 
built like conventional cabinets. An 
acoustical seal must be provided, and 
the unrelieved pressures that are built 
up are so great that an unusually large 
number of ribs and braces are required, 
together with �-inch walls. Figure 3 
is a photograph of the experimental 
model of the loudspeaker, its outside 
dimensions measuring 19 x 19 x 11 in. 
It uses a twelve-inch woofer and an out
side tweeter, the latter not shown. The 
production model of the acoustical sus
pension loudspeaker that will be exhib
ited at The Audio Fair will not be 
square, for greater convenience in use 
on shelves or bookcases, and will utilize 
a twelve-inch woofer with 52-oz. Alnico 
5 magnet, plus a high-frequency section 
mounted within tlle enclosure. Either 
the speaker mechanism or the enclosure 
is useless by itself. The speaker mecha
nism alone is only half a speaker, 
and mounting it in any conventional 
cabinet would be no more feasible than 
mounting a conventional twelve-inch 
speaker in the totally enclosed cabinet 
of approximately 1.7 cubic ft. interior 
volume. 

Figure 4 illustrates by electrical anal
ogy the substitution of acoustical for 
mechanical stiffness in the moving sys
tem. The total compliance, that is, 

C .peak·.r CII rr 
C.peukcr X Cur,.' 

is not changed by the new design from 
its optimum value in terms of the moving 
mass and length of linear magnetic path. 

An examination of the negative side 
of the ledger will reveal the fact that 
the acoustic suspension speaker system 
is relatively inefficient. The efficiency 
rating does not, however, fall outside 
the range of values for conventional 
direct radiators and a lO-watt amplifier 
is sufficient to provide ample volume for 
a room of 3,000 cubic feet. Some of the 
reasons for the relative inefficiency are: 

1. There are no acoustical resonators 
employed in coupling the cone to the air. 

2. The moving system has purposely 
been given a low Q, to damp the bass 
resonant peak, and has a relatively high 
mass reactance in the commercial model. 

3. The voice-coil gap canllot be made 
very narrow due to the nature of the 
centering spider, although the gap width 
does 1I0t fall outside the range of values 
for conventional units. The acoustical 
suspension speaker system can, of course, 
be used as the driver unit for a horn 
where high efficiency is required. 

A patent application for the speaker 
system described in this article has been 
filed by the author. 
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Fig. 4. (0) Electrical-mechanical analogy of the moving system of a conventional speaker in a 
totally enclosed cabinet. Since C.'r is mode as large as possible, the non-linear C., . .,k .. 
determines the elastic stiffness of the system. 

(b) Electrical-mechanical analogy of the moving system of the acoustic suspension speaker. 
Since C.,,,.,", is mode very lorge, the linear Ca', determines the elastic stiffness of the 5yS
tem. The resultant total elastic stiffness, however, is not changed from its optimum value. 
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PART 1 
THE AMPLIFIER DAMPING FACTOR

AND ITS APPLICATION TO
SPEAKER PERFORMANCE

I
N AUDIO REPRODUCTION, a subject of consider-
able importance to the high-fidelity enthusiast is

amplifier damping factor and its effects on speaker
operation. Misconceptions have arisen concerning
this subject, and vague and incomplete answers have
too often been given to the many questions involved. 

Are the high damping factors found in present
high-fidelity amplifiers by-products of high-feed-
back circuits and, as such, unimportant in the oper-
ation of the system? Or is the ultimate, as some
loudly proclaim, to have the highest possible damp-
ing factor built into the amplifier? Why does a par-
ticular speaker sound better with amplifier A than
with amplifier B, although both show identical fre-
quency response and power capabilities under
bench checks? Why does that $2.00 speaker with the
6-ounce magnet (inefficiency and distortion
included) seem in some cases to have more bass
than the high-fidelity unit with the 5-pound magnet?
Why is it that one enthusiast found reproduction
more pleasing when he used a little current feed-
back from the output circuit yet another didn't
when using the same circuitry? 

Some simple laboratory experiments and
straightforward analysis can answer these questions
and clear the air.

SPEAKER MECHANICS
The speaker can be considered, for the moment,

a purely mechanical device. As such, the cone with
its inherent mass and the cone suspension with its
compliance or stiffness make up a resonant system.
Some mechanical damping is present but such a
slight amount that the system can be considered
highly underdamped —if the cone is displaced and
then released, it oscillates about its normal resting
position for several cycles at its natural resonant fre-
quency. This oscillation decreases in amplitude and
finally reaches a state of rest due to the small
amount of damping.

If this underdamped speaker is driven by a volt-
age source having a very high internal impedance so
as to maintain the underdamped condition, the cone
will vibrate at a greater amplitude at frequencies close

Missing Link in Speaker Operation
Parts 1 & 2

by D. J. Tomcik—Chief Electronics Engineer, Electro-Voice, Inc. 

to its natural resonance. (This action is similar to
pushing a swing or pendulum “in time” with its nat-
ural period so as to obtain large amplitudes.) The fre-
quency-response curve of the speaker under these
conditions will show a peaked output near cone reso-
nance, usually between 30 and 80Hz. Operation in
this manner produces high transient distortion and is
undesirable in high-fidelity systems. This can be
shown by pressing and then releasing the cone. The
oscillation which results is all distortion, since the
cone does not follow the applied square waveform of
depressing and releasing it.

THE SPEAKER AS A TRANSDUCER
To reduce the transient distortion as well as the

peaked bass response, it is necessary only to damp
the cone. If the speaker were purely a mechanical
device this would be difficult. But since it is an
electromechanical transducer, damping is obtained
easily. In analyzing the electrical portion of the
speaker we find a coil of wire wound around a form
and attached to the cone. The coil is placed in a mag-
netic field and in this way constitutes a simple motor
or generator.

If a voltage is applied to the coil, it moves in the
magnetic field which in turn moves the cone. If the
cone is mechanically moved, the motion of the coil
in the magnetic field generates a voltage in the coil.
From this it can be seen that cone damping can be
obtained by using the magnetic braking action pre-
sent when the coil terminals are externally closed
through a resistance. The motion of the cone in try-
ing to oscillate generates a voltage in the coil. This
voltage produces a current flow through the coil and
external resistance. The current flow tries to move
the cone by motor action, but opposite in direction
to the motion producing the current. Therefore the
cone is damped in its free motion. 

For a given speaker, the amount of damping can
be varied by changing the value of the external resis-
tance and consequently the value of the braking cur-
rent. There is one value of damping at which the
cone returns to rest in the quickest possible time
without going past the rest position. This condition
is called the critically damped state. Transient dis-
tortion is greatly reduced and the low-frequency
response is more nearly uniform. 

Excessive damping returns the cone slowly to its
rest position. If the speaker is driven by a voltage
source with very low internal resistance, the low-fre-
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quency response lacks intensity. (The action now is
similar to pushing a pendulum while it is sub-
merged in grease or heavy oil.) 

Fig. 1 shows the extent to which a speaker’s out-
put is affected by various damping values. Actual
speaker performance is shown for overdamped, crit-
ically damped and underdamped conditions. To
obtain these curves, the amplifier driving the
speaker had means for varying its internal resis-
tance. The method for accomplishing this will be
discussed later.

SPEAKER-DAMPING VARIABLES
The easiest method for determining these fac-

tors as well as their effect on the damping action is
to resort again to the magnetic brake. First, we know
that the induced voltage in the coil is directly related
to the amount of flux cut by the coil. Therefore a
larger magnet or smaller gap volume will induce a
higher voltage. As a result, a larger external resis-
tance is needed to limit the current so that the
desired braking action is retained. 

Second, the amount of induced voltage is
directly related to the length of conductor cutting
the magnetic field. Since both the coil diameter and
the number of turns are directly proportional to the
length of wire, we may conclude that these factors
also enter into the determination of the critical
damping resistance (RCD). 

Third, the RCD is made up of two components.
The d.c. coil resistance as well as the external resis-
tance limits the amount of braking current. So the
RCD is the sum of the coil resistance and the external,
or amplifier, resistance. Conditions might exist, and
they surely do, where the d.c. coil resistance of a given
speaker itself is greater than the resistance necessary
to critically damp the cone. Nothing can be done
externally to remedy this situation short of using a
negative resistance amplifier output impedance. 

The fourth factor, which is a little more difficult
to explain without mathematical illustration, is the
effect of the cone mass and suspension stiffness on
the value of the RCD. It is logical that to stop a heav-
ier cone from moving in a given time, a greater force
in opposition to the motion is required. To increase
the opposing force, it is necessary to have a larger
braking current, obtainable by lowering the circuit
resistance. Also, the stiffer suspension, when dis-
placed, possesses a greater restoring force. The ten-
dency for the cone to overshoot its rest position is
increased. Therefore, the damping force necessary
to overcome this restoring force must be increased
proportionately and can be obtained by again
decreasing circuit resistance. It must be remem-
bered that the effective mass and stiffness of a
speaker are dependent to some extent on the type of

enclosure in which the speaker is housed. 
To summarize, the factors that determine the

RCD can be mathematically expressed as follows: 

where RCD is the critical damping resistance; B,
flux density; l, length of conductor in the magnetic
field; k, effective stiffness; M, effective mass, and C is
a constant. 

This formula is not given to encourage experi-
mental calculations—the test equipment necessary
is far beyond the means of the average audio enthu-
siast. Rather, it is used to indicate the relationship of
the various factors in determining the critical damp-
ing resistance.

EXPERIMENTAL RESULTS
Figs. 2, 3 and 4 show actual response curves of

three speakers for various values of damping resis-
tance. Infinite baffles were used in obtaining all
curves. The speaker whose curves are shown in Fig.
2 is an inexpensive unit with a 6.8-ounce magnet and
1-inch coil diameter. By referring to the equation we
can expect the RCD to be low because of the low val-
ues of B and l. The curves bear this out since both
show the speaker in an underdamped condition. The
d.c. coil resistance of this speaker is greater than the
RCD and, even though the amplifier resistance is 0.5
ohm for the lower curve, the speaker is still under-
damped. Fig. 3 shows curves for a high-fidelity 12-
inch speaker with a 3-pound magnet and a 21⁄2-inch
voice-coil diameter. As expected, the RCD is much
higher than in the first case. The overdamped, criti-
cally damped and underdamped curves show plainly
that the smoothest response occurs when the
speaker is critically damped. Fig. 4 indicates that this
15-inch speaker with a 5-pound magnet and large
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Fig. 1. The effect on frequency response of various values of
damping
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ohm tap! The increase in efficiency by operating this
speaker critically damped instead of overdamped is
9dB or 8 times the acoustic power output.

CONCLUSION
To return to our questions in the early part of

this article, let us now see how many can be
answered. High damping factors should not be con-
sidered by-products of inverse feedback, but should
be controlled. They play a very important part in the
reproducing chain. Neither should an amplifier be
designed with very high damping factors only. A
good high-fidelity amplifier demands that the damp-
ing factor be variable within wide limits. It is impor-
tant not only to present the correct load impedance
to the amplifier, but also to present the correct load
impedance to the speaker. These two load values are
seldom the same. The means of true amplifier-to-
speaker matching is obtained with the aid of correct
amplifier damping factor selection. The answer to
the question of why amplifier A works better than
amplifier B with a given speaker is that the damping
factor of amplifier A more nearly critically damped
the speaker than did amplifier B. During the bench
test with resistive loads, the two performed in an
identical manner. With the variable load of the
speaker, the operation was entirely different. The
inexpensive speaker seemed to have more bass than
the high-fidelity unit because it was working in an
underdamped condition, even with a high amplifier
damping factor, whereas the hi-fi speaker was heav-
ily overdamped. And finally, the man who improved
his speaker performance with current feedback was
merely altering his amplifier damping factor to suit
his speaker combination. Your speaker, being
entirely different, did not perform with that particu-
lar value of damping as it would with critical damp-
ing. It’s all as simple as that. 

From the foregoing we see that speakers vary
greatly in their requirements of source impedances
to critically damp the cone and achieve optimum
speaker performance. It also has been conclusively
shown with laboratory curves that best speaker per-
formance occurs with critical damping. No one value
of amplifier internal impedance can satisfactorily
match all speakers and enclosures. The missing link
has been found in critically damping the speaker.
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Fig. 2.  Frequency response curves for an inexpensive speaker
with different values of “damping resistance.”

Fig. 3.  Frequency response curves for a hi-fi speaker speaker with
different values of “damping resistance.”

Fig. 4.  Frequency response curves for a 15” speaker with different
values of “damping resistance.”

voice coil has still a higher RCD. The overdamped
curve, No. 3, shows what can be expected from the
speaker when the amplifier damping factor is 10 or
greater, commonly considered to be the criterion of a
good high-fidelity amplifier. However, to obtain criti-
cal damping with this particular speaker, the ampli-
fier damping factor had to be adjusted to a value of
0.4—an internal resistance of 40 ohms on the 16-



circuit for all can be considered to be the same as
that in Fig. 1. To measure the damping factor of any
amplifier it is necessary only to measure the output
voltage under no-load and rated-load conditions.
The formula for damping factor then becomes:

where ERL = rated-load voltage and ENL = no-
load voltage.

From this formula we see that the damping factor
is also a measure of the output regulation—how far
the output varies from a constant-voltage source with
changes in load. Amplifiers with high damping factors
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PART 2 
OBTAINING VARIABLE DAMPING FACTORS
IN AMPLIFIERS; DETERMINING CRITICAL

DAMPING FACTORS

P
ART 1 OF THIS ARTICLE (December, 1954) dis-
cussed the effects of various damping factors on

the operation of cone type speakers, particularly in
the region of cone resonance. It was determined that
a given speaker performs best only when critically
damped. The matched reproducing system therefore
requires the speaker as well as the amplifier be termi-
nated in their proper loads. The amplifier is matched
over the greater portion of the frequency spectrum by
proper design, so the speaker should be matched to
its desired load by proper amplifier design.

As was shown, the proper speaker load for criti-
cal damping is the numerical difference between the
critical damping resistance (RCD) and the d.c. resis-
tance of the voice coil. This value should be equal to
the amplifier internal impedance. Of course, the
speaker can be critically damped by using an ampli-
fier of very low internal impedance and putting a
fixed resistor in series with the speaker. However, this
method results in a power loss in the resistor which
may be much greater than that supplied to the
speaker. The correct and efficient method of match-
ing is by controlling the amplifier internal imped-
ance, which does not absorb power. (The amplifier
nominal impedance should not be confused with the
amplifier internal impedance. The nominal imped-
ance, 4, 8 or 16 ohms, is what the amplifier should
work into whereas the amplifier internal impedance
refers to regulation, as explained later in this article.
The two values are seldom the same.)

DAMPING FACTOR
To simplify matters and eliminate the variable of

nominal impedance, the term amplifier damping
factor is often used. The damping factor is equal to
the nominal impedance divided by the internal resis-
tance of the amplifier. For example, an amplifier
whose internal resistance on the 16-ohm tap is 8
ohms has a damping factor of 2. 

For a given speaker there is one value of internal
resistance and consequently one value of damping
factor which results in critical damping. This value
can be called the critical damping factor (CDF). 

To visualize the damping factor concept better,
consider the amplifier output terminals a voltage
source with zero impedance in series with a resistor
equal in value to the internal impedance. Fig. 1
shows this arrangement with the proper amplifier
load. The amplifier may be push-pull, cathode fol-
lower, or any other type, since the equivalent output
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Fig. 1. Equivalent output circuit.

Fig. 2.  Schematic of  the equivalent plate circuit
            of  the output  stage.

Fig. 3. Circuit using variable feedback.

Fig. 4. Circuit for determining CDF.
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act more like constant-voltage sources than those with
lower damping factors. Conversely, amplifiers with
low damping factors act more like constant-current
sources than those with higher damping factors.
Hence a means is provided to vary the damping factor
simply by controlling the regulation. This is easily
done by using feedback in the circuit to obtain more
or less constant-voltage or constant-current ampli-
fiers. But, first, what damping factor requirements are
necessary in a really good high-fidelity amplifier? 

We have seen in Part I that all speakers classed as
high-fidelity units require positive values of amplifier
resistance for critical damping. Only inefficient
speakers in the very low price range require negative
resistances. It is possible to obtain negative-resis-
tance characteristics from an amplifier by using posi-
tive feedback. But since the speaker that requires this
type of damping is mediocre at best, and since posi-
tive feedback may result instability and increased dis-
tortion, negative-resistance amplifiers are unneces-
sary in the present state of the reproducing art. 

The highest practical damping factor is approxi-
mately 10 to 15. Since the d.c. coil resistance of a
speaker generally makes up more than 75% of the
total nominal impedance, amplifier damping factors
greater than 10 or so have no appreciable effect on
speaker damping. For example, a 16-ohm speaker
with a 12-ohm d.c. coil will have a total series resis-
tance of 13.6 ohms with a damping factor of 10, and
a total series resistance of 12.4 ohms with a damping

factor of 40. The difference
in frequency response is not
noticeable to the ear and
hardly measurable. 

The lowest damping fac-
tors found in today’s high-
fidelity speakers range from
around 0.3 or 0.4. A good
low limit for amplifier design
would be 0.1 or 160 ohms on
the 16-ohm tap. 

We have now established
the limits to be between 0.1
and 15 to cover amply the
range in modern-day speak-
ers. The damping control
should be calibrated directly
in damping factor or internal
resistance to simplify adjust-
ment to a given speaker.

OTHER CONSIDER-
ATIONS…
A good high-fidelity

amplifier should also have a
constant sensitivity with

rated load applied, as the damping factor is varied.
This results in a constant negative feedback which
maintains the distortion and hum figures at constant
low levels. In addition, the damping-factor control
system should not be frequency-discriminating. Fre-
quency discrimination will affect sensitivity more at
some frequencies than at others and produce an
undesirable tone-control action in the system. 

An effect which might be noticed in a non-fre-
quency-discriminating system is that of high fre-
quency accentuation at low damping-factor values
where a single wide-range speaker is used. This
high-frequency boost is caused by the speaker
inductive reactance becoming appreciable and
affecting the gain of the amplifier at high frequen-
cies. The effect is not present in multiple-speaker
systems since the reproducing components are
designed to present the nominal impedance over
their working range of frequencies and are then cut
off by the crossover network above their range.
However, in a single-speaker system, the several
decibels of treble boost are not serious and probably
complement the high-end speaker roll-off due to the
single-cone operation. In any event, if desired, the
treble control can nullify this effect.

AMPLIFIER DESIGN
With the requirements mentioned, we can proceed to

design the output circuit of the amplifier, remembering the
criterion that negative voltage feedback lowers the internal

Highly undamped Nearly critically damped Critically damped
Drive unit mounted in a bass reflex enclosure

Highly undamped Nearly critically damped Critically damped

Drive unit mounted on an infinite baffle
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Fig. 5.  Three time responses for differing values of damping. The upper traces were taken with
the drive unit mounted on an “infinite baffle” while the lower ones were taken with the unit mounted
in a bass reflex enclosure.



resistance while negative current feedback raises the resis-
tance. We will probably want to settle on some minimum
value of negative feedback to take care of the frequency
response, distortion and hum. This usually falls between
15 and 20dB of loop feedback. It may turn out that we will
need more than this minimum value, depending on the
circuit and particular constants used. 

The circuit is first considered without loop feed-
back so as to determine the starting-point damping fac-
tor. The equivalent circuit shown in Fig. 2 applies to all
types of circuits as long as rp is considered the effective
plate resistance and RL the load impedance referred to
the primary of the output transformer. For example,
the damping factor for push-pull 6V6’s pentode-con-
nected, with rp = 64,000 ohms and RL = 8,000 ohms, is:

without loop feedback. To obtain the high damp-
ing factor of 10, negative voltage feedback is used
around the loop until that value is obtained, say
18dB. Then if 9dB of negative current feedback is
added while 9dB of negative voltage feedback is
removed, the total negative feedback remains at
18dB; but the damping factor is now 0.125 as with
no feedback. However, the sensitivity, frequency
response, distortion and hum remain constant. This
amplifier covers approximately the desired range of
damping factors while the set requirements are
maintained. The design procedure is applicable to
all types of amplifiers, the only difference being the
initial value of damping factor with no loop feed-
back. The value of rp will vary greatly with the type
of circuit. A cathode-follower output stage results in
a very low value of rp, approximately equal to the
reciprocal of the transconductance. Generally, pen-
todes in push-pull have high values. Triodes fall in
between pentodes and cathode-followers. The ultra-
linear circuit is a combination midway between pen-
tode and triode operation. The Electro-Voice Wig-
gin’s Circlotron circuit using two 6V6s in a bridge
arrangement results in an rp equal to 2kΩ and an RL
equal also to 2kΩ. Under these conditions, no loop
feedback or equal voltage and current feedback
results in a damping factor of 1. Over-all negative
voltage feedback increases the damping factor to
values greater than 1, and over-all negative current
feedback to values less than 1. 

Fig. 3 shows an arrangement in which the cur-
rent and voltage feedback can be varied in any
amount while the total feedback remains a constant.
Resistor Rc permits maximum desired current feed-
back when it is fully in the circuit. The value of Rvf is
such that the total required voltage feedback is
obtained when the slider of Rv is at the cath-
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ode position. The ratio of Rv to Rk is chosen so that
the voltage feedback is equal in value to the maxi-
mum current feedback when the movable arm of Rv
is at the Rk end. The two potentiometers are ganged
in such a way that an increase in voltage feedback
causes a decrease in current feedback. 

DETERMINATION OF CDF
With the Fig. 3 circuit arrangement it is possible

to obtain various damping factors by the turn of a
knob. It is now necessary only to determine the CDF
of the speaker to be used and then adjust the ampli-
fier damping factor to that value. 

The Electro-Voice line of high-fidelity speakers
includes the CDF value in their specifications. For
those who would like to determine the CDF of their
present speaker system, the equipment needed
includes an oscilloscope, a calibrated variable resis-
tance of about 50 ohms maximum, a flashlight bat-
tery, a momentary pushbutton switch, a 0.5-µf
capacitor, a type 1N34 germanium diode and a
100kΩ resistor. The components are arranged as in
Fig. 4. Carefully observe the polarity of the flashlight
cell and the 1N34. Mount the speaker under test in
its permanent enclosure since the baffle has some
influence on the CDF value. The amount of coupling
between the speaker cone and enclosure is not very
great. The cabinet resonances will not be apprecia-
bly affected by changing damping on the speaker,
but the enclosure does contribute to the effective
mass and stiffness of the speaker, which directly
affects the value of CDF. 

The circuit of Fig. 4 operates as follows. When the
switch is closed, the speaker cone is displaced due to
the current flowing through the voice coil. The switch
is then opened and the cone returns to the rest posi-
tion. The voltage it generates in so doing is observed
on the oscilloscope. The external resistance shunting
the speaker is adjusted so that the scope trace indi-
cates critical damping. This value of resistance is then
equal to the necessary amplifier resistance to criti-
cally damp the cone. Thus the CDF is determined.
The capacitor and 100kΩ resistor act as a filter to sta-
bilize the scope trace when the switch is repeatedly
opened and closed. If they weren’t included, the trace
would bob up and down on the screen, making obser-
vation almost impossible. 

This effect is due to the slow charge and discharge
of the input capacitor of the oscilloscope. The 1N34
diode shorts out the positive voltage surge when the
switch is closed so that only the motion of the cone on
opening the switch is analyzed on the scope. 

In performing the test, start with the variable resis-
tance high so the speaker is underdamped. Decrease
resistance slowly until critical damping is obtained. In
so doing, the point where the second and succeeding
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cycles just barely disappear is more easily seen.
Approaching critical damping from the overdamped
state is more difficult to observe. The switch should be
continuously operated several times a second and the
horizontal sweep adjusted to a low sweep rate. 

The upper curves in Fig. 5 show the traces
obtained for a speaker in an infinite baffle for the
underdamped and critically damped states. Notice
the absence of any second cycle when critically
damped. In the lower curves of Fig. 5, the speaker was
mounted in a very large bass-reflex box. Notice how
the enclosure resonance remains even after the
speaker is critically damped. In small bass-reflex
enclosures, the resonant frequency of the port is close
to the cone resonance and does not show distinctly on
the curve. In this case, the patterns appear as in Fig.
5a. The point of critical damping is reached when the
second full cycle is just barely eliminated in all cases.
The wave form for a slightly overdamped condition
looks the same as that for the critical damping, the
only difference being an amplitude decrease in the
overdamped wave.

CONCLUSION
The CDF of any speaker can now be obtained

and the amplifier matched to give optimum perfor-
mance. Errors of ± 50 % in CDF do not appreciably
change the performance of the speaker, so it is
unnecessary to determine the needed amplifier resis-
tance down to the last ohm. In fact, the point at
which critical damping occurs will be rather broad
when the above procedure is followed.

However, great mismatch can result in a very
appreciable loss of bass power—as much as eight or
nine times. It is therefore worth the time and effort to
determine the CDF and match the speaker-amplifier
combination. You will have the satisfaction of know-
ing that the components are performing at their best
and in this way providing more listening pleasure.

Reprinted with permission. Radio Electronics,
December 1954 and January 1955. 

Gernsback Publications, Incorporated.    



Verso Filler Page♦ ♦

http://en.wikipedia.org/wiki/Verso


Registered at the General Post Office, Sydney, for transmission by post as a periodical. Single Copy, Onc Shilling 

Volume 20 April 1955 Numher 4 
Aa •••• a. ______ •• L _____ •• ____ e_ ••••• __ ••••• _____ � ___ ••• ____ ___ _ 

Damping for Lou dspeakers: 

Acoustical and Electromagnetic 
By F. Langford-Smith and A. R. Chester man. 

The most prominent resonance displayed by a 
loudspeaker is the bass resonance which, if lightly 
damped, is most objectionable, givin'g rise to "one 
nOte bass", "hang-over", and poor transient response. 
For any set of conditions and for any one listener, 
there is an optimum amount of damping, to give 
the most pleasing results. It is important to remem
ber that the amount of damping has only a small 
effect outside the region of the bass resOnant fre
quency. Taking a typical case with a bass resonant 
frequency as 85 c/s, the effects of damping would 
be small above 150 c/s. 

Introduction to damping 

Loudspeakers have some damping inherent in the 
speaker, but all additional damping to meet the 
requirements of good musical reproduction must 
come from external electro-magnetic or acoustical 
damping, or both. Most modern amplifiers and 
radio receivers use negative voltage feedback to 
give a low Output resistance, that is, a high "damping 
factor" . Damping factor is defined as RdRoJ where 
RI. is the nominal load impedance and Ro is the 
amplifier Output resistance. High fidelity amplifiers 
are sometimes advertised as having very high damp
ing factors. E.g. 45, or in another case infinity. 
This term "damping factor" is quite misleading, 
since the damping is in no way proportional to 
the damping factor. The writers prefer to express 
this in the alternative inverse form where the output 
resistance is given as a fraction or percentage of the 
load resistance (Ref. 1). Thus an Output resistance 
of zero (corresponding to a "damping factor'� of 
infinity) gives a more accurate impression, particu
larly the non-technical person. However, the use of 
the term "Damping Factor" is so strongly entrenched 
that it cannOt be displaced, and it will therefore 
be used in this article. 

The effects of damping are shown by the equiva
lent circuit of. Fig. 1 (Ref. 2). This may be applied 
to an infinite flat baffle merely by short-circuiting 
Cc. It will be seen that this is a series resonant 
circuit, with an applied voltage Es across RJ Land 
C in series. The Q of the circuit is given by 

2rrf LII 

Q 
Rs + R" 

(1) 

and the acoustical output of the loudspeaker IS 

proportional to ELU• 

B: 
Now Rs er:: at low frequency (2) 

Ro + RI,c 

where B flux density in gap 
Ro output resistance of amplifier referred 

to the voice coil circuit 
and RI,c = resistance of voice coil. 

Two important facts are shown by eqn. (2). 
The first is that, so long as Ro is positive, the damp
ing is limited by RI'cJ and changing Ro from 10 to 
one-tenth of' Rvc to zero (i.e. changing damping 
factor from 10 to infinity) only effects the damping 
resistance by 10%. The damping can only be truly 
infinite if Ro is made negative-ways of accomplish
ing this result will be described later in this article. 

The second important fact shown by eqn. (2) is 
that Rs is directly proportional to the square of the 
flux density and inversely proportional to Ro + 
Rvc. Loudspeakers with low flux density may have 
insufficient damping even when Ro is. made zero, 
whereas those with high flux density may be toO 
heavily damped when Ro is zero. ·It is thus quite 
obvious that it is impracticable to select any value 
of "damping factor" which will give optimum re· 
suIts with any loudspeaker. 

Owner
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Fig. 1. Equivalent electrical circuit 0 f loud
speaker in enclosed cabinet at low frequencies. 
RDH Fig. 20.11. 

Effect on frequency response 

Varying the damping on a loudspeaker has a 
second, and very important, effect which is not 
always fully realized. Its effect on frequency re
sponse is shown in Fig. 2 for a particular case with 
a totally enclosed cabinet. A similar effect occurs 
with a flat baffle, but the curves show that values 
of Q below about 1 result in bass attenuation. There 
are two common practices to meet this difficulty. 
The first is to maintain the loudspeaker Q about 1, 
or slightly over, to avoid the attenuation. The 
second is to accept the bass attenuation as a price 

Fig. 2. Theoretical response of enclosed cabinet 
loudspeaker for various values of damping re
sistance R... Resonance frequency 45 c/s. 
RDH Fig. 20.12. 

+ 15 1 

to pay for high damping, and to make it good by 
adding bass boosting - about 7 db at the bass 
resonant frequency. There is absolutely no point 
in reducing Q below 0.5, the value to give critical 
damping. 

Damping controls 

This introduces the desirability, in high fidelity 
amplifiers, of adding a control to alter the "damp
ing factor". Two methods of achieving this result 
are shown in Figs. 3 and 4. Both use a combina
tion of negative voltage feedback and positive 
current feedback. Although these add further con
trol to the already formidable array on many ampli
fiers, it does serve a useful purpose. Normally it 
would be pre-set to suit a particular loudspeaker 
and listener, and not used as a regular control. 

It has been stated above that loudspeakers with 
low flux density may have insufficient damping 
when R" is made zero. What can be done about 
it? Short of changing the loudspeaker for one with 
higher flux density, there are two possible courses 
- to provide a negative output resistance, or to 
add acoustical dam ping. Both of these methods 
are described in this article. 

Negative output resistance 

A negative output resistance is produced by suffi
cient positive current feedback. This must be 
accompanied by an increased negative voltage feed
back to reduce the harmonic distortion to a desir
able level. Only one such commercial amplifier is 
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VOLTAGE 
FEEDBACK B+ L.S. 

-

• 

CURRENT 
FEEDBACK 

-

• 

Fig. 3. Damping factor control used in Electra-Voice Amplifie1'S A-20C and A-30 . .  Range 0.1 to 15. 

known at the present time - the Bogen Model 
D030A. The circuit is shown in Fig: 5 (Ref. 3). 
It uses 25 db negative voltage feedback, .with current 
feedback controllable from negative to positive. 
When the switch is closed there" is no positive 
feedback and the amplifier operates normally. When 
the switch is opened, with the damping cont�ol at 
the extreme negative current feedback position, the 
dam ping factor is positive and low ( +  2 ) . As the 
damping control is moved towards the positive end 
the damping factor passes through the' �ormal value 
(i.e. with sw itch closed) and then increases to 
infinity and beyond to high negative values, and 
finally low negative values (-2). The 4 ILF con
denser is used to limit the current feedback to low 
frequencies. 

With such a control the amplifier will oscillate 
if the control is turned too far in the negative 
direction. Care is necessary to a void possible damage 
to the loudspeaker. It is doubtful whether such an 
"unlimited" control will be widely used, but it 
would be of great interest in a laboratory or when 
carefully handled by an expert. 

Radiotronics 

Acoustical damping 

Acoustical dam ping has received scant attention 
in the literature, but it is a very.helpful tool, and, 
as will be shown below, it can be used to reduce 
the peak of "loudspeaker impedance at the bass 
resonant frequency -. being the only known method 
of producing this result without horn loading or 
the vented baffle. The latter does not come within 
the scope of the present article; but it may be 
covered at some future date. 

The present subject is limited to open "back 
cabinets, the back of which may be closed by a 
sheet of expanded metal on which is glued a piece 
of suitable cloth (Fig. 6A): However, the same 
principles may be applied to various forms of 
enclosures. Fig. 6B shows the small enclosure 
attached to a large baffle to increase its low fre
quency response. In C, a totally enclosed cabinet 
is damped by th� small enclosure shown. D is 
similar to C, except that a damped POrt is provided 
for a vented baffle. In E, a port has been added 
to the enclosure A, while F shows an arrangement 
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similar to D, in which both the speaker and the 
POrt derive a measure of damping from a single 
acoustical resistance element. Many other combi
nations are possible. 

A detailed treatment of the subject, both theoreti
cal and experimental, has been made by Bauer (Ref. 
4), and tests were carried Out in our laboratory to 
see whether we could obtain the same results on 
damping, and in particular to measure the electrical 
impedance which Bauer only derived indirectly. 

In general, the acoustical resistance element should. 
have an area somewhat greater than the area of 
the cone, to avoid constriction of the air flow. 

Measurements were made on an enclosure as 
Fig. 6A, with a medium-priced 9 in. X 6 in. ellip
tical speaker (M.S.P.) in an enclosure with internal 
dimensions 14 X 14 X 9 inches deep. The enclosure 
has interchangeable backs, one solid, and the other 
provided with an 1 1  in. diameter hole for mounting 
the acoustical dam ping resistance. 

voice coil impedance 

The impedance was measured under various con
ditions, and the most significant results are tabulated 
below. 

f1 = freque�cy at which impedance is a 
maXImum, 

ratio = ratio between impedance 'at f1 and 
that at 400 cls (= 3.5 ohms). 

B+ 

FEEDBACK 

CURRENT 

FEEDBACK 

-
• 

Condition It ratio 

( 1) 3 ft. square baffle ........... . .  120 4.1 
( 2) Back closed (solid back) .... ... 143 4.7 
(3) No back . '. . . . . . . . . . . . . . . . . . .. 105 3.5 
(4) Open back in  position, n o  cloth . . 100 3.1 
( 5) 1 layer of cloth .. ....... ..... . 95 2.5 
(6) 2 layers of cloth . . . . . . . . .. . . . . . 95 2.1 
( 7) 3 layers of cloth . . . . . . . . . . . . . . . 95 1.8 
(8) 5 layers of cloth " . . . . . . . . . . . . . 95 1.5 
(9) 1 layer of /G in. felt . . . . . . . . . .. 150* 1.4 

*a second peak occurred at 95 eis, with ratio 
also 1.4. 

The cloth used was loosely-woven cotton, 12 thou. 
thick, about the thickness of thin sheeting. The 
thickness of both cloth and felt was measured when 
compressed. 

It will be seen from the table that the imped
ance ratio from 400 cl s to the bass' peak is reduced 
from 4.7 with solid back, or 4. 1 with flat baffle, to 
1.4 in the most extreme case. Even with 3 layers 

of cloth the impedance ratio is reduced to 1.8. This 
is a very important feature with pentode power 
valves, which are very sensitive to an increase in 
load resistance and give high distortion under these 
conditions. Thus acoustical damping not only gives 
the desired damping, but also provides better work
ing conditions for pentode power valves. 

Fig. 7 shows curves of voice coil impedance for 
the various conditions set out in the table. The 
impedance at 400 cls is 3.5 ohms. 

IOK 

LINK 

L.S., 

Fig.- 4. Damping factor control used tn Pye Model PF91 and Pamphonic Model 1002. Range up to infinity. 
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VOLTAGE 

FEEDBACK 

3·3K 

68K 

B+ n--� 
L.S.1611 

0·2711 

2511 

22011 CURRENT ' 
-

-

• 

Frequency response 

The low frequency response curves for three 
conditions are shown in Fig. 8. On a listening 
test curve B seems to be the best compromise. 
Curve A was preferred by some untrained listen
ers, apparently owing to the heavier apparent bass, 
particularly when listening to a certain male singer's 
voice. Curve C suffered from some attenuation in 
the bass, but was preferred to Curve A by twO 
trained listeners. 

Transient response 

The transient response was tested using a Cintel 
pulse generator operating with a pulse 0.3 f'Sec. into 
a large amplifier driving the loudspeaker. A micro
phone was placed 1 foot in front of the loudspeaker 
and its output applied to an oscilloscope. Fig, 9 
shows tracings made on the screen under various 
conditions, The increased dam ping is indicated by 
the decreasing height of the upwards peak imme
diately following the pulse. These results sub
stantially agree with those published by Bauer. 

General remarks 

There is no doubt that acoustical damping is an 
effective and cheap way of getting damping, or 
increased dam ping. It has the valuable additional 
feature of reducing the loudspeaker impedance peak 
at low frequencies. It is therefore particularly 
suitable for use in expensive radio receivers and 
radio gramophones using a pentode Output stage. 
This may be used with an unbypassed cathode re
sistor to give negative current feedback with reduc
tion in distortion, and 'the whole of the damping 
will be provided acoustically. This may necessitate 
somewhat heavier damping cloth than that used 
in the tests above, which were all carried out with a 
low output resistance. 

R adiotronics 

Fig. 5. Damping factor control1tsed in Bogen 
D030A Amplifier. Range from la1/) positive 
th"01tgh infinity to low negative. 

In most practical cases it will be found most con
venient to adjust the thickness of the cloth to give 
the desired low frequency response, leaving the 
damping to look after itself. 

Normally, a material wiU be found which will 
give the desired damping in one thickness. In our 
tests multiple thickness of thin cloth were only 
used as a convenient way of increasing the damping 
by known amounts. 

Measuring voice coil impedance 

When carrying Out tests with acoustical damping, 
it is also advisable ,to measure the impedance of 
the voice coil at the low frequency peak to provide 
a measure of the damping. A very simple approxi
mate test is to use a B.F.O. or other form of low 
frequency oscillator, and to connect it to the voice 
coil through a series resistance of at least 40 times 
the nominal voice coil impedance, and to measure 
the voltage across the voice coil by a rectifier type 
voltmeter. 

' 

All that is necessary for the purpose of this article 
is to measure the maximum value of the imped
ance below 400 c/s. 

The series resistance provides nearly constant 
current, and the voltmeter reading is approximately 
proportional to the voice con impedance. It may 
be calibrated by replacing the voice coil by a 
known resistance. Alternatively the impedance of 
the voice coil at 400 els may be taken as unity, 
and the voltmeter will then read the impedance 
ratio from the low frequency peak to 400 els. 
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A c 

o E F 

Fig. 6. Methods of applying acoustical damping to loudspeakers. After Bauer, Ref. 4. 

L" represents cone mass + effect of radiation 
reactance. 

R" represents radiation resistance ( which 
varies with frequency). 
Note that R" is small compared with other 
impedances in the circuit. 

Cc represents acoustical capacitance of cabinet 
volume. 

e" represents equivalent capacitance of cone 
suspension. 

- Radiotronics 

R.. represents effect of electrical circuit of 
loudspeaker and driving amplifier reflected 
into acoustical circuit. The mechanical 
resistance of the cone suspension may be 
taken as being included with Rs. 

Es constant voltage generator. 

11/ alternating air current produced by 
cone, which is proportional to cone 
velocity. 
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Fig. 8. F1'equency response of lottdspeaker - microphone 1 ft. in /font of speake·l'. (A) on 3 ft. baffle; 
(E) in cabinet with 3 layers of cloth; (C) in cabinet with 1 layer of -Ar in. felt. 

(A) solid back; (E) open back, no cloth; 

(D) 2 laye1'S; (E) 3 laye,l's; 

Fig. 9. Transient responses 
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LOUDSPEAKER ENCLOSURE 
DESIGN By f. j. jORDAN* 

I.-Alternative Methods Their Advantages and Disadvantages 

IN the first part of this article the theory under
lying the principal types of loudspeaker enclosure is 
reviewed, and formulce associated with the major 
design factors are given. 

This will be followed later by a discussion of 
some recent developments in which an improved 
low-frequency performance has been achieved in 
cabinets of relatively small volume. 

THE loudspeaker enclosure has the task of doing 
something (useful or otherwise) with the low
frequency radiation from the rear of the loudspeaker 
cone which would otherwise cancel the radiation 
from the front of the cone. 

Before examining various methods of overcoming 
this, let us establish the principles on which our 
future arguments will be based. 

We shall regard the moving parts of a loudspeaker 
as a mechanical system which at low frequencies 
is analogous to an electrical circuit, as shown in its 
simplest form in Fig. 1. 

The complete analogy is revealed by an examina
tion of the electrical and mech�nical equations viz. 

d2S dS 
Force = M - + R - + SK 

dt2 dl 

d2Q dQ Q 
E.m.f. 

= 
Ldt2 + R 'dt + C 

where M = mass, L = inductance, S = displace
ment, Q = charge, C = capacitance, K = stiffness 
and R = resistance. 

There are, of course, other analogies, but the above 
lends itself more readily to discussions of the pro
posed nature. 

Assume for a moment that the loudspeaker is 
mounted on an infinite baffle. It wdl be seen, 
that the power developed in Ra (Fig. 1) is a 
function of the current through it. Comparing 

the above equations it will be seen that i ( = ��) 
is analogous to the cone velocity v (= �:). Hence 

it is the cone velocity and not the displacement, that 
is responsible directly for the radiated output 
power, v2Ra• 

From this it would seem that, if the radiated power 
is to be independent of frequency, the resistive 

WIRELESS WORLD, JANUARY 1956 

components of the circuit should be high relative 
to the reactive components. This is not so in 
practice, since at frequencies where the wavelength 
is longer than twice the cone diameter the value of 
Ra falls as the frequency is lowered. The reactance 
of Mc also falls however, and the increasing velocity 
resulting from this may largely compensate for the 
fall in Ra to the extent that the radiation remains 
substantially constant, down to a frequency where 

1 wMc - -
C 

-+ O. Here the velocity of the cone 
w c 

rises sharply and is limited only by Rd, Rc and Ra. 
This produces an increase in the radiated power and 
is the resonant frequency of the loudspeaker. 

Below this frequency the impedance of the circuit 
rises as the frequency falls due to the reactance of 
Cc, consequently the radiation falls very sharply. 

The resonant frequency may thus set the limit to 
the low-frequency response of the loudspeaker. 

The above may be shown by considering the 
expression for the radiated power at the frequencies 
being discussed: 

Force 2 2 1fpf2 2 • 

22 
• -- • (1Tr2) , where r 15 

the radius of the cone. 
M C 

Above resonance if RM< < XM (mass) 

P Force2 
f2 a X2 . M 

This is the condition of mass control, and since 
XM2 IX 12, P is independent of f. 

Above, at, or below resonance, if R:u > > Xl\[ 

P Force 2 
f2 f

2 
IX Rl\[2 . IX 

This is the condition of constant velocity, and P 
falls withf at the rate of 6dB/octave. 

Below resonance if Rl\[ < < XI>{ (stiffness), 

P Force 2 
f
2 f4 

IX X2 '  IX M 
This is the condition of constant amplitude and P 

falls with f at the rate of 12dB/octave. 
Above resonance if RI\! is comparable to Xu 

P Cl. Force2 • (2 
Zu2 

and P falls with frequency 3t a rate determined by 

f2 the ratio =--::-.'-:--==--::RlII ll + Xu2• 
In all cases the radiation resistance is small 
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relative to the total mechanical impedance of the 
system; its effect on the velocity has therefore been 
neglected. 

So far it has been assumed that the loudspeaker is 
mounted in an infinite baffle. The analogous circuit 
is similar to that of a loudspeaker mounted in free 
air, except that the baffle produces a large increase 
in Ra and a small increase in La. 

It is very important to realize that any baffle or 
enclosure may be represented in the analogy by a 
series impedance Zb which will tend to reduce the 
cone velocity, but, depending upon the nature of 
this additional impedance, partial compensation may 
be effected by resonant phenomena over at least 
part of the low-frequency range. 

The effective mechanical impedance presented to 
the cone due to any acoustical impedance ZA is 
given by: ZM = ZA ('lTr2)2 
where ZA is the vector sum of Zr and the acoustic 
impedance due to the mounting. At low fre
quencies: 

Z R . L 2'ITpj2 + . O.85pw r = r + JW r � .-- .J ---C 'lTr 
Impedance Curves - A very convenient way of 
measuring the effects of the enclosure on the output 
of the loudspeaker is to plot the impedance/frequency 
curve of the loudspeaker when housed in the en
closure. If a base line is drawn at a value equal 
to the clamped impedance of the voice coil then the 
impedance curve relative to this line is directly 
proportional to the velocity of the cone. 

The relationships between the electrical impedance 
(ZE) the mechanical impedance (� and the 
velocity Cv) of a loudspeaker system are as follows: 
where B = flux density in the magnet system, 
I = length ()f voice coil conductor enveloped by 
flux and i = current flowing in coil. 

Back e.m.f. due to the motion of the coil: 

B2J2i EO( Blv = ._-

ZM 
Motional impedance of the coil: 

E B2[2 Zm=-O(-�. ZM 
Total electrical impedance: 

Zx = Zvc + Zm 
where Zvc is the clamped impedance of the voice coil. 

1 
From above v 0( Z 0( Zm M 
If the component parts of � are expressed in c.g.s. 

v 

F Ra 

Mc 

Fig. 1. Simplified electrical analogue of the mechani
cal properties of a moving coil loudspeaker. 

terms then Zm will be in electromagnetic units. 
Impedance curves often give a far more accurate 
assessment of the performance of an enclosure than 

. pressure response curves since the latter depend not 
only on the cone velocity but, in the case of vented 
enclosures, upon the port radiation as well. Pressure 
curves are also greatly affected by diffraction and 
while they are invaluable in demonstrating the overall 
radiation from a loudspeaker system, they do not 
show clearly the action of the various acoustic 
components due to the enclosure on the loud
sPeaker cone. 

Wall Mounting - The nearest practicable approach 
to the infinite baffle condition is by mounting the 
loudspeaker in a wall e.g. a partition wall between 
two rooms. 

This method of baffling a loudspeaker ensures 
complete separation between the front and rear 
radiation of the cone and imposes a relatively low 
mechanical impedance to the cone velocity. The 
extent of the low-frequency response is limited 
by the resonant frequency of the cone. 

For wall mounting it is therefore desirable to use 
a loudspeaker having a low frequency, highly 
damped cone resonance. The damping in this 
case will be mainly electromagnetic, i.e. a high 
value of Rd in the analogy, tending to produce 
constant velocity conditions and resulting in a falling 
low frequency response, as we have shown. Since 
under these conditions the cone displacement at 
resonance does not exceed the level required to 
maintain the velocity constant, a considerable amount 
of bass lift may be applied from the amplifier to 
compensate for this loss at low frequencies. The 
bass lift required commences at the frequency at 
which the wavelength is equal to twice the cone 
diameter and has a slope which may be determined 
either aurally or from the expressions previously 
given, the latter being possible only when the 
necessary loudspeaker parameters are known. 

SYMBOLS 
c = velocity of sound in air Xcb = reactance of air in 
Cb compliance of air in Rc Rr C'lTr2)2 closed cabinet 

closed cabinet Rc resistance due to friction XM = total mechanical reactance 

Cc = compliance of cone in cone ZA tOtal acoustic impedance 

F 
k 

suspension Rd mechanical resistance due Z. acoustic radiation impedance 

force applied to cone to voice coil damping Zb impedance due to 
w/c = wave constant RM = total mechanical resistance loudspeaker mounting 

Lr (l7r2)2 Rr radiation resistance ZM total mechanical impedance 

acoustic radiation mass R, = viscous resistance of vent Zm motional impedance of coil 

mass of cone system R� total resistance component /1 coefficient of shear viscosity 

mass of air in vent of vent = Rr + R, p density of air 

radiated acoustic power v velocity of cone w = 217f 

C.g.s. units for mechanical and acoustical quantities, and e.m. units for electrical, have been assumed throughoul. 
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A consideration which should be borne in mind, 
particularly in the case of wall mounting, is that the 
aperture in which the loudspeaker is mounted will 
behave as a tube of length equal to the thickness 
of the wall or baffle, and in so doing will exhibit 
a number of harmonically related resonances and 
anti-resonances causing irregularities in the treble 
response. There are of course, a number of obvious 
remedies for this, e.g. bevelling the edges of the 
aperture or mounting the loudspeaker on a sub
baffle. 

Finite Baffles - If the baffle is finite, at some 
low frequencies, depending on its size, back-to
front cancellation will occur and. the limiting 
baffle size for a given low-frequency extension is: c 

1=-
2f 

if the baffle is rectangular and I is the length of the 
smallest ·side. 

If the bass response is to extend down to a reason
ably low frequency the necessary baffle size will be 
relatively large, e.g. a square baffle suitable for 
reproduction down to 60 c/s will have a side of 
9.42ft. A loudspeaker acting as a treble unit in a 
crossover system should be mounted on a baffle large 
enough to work down to half the crossover frequency. 

For the sake of convenience baffles often take the 
form of open-backed cabinets. In such cases, in 
addition to the normal baffle action, the cabinet wm 
behave more or less, according to its depth, as a 
tuned pipe and will exhibit a number of harmonically 
relateq resonances, the lowest of which will approxi:::' 
mate to: c 

f = 2 Cl +0.85r) 

where I is the depth of the cabinet, r = v' A/rr if A 
is the area of the open back. 

It is' these resonances that contribute - to the 
unnatural "boomy" quality evident in many 
commercial reproducers. 

Closed Cabinets -Alternatively a method of 
preventing back-to-front cancellation is to completely 
enclose the rear of the loudspeaker cone. Under 
these conditions, however, the enclosed air will 
apply a stiffuess force to the rear face of the cone. 

This may be represented by a mechanical reactance 
Xcb the value of which is given by: 

pc2 (111'2)2 
wV 

where rrr2 = piston area of cone and V = volume 
of enclosure. . 

In the analogy this reactance appears as a series 
capacitance as shown in Fig. 2. 

In order not to raise the cone resonance unduly, 
the value of Cb must be large relative to Cc. Since, for 
a given loudspeaker system, Cb is the only variable, 
it must be large. 

It has been found that, for a 12-in loudspeaker 
having a fundamental cone resonance at 35 c/s, 
the volume of an enclosing box would need to be of 
the order of 12 Cll ft for its reactan,ce to be sufficiently 
low not to impair the low-frequency performance pf 
the speaker. 

There are a number of factors in the design of 
loudspeaker enclosures which should be considered. 

WIRELESS WORLD, }AmJARY 1956 

Fig. 2. Analogue circuit of a moving coil loudspeaker in 
a closed cabinet. 

Fig. 3. Analogue circuit of a moving coil loudspeaker in 
a vented cabinet. 

These are common to most types of enclosure and 
are: 

Shape of the Enclosure - As the frequency is 
lowered the radiated wavefront from the loud
speaker cone tends to become spherical, consequently 
the boundary edges of the loudspeaker enclosure 
constitute obstacles in the path of the wavefront. 
This results in (a) bending of the wavefront (diffrac
tion) and (b) secondary radiation from these edges. 
This secondary radiation will produce interference 
patterns causing irregularities in the frequency 
'response of the system. 

These effects are largely dependent on the shape 
of the enclosure and will be smallest for a spherical 
enclosure and greatest for a cube. Since the cabinet 
has to be a presentable piece of furniture, there are 
certain limitations on its shape. Fortunately however, 
the effects of diffraction are not very serious and it 
is not difficult to reach a compromise. 

Corner Post"tt"on - Consider a source of sound 
that is small compared to a wavelength and situated 
in free space. The radiation from this source will 
be of equal intensity at a given distance in all direc
tions, i.e. spherical. 

If a large flat wall is placed near the sound source 
then the total radiation will be concentrated into a 
hemisphere and its intensity will then be doubled. 
Similarly, if a second wall is placed near the sound 
source at right angles to the first the total radiation 
will be concentrated into one-quarter of a sphere 
and its intensity will be four times greater. A third 
wall at right angles to the other two will increase the 
intensity eight times. 

A loudspeaker standing in the corner of the room 
may at medium -low frequencies, be regarded as 
similar to the second case and approaching the 
third case as the frequency falls to a point where 
the wavelength is much greater than the height ot the 
speaker above the floor. 

Construction - At irequencies where the wave
length is comparable to the internal dimensions of 
the enclosure reflections between inside wall faces 
will occur resulting in standing-wave patterns 
which in tum will produce irregularities in the 
frequency response of the system. 
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These standing waves may be considerably re
duced (a) by lining the enclosure walls with soft 'felt 
or wool thus providing absorption at points of maxi
mum pressure, Cb) by hanging curtains of the �ame 
material near the centre of the enclosure, thereby 
introducing resistance at points of maximum velocity. 

A further point to be considered is that the 
material (usually wood) from wbich the enclosure 
is ma.de, possessing both mass and compliance, will 
be capable of movement and will resonate at one or 
more frequencies and in so doing will (a) behave 
as a radiating diaphragm and (b) modify the air 
loading on the cone, both of wbich will produce 
unwanted coloration in the reproduction. There
fore the enclosure should be made of as thick 
and dense a material as possible. 

Vented Enclosures, Reflex Cabinets -One 
method of overcoming the disadvantage of the 
closed cabinet is to include in the cabinet wall an 
orifice or vent. 

A suitably vented enclosure will apply to the 
rear of the loudspeaker cone an impedance which 
offers the cone a maximum degree of damping at or 
near its resonant frequency and the radiation from 
the vent around this frequency will be more or less 
in phase with the frontal radiation from the cone, i.e., 
the back radiation is inverted. Before we describe 
the nature of this impedance we will describe the 
Helmholtz resonator, the principle on which the 
design of vented and reflex cabinets is based. 

For the benefit of readers not familiar with this 
resonator, it consists simply of a partially enclosed 
air cavity having a communicating duct to the 
outside air. 

An enclosed volume of air will have a stiffness 
reactance equal to pc2/wV. 

The air in the duct will move as a homogeneous 
mass, the reactance of which is given by: 

pI' w 
711'11 2 

where 1I"r 11 2 is the cross-sectional area, and l' is the 
effective length of the duct. 

This system will have a resonant frequency at 
which the mass of air in the duct will move most 
readily, bouncing as it were, on the elasticity of the 
air in the enclosure. This occurs when the sum of 
the reactances, which are opposite in sign, is zero. 
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t C f " --- I a .... -a 1 n P '// . C a ,'18 I e c 

i /' l 
t l 
v 1 I e 
-x -x 

Fig. 4. Variation of reactance with frequency of the circuit 

elements of Fig. 3: 
a) XL = total mass reactance of the series section, 

Xc = total stiffness reactance of the series section, 
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Equating the two expressions and transposing for /, 
we have 

c ,--;;;::t / = 2'IT ,J Vi' 
which is the usual expression for the natural fre
quency of a Helmholtz resonator. 

In actual fact this is only an approximation since 
the full expression for the mass reactance should 
contain a Bessel term for the load on the vent, due 
to the air outside the cabinet, but in practice this is 
small enough to be neglected. 

Some of the air adjacent to the end of the duct 
moves with the air in the duct and thus becomes 
added to it. The effective length of the duct there
fore, is greater than its actual length. Rayleigh shows 
that the increase at each end is: 

8 SI = 311" r., 
where r is the radius of the duct. 

The total effective length is, therefore: 
16 l' = I + 37Tr1) = I + 1.7r1) 

If the duct is not circular, r1) = ..; A/1I", where A is 
the cross-sectional area of the duct. 

Returning now to the subject of loudspeaker 
enclosures, a vented cabinet containing a loudspeaker 
will exhibit a resonance in accordance with the 
above description which will be reasonably inde
pendent of the loudspeaker cone resonance. 

When the cabinet resonance is excited by the 
loudspeaker the motion of the air in the vent will 
reach its maximum velocity and will be in phase 
with the motion of the cone. At this frequency 
therefore, the air in the cabinet will come under the 
double compressive and rarefactive forces of both 
the cone and air in the vent; consequently its effective 
stiffness rises and the resulting impedance applied to 
the rear of the cone becomes much higher at this 
frequency than at any other. 

If the resonant frequency of the enclosure is made 
to coincide with that of the cone, the latter receives 
maximum damping at its resonance and any peak 
in the radiated power at this frequency is removed. 

In addition to this, the reduction in cone displace
ment results in a considerable increase in the 
power-handling capacity of the loudspeaker and 

Cb) 

b) BL and Bc are the mass and compliance suseptances of 

the parallel section and, 

c) Xs and Xp are the total series and parallel reactances, 

respectively. 
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in a reduction of harmonic and intermodulation 
distortion. Although the velocity and therefore the 
power radiated from the cone is reduced around this 
frequency, the overall radiated power from the system 
is increased considerably due to the very high air 
velocity at the vent. Unlike the cone there is no 
physical limitation to the displacement of the air in 
the vent._ 

Below the resonant frequency of the enclosure the 
stiffness reactance becomes high and the system 
behaves as though the air mass in the vent we(e 
coupled directly to the mass of the cone. At some 
frequency the reactance of this combined mass will 
become equal to the stiffness reactance of the sus
pension system of the cone. A resonance will occur 
at this frequency, the amplitude of which will 
be considerably lower than that of the initial cone 
resonance and the radiation from the vent will be 
in anti-phase with that from the cone. 

Above the resonant frequency of the enclosure the 
mass reactance of the vent becomes high, and the 
cabinet behaves as though it were completely 
closed, presenting a purely stiffness reactance to the 
rear of the cone. At some frequency the combined 
stiffness reactaflce of the cone suspension system 
and the enclosure will become equal to the mass 
reactance of the cone. At this frequency a further 
resonance will occur, and again the amplitude will be 
considerablY less than the cone resonance. 

Now let us consider the nature of the impedance 
presented to the rear of the cone by a vented en
closure. Since this impedance rises to a maximum 
value, a parallel tuned circuit is indicated in the 
analogy Fig. 3, where Rv and Mv are the vent 
components. 

By drawing the reactance sketches for the complete 
system, we are able to see clearly the derivation of 
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on an infitite baffle and in a vented enclosure. 
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the resonant frequencies described above Fig. 4. 
Figs. 4(a) and 4 (b) show the well-known reactance 

sketches for the series and parallel sections of the 
circuit respectively. When these are added, we have 
Fig. 4(c) which exhibits three critical frequencies 
f1>fo andf2' It will be noticed that atft andf2 the 
reactance falls to zero, and at fo rises to infinity. 
The corresponding impedance curve, together with 
the impedance curve, taken with a loudspeaker 
mounted on an infinite baffle is shown in Fig. 5. 

Whilst a reflex (vented) enclosure is much smaller 
than a completely closed cabinet for a given bass 
extension, the reduction in size is limited by the 
mechanical impedance it imposes on the cone, at 
frequencies away from its resonance (f.). In the 
design of these enclosures it is important therefore 
to calculate the impedance over a wide range of 
frequencies, to ensure that this does not become 
excessive. 

To accomplish this, the various components of 
the enclosure are expressed as follow!>: 
Referring to Fig. 3. 

V 
CII= pc2 
Rv = R .. + Rr 

M =L 
v 1Trv 2 

Rs is resistance due to air viscosity in vent 

V2PP'!1 
= I 

1Tr v3 

R ·  d" . f 
pck2 

r IS ra latlon reSIstance 0 port = --
21T 

Having already met the first two expressions, the 
new symbols appearing in the second two expres
sions are: p., the coefficient of shear viscosity and 
k = w/c, _ the so-called - wave number or wave con
stant. 
It is convenient to express all dimensions in c.g.s. 
terms. 

The acoustical impedance of the enclosure Zab may 
be obtained from the usual expression for an L C R 
circuit of this type, i.e. 

Z _ Rv - jW[CbRv2 + Mv (w2MvCb - 1)] 
ab - w2 Cb2Rv2 + (wMv� - 1)2 

where all terms are in acoustical units. 
Expressing this as the modulus of the mechanical 

impedance, we have: 

Iz - [ Rv 2 + w 2Mv 2 ] 2 2 bl - w2Cb2 Rv2 + (wMvCb-1)2 (1Tr) 
At the resonance of the enclosure, the right-hand 

expression in the denominator becomes zero, the 

Z approximates to c�iu (1l'r2)2. 

This is the dynamic impedance of the circuit and 
is the value of a purely resistive component which 
may replace the parallel circuit at a resonance in 
the analogy . 

The "Q" of the enclosure is given by W ::u 
and 

is normally much higher than that of the cone 
system and is therefore not critical. It has been 
found that an optimum performance is given by the 
reflex enclosure if the cross-sectional area of the vent 
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Fig. 6. Equivalent circuit of a moving coil 
loudspeaker mounted in a labyrinth. 
M1 and C1 are the labyrinth dis
tributed mass and compliance res
pectively while R1 and R2 are vis
cous and absorbtion resistances. 

Mc 

is made approximately equal to the piston area of 
the cone. 

The required enclosure volume for coincident 
resonance is then obtained from a derivation of the 
formula for a Helmholtz resonator and is given 
by: 

V=7TT2 [::'1 \.7r + I ] 
In this equation 1 is the length of the duct or 

twmel which usually extends into the enclosure, 
and the volume of the duct has therefore been 
added to the expression. Broadly speaking, in
creasing the tunnel length decreases the overall 
volume until a point is reached where the increase 
in toral volume due to the increased twmel length 
is exceeding the reduction in the volume required 
to correctly tune the enclosure. The tunnel length 
for minimum volume is: 

c 1=--1.7r 
w 

Another limitation on the length of the tunnel is 
that it must not exceed 1/12th of a wavelength at 
the resonant frequency of the enclosure, otherwise 
the contained air would not behave purely as a mass. 

We have seen that the reduction in size of a reflex 
cabinet is limited by the increase in. mechanical 
impedance presented to the cone. 

There are however, marketed enclosure desi�s 
which are based on the foregoing principle. These 
are extremely small, yet appear to have a substantial 
bass response. 

It i� evident from the expression for the resQnant 
frequency of a vented enclosure that the enclosed 
air volume may become as small as we like, and 
the resonant frequency made low by havrng a very 
small vent and tunnel area. Such an enclosure has 
a very high mechanical impedance, thereby limiting 
the cone velocity at very low frequencies. Also, 
owing to the very resistive nature of the vent, the 
two lower resonances shown for a loudspeaker in 
a vented enclosure are highly damped and the 
upper resonance is prominent, resulting in an accen
tuated bass radiation around this frequency, hence 
the apparent bass "efficiency." 

The amplitude and frequency. of this upper 
resonance may both be reduced by facing the cone 
into·a restricted aperture such as a slit, but this in
troduces serious irregularities in· the response and 
will be discussed in a subsequent article. 

. 

The Tuned Pipe - This is based. on the well
known organ pipe principle. In order to exclude 
modes of resonance other than the air column 
resonance the end of the pipe remote from the 
speaker should be either fully open or fully closed. 

In the case of the open pipe resonances will 
occur at frequencies corresponding to all even 
numbers of quarter wavelengths and anti-resonances 
will occur at all odd nwnbers of quarter wavelengths. 
For the closed pipe the reverse is true. 
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One method of applying these properties tu 
loudspeaker mounting, is to use an open pipe with 
the loudspeaker mounted at one end, the length of 
the pipe being such that its fundamental anti
resonance coincides with the cone resonance thus 
securing some of the advantages of a reflex enclosure. 

A closed pipe may also be used in the same manner, 
in which case the length of the pipe need only be 
about half that of the open pipe. However, the 
impedance presented to the cone by this method 
is high, and a serious reduction in cone velocity may 
result at low frequencies. The radiation from 
the open end of the open pipe increases the radiation 
efficiency of this system to some extent. 

The length of an open pipe for a given frequency 
of anti-resonance f is: 

1= ;/-1.7 If 
where A is the cross-sectional area of the pipe. 

The length of a closed pipe for a given anti
resonance frequency f is: 

,=�- 0.85 lA 
4/ � -;-

Whilst these pipes are a little more simple to con
struct than reflex enclosures, their overriding dis
advantage is the presence of all resonances and 
anti-resonances occurring at every quarter wave 
length, and it is virtually impossible to damp the 
enclosure and to absorb all the resonances without 
severely attenuating the required fundamental. A 
way of partially overcoming this is described in a 
patent by Voigt. This is to mount the speaker 
in the wall of a pipe which is closed at one end and 
open at the other, the position of the loudspeaker 
being 1/3rd of the pipe length away from the closed 
end. By this means, the first resonance above the 
fundamental (3rd harmonic) will be cancelled 
The Labyrinth - The labyrinth consists of 
a very long tube, usually folded and heavily lined 
with absorbing material with the loudspeaker 
mounted at one end. The labyrinth is probably 
the cleanest way of disposing of unwanted back 
radiation, which, having left the rear of the loud 
speaker cone at one end of the tube does not re
appear at the other. It does not really matter 
therefore whether this far end is open or closed. 

The analogous circuit is that of a transmission 
line and is shown in Fig. 6. The sound energy 
due to the back radiation from the cone is largely 
dissipated in the resistive components Ri and R2, 
where Rl is due to the viscous losses between the 
air in motion and the lining on the internal surfaces 
of the labyrinth, and R2 is due to the absorption 
of sound energy at these surfaces. 

As the frequency is increased, Ri increases and 
R2 decreases. Therefore if the labyrinth is to be 
effective at the lower frequencies the lining must 
be fairly thick. If however, this begins to take 
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Mc Cc Ral 

Fig. 7. Electrical analogue of a moving coil loudspeaker 
with horn loading. Ral and Lal represent the air 
load on the side of the diaphragm not coupled 
to the horn. Ra2 and La2 constitute the air load at 
the mouth of the horn. 

up an appreciable part of the cross-sectional area of 
the labyrinth, the air loading on the rear of the 
cone, which is normally quite high in this type of 
enclosure, will become excessive, resulting in a 
severe reduction in the radiated power at these 
frequencies. The cross-sectional area should 
therefore be at least equal to the piston area of the 
cone, and to achieve the necessary dissipation of 
sound energy from the rear of the cone, the effective 
path length of the labyrinth should be as great as 
possible, the minimum length being set empirically 
at a quarter wavelength equivalent to the lowest 
frequency to be reproduced. 

Under these conditions the impedance presented 
to the rear of the cone is quite high and mainly 
resistive so that the cone approaches constant
velocity operation and behaves in the manner 
previously described for this condition. 

The Horn -Horn loading is the most efficient 
form of loudspeaker mounting and, if the horn 
were large enough, it would give a performance 
superior in every respect to any other form of 
loudspeaker mounting. 

The action of the horn can be most readily 
grasped by consideration of the analogous circuit. 

The major problem in all the systems so far 
discussed has been to compensate for the fall in 
Ra at low frequencies. The use of a transformer 
would be an obvious answer if this problem were 
an electrical one, and, applying this to the analogy, 
we have Fig. 7. Acoustically, such a transformer is 
analogous to the horn, which may be used to match 
the relatively high mechanical impedance of the 
loudspeaker cone to the radiation resistance, and, 
by making the mouth of the horn large, this resistance 
does not become so low at low frequencies. 
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From the analogy, since the effective radiation 
resistance reflected back to the primary of the 
transformer is very high, the cone operates under 
constant velocity conditions and no resonance is 
evident. 

Below a certain frequency the acoustic resistance 
of a horn falls sharply and its reactance (mass) 
rises. This cut-off frequency is determined by the 
dimensions of the horn and, since size-for-size 
an exponential horn maintains its efficiency to a 
lower frequency than a conical horn, the former is 
more often used. The cross-sectional area (Ax) 
of the exponential horn at any distance x from the 
throat is given by: 

where Ao is the throat area and m the flair constant. 

ff f 
. ,  

b 
f. me 

The cut-o requency IS given y: c = � 
The diameter of the mouth should not be less 

than a quarter wavelength at fe' otherwise the horn 
will tend to exhibit the resonances similar to a tuned 
pipe. 

Most text books on electro-acoustics deal very 
fully with the horn, and there is little point in our 
doing so here, especially since, due to its size, an 
adequately large horn is rarely encountered. Although 
many small folded horn designs are capable of 
impressive (if not accurate) reproduction, let it 
suffice to say that a horn capable of presenting 
a constant radiation resistance down to 30 c/s to 
the cone of a 12-in loudspeaker would be over 
12ft long and have a mouth diameter of about 9Ft. 

Conclusion -The different types of loudspeaker 
enclosures number as many as the possible com
binations of L C R in series with the analogous 
cone circuit. 

Some time ago, the thought arose that an excellent 
method of designing a loudspeaker enclosure would 
be to state the ideal velocity characteristics, and then 
determine an electrical impedance which, when 
placed in series with the analogous cone circuit, 
would produce these characteristics. It would 
then remain to transpose this impedance into 
acoustical terms and to evolve an enclosure having 
the required component values. 

. This line of development has been followed to a 
successful conclusion and will be described in the 
second part of this article. 
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LOUDSPEAKER 
DESIGN 

ENCLOSURE 
By f. j. jORDAN* 

2.-A Cabinet of Reduced Size vVith Better Low-frequency Performance 

I N the first part of this article the features of per
form:mce and design of the principal methods of 
momlting a loudspeaker were reviewed. These may 
be briefly summarized in order (If merit, as follows. 
Fun Horn - Acoustically this is the ideal method 
of loudspeaker mounting. It provides excellent air 
loading on the cone, is devoid of self-resonance and 
possesses n high radiation efficiency down tu· any 
desired frequency being limited only' by the horn 
dimensions. The disadvantage of the horn is the 
\'ery great size required for effective operation down 
to very low frequencies. 
Absorbing Labyrinth - This again presents excel
lenr reSOI!:lnce· free air loading on the loudspeaker cone 
MId in this respect is comparable to the horn. It is 
effective down to any desirerl frequency, being 
lklited, like the horn, by its dimen sions. Unlike 
the horn however, the disadvantage of this system 
is the fa!ling efficiency at low frequencies due to the 
ap�'roach to c.:onstant-velocity c'Jllditions although 
this may be partially compensated for in the 
amplifier. A labyrinth capable of good absorption 
down to very lew frequencies is sti!l rather big. 
Reflex Endosul'e - The advantage of the reft.ex 
cabinet is that excellent damping is applied to the 
loudspeaker cone at its resonmlce where it is most 
Tl!quired. A fuLt.ltcr point in its favour is that it is 
relatively simple TO construct. The bass response 
ir()!Jl a reflex enclosure· will have an efficiency some
what higher than that from a labyrinth and for' a 
given bass extension, will be smaller, although it still 
�akes a rather dominating piece of furniture in the 
drawing room. The response will not be so smooth 
as for a labyrinth due principally to the upper of the 
rn'o resonances common to this type of mounting. 
If vel'V much bass boost is applied the reflex enclosure 
will tend to sound boomy, also port radiation at the 
lower of the two rcson:,mces will tend to cancel that 
from the cone. 
Wall Mounting or Large Flat Baffle - This type of 
loudspeaker mounting presents a lower impedance to 
the rear of the loudspeaker cone than any other. 

*Goodmans Industries Ltd. 

Cone Air Load 

RV} Vented 
Cabinet 

M 

Fig. 8. Electrical analogue of a loudspeaker/cabinet 
system incorporating an additional restricted aperture in 
front of the cone. Ms and Rs are the mass and compliance 
associated with the slit and Cs is the compliance formed 
between the cone and the inside face of the orifice. 

Therefore, with the exception of horn loading, this 
system has the highest efficiency amoung direct 
radiators. The low acoustic damping to the cone 
however makes necessary the use of a loudspeaker 
with a high degree of electromagnetic damping if 
excessive cone velocity is to be avoided, in which 
case the relative efficiency of the system at low 
frequencies is lost and its performance will be similar 
to that of a labyrinth. 
Recent Trends - It has for years been the ambition of 
designers to produce a loudspeaker system having the 
performance of a horn and the dimensions of an 
orange crate. Many audio designers have examined the 
possibilities of small, compromise horn-type enclo
sures since these may be capable of very impressive 
reproduction. The writer however prefers to aim for 
accuracy. The horn cannot be effectively compro
mised and good reproduction from, say, 50 c/s to 30 
c/s demands an enormous horn. In any case it is 
questionable whether such high efficiency is neces
sary from a given loudspeaker unit. The labyrinth will 

SYMBOLS 
Cb = compliance of air in 

closed cabinet M = mass of air in slit s 
M = mass of air in vent or orifice v C = compliance of cone c 

suspension R = R (1[r2)2 a r C = compliance of air between R = resistance due to resistance in S c 
cone and front baffle slit cone 

R = viscous resistance of vent s 
R v = total resistance component 

of vent=R + R r S V = velocity of cone 

L = L (nr2)2 Rd = mechanical resistance due to 
( = a�oustic radiation mass voice coil damping Zr 

Zb = impedance due to loudspeaker 
mounting 

= acoustic radiation impedance 
= 21[/ M = mass of cone system R = radiation resistance (0 c r 

C. G.S. units for mechanical and acoustical quantities, and E.M units for electrical, have been assumed throughout. 
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secLlre the same downward extension of hass and 
fr�dom from resonance as a hom many times its 
si Ze:. Admittedly the amplifier is caned upon to 
supply a few mon: low-frequency watts, but for 
n ·  . rmal r\!qvirl!ments this is ,vell within the capa
li i ! i r j (, s  of a n y  of th� well-kno\'\n 10 or l S-W ampli
fiers . Even if an additional bass boost circuit has to 
be flU,xl, the cost and trouble is still hardly compar
able to (hut of horn constntction. 

Spolcc-saving considerations give the reflex cn
c!(I.�e a \'cry great advantage over the other systems 
m . .:nt.ioncd; in addition the acoustic characteristics 
ar e very good, and the principle suggests itself as 
be:.ng more amenable to compromise than that of the 
horn. A great de a! of experimental work has be�n 
directed therefore to reducing still further the size of a 
reflex end051.lre and improving its performance. 

\""'e SJW in the pn: �'ioJus article that, if its size is 
redu.:ed, the reflex enclosure will present a higher 
irnpr:dance to the rear face of the cone at aB fre
quencies, and, due to the increased imped?nce of a 
smaller port, the upper resonant frequency \'Iill 
become unduly prominent. We mentioned also that 
facing th� cone into a restricted aperture or slit 
would reduce the resonance. This may now be 
explained by considering the analogous circuit (Fig. 
8). Here the impedance due to the mass and resist
ance components of the slit appears as the series 
�i, and Rs shawn. Now the lower resonant frequency 

20 C/S f _  
Fig. 9. General form of the velocity/frequency res
ponse of the cone required at very low frequencies. 

wiU be substantially due to RcM,CcR"M4RsM�R,. in 
serks :md the upper resonant frequency due to 
RcM.GCI;Rn�1sRsCb in series. Since the impedance of 
�\ .. and RJ forms a greater proportion of the total 
n130lS reactance and resistance in the second case the 
upper resrmance /2 will be lowered both in frequency 
and amplitude to a greater extent that f-. (see Fig. 
1 1 ). A vertical slit also has the ad\'antage of diffusing 
the higher frequencies horizontally due to its 
appr0aching a line source. 

The condemning fearure of the slit (or any other 
reduced orif.cc in front of the loudspeaker cone) 
is that in c0njunction with thl: cavity (Cs) formed 
between the cone and the inside face of the material 
forming :h,: slit, it .::onstitutes a Helmholz resonator 
which mak.:s itself heard very forcibly somewhere 
in the middle frequency (300 c/s-700 c/s) range. 
Standing waves also occur between the cone and 
the inside fac':, causing irregularities noticeable in 
thl! treble ( 1 ,000 c/s-5,000 c/s). Therefore, we may 
frown upon slits . : -) 

It is bettcr to form the impedance M .• and R ,  behind 
(he cOlle by fit,ing, for example, a ccwlingt over the 
re:tr of the 10!.ldspcaker which has an ou tlet of 
restricted area, .or, as is de�cribed in a patent h'!ld 
by Murphy Radio, a corrugated cardboard cylinder 
is ' fittcd ovt:r the rl!ar of the speaker, so that the 
tPotcm app!ied for by Gocdl:l�n$ Induslri� 
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rear rad.iation must pass through the small tub!s 
so formed. 

These systems represent a very consi(�crable 
improvement over the slit, although they stili tend 
to introduce slight irregularities in the respor:�'! 
It is surprising, how etliciently even a cardbo.L ":  
drum can behave as a tubed pipe. Nevertheless it 
must be said the performance of these enclosures is 
very good for their size and at low frequencies is 
comparable to that of a full-sized labyrinth. Like 
the labyrinth they present a high resistive impedance 
to the rear of the loudspeaker cone; their efficiency 
is therefore low. It will be seen that M.J and R, in 
the analogous circuit will tend to rec 'ce the cone 
velocity at all frequencies . These compon(!nts 
do therefore constitute a further 10SS (.f effici('ncv. 

The r�ader should now be well acquainted wit.� 
the principles involved in the dcsign of the basic 
type of loudspeaker mounting and with the problems 
encountered if these designs are comprised. The 
question of size is a very important one; there is a 
demand for a really high-quality sound-reproducing 
syst�m that is small enough to be unobtrusive in a 
small lounge or flat. 

A good approach tl \ the design of such a system 
would be to state exac.ty what was meant by " really 
high quality " and to define the acoustic propertie" 
of the system in terms of cone velocity. This can be 
expressed as a function of mechanical impedance, 
which in turn may be translat\!d into an analogous 
electrical impedance. The problem then resolves 
itself into the solving of the electrical circuitry. 
This approach led to the design of an enclosur� 
having the desired perfornlance and, proceeding as 
above, we shall endeavour to show the derivation 
of this design. 

Enumerating the principal qualities of an " ideal ' .' 
enclosur� we have: 

(1)  Frequency response extended down to at 
least 20 c/s. 

(2) Complete absence of resonances above this 
frequency. 

(3) Small size. 
(4) Efficiency as high as possible in keeping with 

(2) and (5). 
(5) Low distortion. 
In order to satisfy requirements ( I ), (2) and 

(4) the cone velocity must increase progressively as 
the frequ�ncy is lowered to 20 c/s. Therefore, the 
enclosure: must load the cone in such a "..'ay as to 
bring the effective cone resonance down to this 
frequency. There must be also a sufficiently high 
resi:;tance component in order to satisfy requirement. 

(5) By limiting exce�sive increase of cone velocity 
due to resonant conditions. 

In the analogy, these conditions are fulfilled by 
the velocity curve shov.n in Fig. 9, and the corres
ponding analogous circuit sho"ll\"'!l in Fig. 10, where 
inductive and resistiv� elements are added to the 
cone circuit. 

As we have seen, a convenient way of adding mass 
to the Joudspeaker cone is to load it by means of 
restricted orifice or vent. It is preferahle t.o couple 
this air mass to the rear face of the cone, and since, 
at the resonance of the system (neglecting here 
any compliance existing between this air mass and 
the cone) the radiatiur: from the vent will be in 
antiphase with that from the front of the cone, in 
order to produce ne;ligible cancellation, the vent 
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Cone and Air  Load 

M 

R 

Fig. 1 0. Analogue circuit elements added to cone 
to produce the response seen in Fig. 9. 

t 
V 

, _  
Fig. 1 1. Velocity/frequency response resulting from 

the addition of 'C ' in Fig. 1 0. 

an�a must be considerably less than the effective 
piston ar.ea of the cone. Therefore, for a given 
mass reactance a small vent is preferable to a larger 
,'ent with a tunnel. As the orifice is reduced, how
ever, the resistance due to viscosity at its edges is 
increased relatively to the mass reactance, and, ' 
whilst to some extent this is desirable for require
ment (5) above, a point is rP.ached where the rise 
in velocity down to the required frequency due to 
rhe action of the added mass js severely reduced, 
re::.ulting in an undue loss of radiated power at 
these frequencies. This conflicts with requirement 
(4) above. These considerations therefore fix the 
port dimemions within fairly narrow limits, quite 
irrespective of whether the mass reactance from 
these dimensions is sufficient to reduce the loud
speaker cone resonance from whert:.ver it is down 
to the required low-frequency limit. Since the mass 
reactance of the orifice will increase with frequency, 
it will be necessary to decouple this mass from the 
cone at the higher frequencies. This requires a 
shunt capacitance C in the analogy, which may 
be of such value, that in combination wi"th the 
mass reactance cuM will produce an effective 
mass reactance cuM' having the value required to 
luwer the effective resonance of the seric!s circuit, 
i.e., the effective cone resonance by the desired 
r.ffiount. Since the capacitance C performs two 
functions, its value must be determined with both 
these in mind. For " decoupling " purposes the 
circuit must become capacitive as soon as possible 
above /1 (Fig. 1 1 ) which indicates that the resonance 
of the parallel section 10 should occur a little above 
!-his frequency. We shall see later, however, that 
It is desirable for f 0 to occur above the free-air 
resonant frequency of the loud:>peaker cone. The 
effect ot C on the effective cone resonance may be 
seen by considering the susceptance of the parallel 
stct:cn) which is: 

D = w tCM - I  
wM 

find provided this expression is  negative the circuit 
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will behave as an eft'e�jve inductive reactance of 
magnitude 

cuM' cu M  
1 - w 2CM 

To lower the effective cone resonance to ::. frequency 
/, the sum of the above expression, and the efft!ctiyc 
reactance of the cone must be zero at thi!; frequency. 

• I (:) zM;Cc- 1 
Effcctlve reactance of cone, X cor.e = -_·_-C·_ . .  (.t.' t 

By implication tuM' is positive <It ("I and X' cunr. 
negative at WI' 

w2M C - · 1 wM 
Equating we have e c .. -

wCe -- i�t- ",2CM 
Transposing for C we have 

C = Cc _ _ . t_ 
cu2McCe - 1 cu �M 

Although a v&lue of C may be fo:md from this 
expression a lower limit is set to its value by jts 
decoupHng function. It is vital that the impedance 
of the parallel section be wen dec'Jupled at fre
quencies above about 50 c/s. 

I t is evident that the dreWt we now have_ is 
analogous to a vented enclosure whel'e the com
ponent values have been specially cho�cn w m.nn
tain the radiation efficiency down to 20 e/s. In 
the previllus article we f.howed how a circuit of 
this type had three critical frequencies f H fo and 
f 2 which resulted in a velocity curve as shown in 
Fig. 1 1 . In the present case 11 is our required low 
frequency resonance and in respect of cur second 
requirement for the " i�eal " enclosure the res.)o
ances at 10 and f, must be eliminated. U" in the 
pre&ent case is not coiucident with the cone res()n
ance.) 

We have seen that the resonance at fo is due 

Cc "4 
--�������� 

M 
Rf 

R 

Fig. 1 2. Complete analogue of the final design. Rf is 
an added acoustic resistance. 

to the parallel section where its impedance rises 
to some high value reducing the cone velocity 
at this frequency. This impedance rise may, 01 
course, be limited by shunting this circuit ,\"irh 
a low resi!>tance RI' Fig, I 2, the low limit of R, 
being set by its damping effect at /I' 

It has been found iX)ssib1e to choose \'alu('S of 
M, C and R, that are compatible with all the pre
vious considerations and at the �ame time are 
such as to reduce the resonances at fo and f! to 
negligible proportions. 

Let M and C have values producing a reactance 
characteristic which, relative to that of series com
ponents Mc and Cc will be as shown in Fig. 1 3. 
The three critical frequencies are shown, and ' it 
will be noticed that the reactance of the individual 
circuits at /2 is much higher than at fl • If the effec
tive reactance of M and C in parallel is Xp and 
this is �hunted by R" then we may replace this 
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Fig. 13. Reactance characteristic of a loudspeaker in a 
vented enclosure with the resonant frequency of the 
enclosure adjusted to be higher than that of the speaker. 

r ---y---r--�---'r---r---�---r---.---' 
I 

R ,  
Fig. 14. Variation o f  Xes and Res with R f  for two values of 

Xp when XP1 < Xp2 '  

arrangement b y  3:1 equivalent series circuit con
s isting of a re!iistli.."1ce Re3 and reactance Xu which 
obey tht> well-known rclationships:--

.R/XP 2 R/Xl' 2 
Re .• = it 2 _:'::-x" :Z Xe s = R'-2--:L-x 2 

/ . � P I ' l' 
The effect on R" and Xes of varying R, is shown 
i..'"1 Fig. 14 .  The curves have been plotted for two 
values of Xp, i . e. XPI ' and Xp2 corresponding to 
['ilc�e ShO\'iIl at jl and 12' It will be seen that the 
cm:-;c Res� rea<;h es a maximum at Rf := Xp2 where 
its value is R,/2. At this point it will be seen that 
Xcs-, and R,,[. �  are equal and the Q of the circuit 
under these condit ions is therefore 1 .  

I f  wt: now consider a lower value 0 f Xp corres
ponding to XI'I at 11 we see from the curves that 
for the value R, = Xp� the Q clearly greater than l .  
I t  i s  t:vident from the curves that R, has a range 
of ,"dues that will produce higher damping at 
/1 than at /2 (and also some values that will produce 
the opposite effect). The action of the enclosure 
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vector may be summarized · by considering the 
l oem of its· impedance, which is part of a spiral 
and is shown in Fig. 15 .  The presence of RI wil ! "  
o f  course alter the actual \'alues o f  the frequendc� 
I1 and /2' but again careful choice of component 
values enable us to hold fl at 20 c/s. We care not 
for the predicament of f2• 

It \vas decided that the first prototype enclosure 
based on these princip!es should be designed for 
use in conjunction with the Goodmans Axiom 1 50 
Mk. II loudspeaker. Accordingly the values of 
Rd, Rc, Cc, Mc and Ra in the analogy were deter
mined from the physical constants ' of this loud
speaker and trlUlslated into acoustical terms. From 
this the dimensions of the enclosure and vent were 
determined, and an enclosure was constructed 
accordingly, the resistance being an210gous to a 
resistive air leak in the enclusure walls. The im
pedance curves for this enclosure are compa red 
in Fig. 16 with those of the reflex cabinet and a 
true infinite baffle when hUUSL."1.g speakers identical 
to the above. The evidence is fairly conclusive. ' 
The effect of closing the air leak (removing Rj) 
is also shown. 

There are a number of methods of forming the 
resistive air leak, all uf them possessing varyiug 
degrees of manufacturing difficulty. One method 
is to make a number of very narrow slits in one or 
more of the enclosure walls. Another is to cover 
a relatively large aperture in an enclosure wall 
with a material of suitable porosity. In any event 
the resistance is due to the frictional component 
of the air leak and one of the principal pr8 cticul 
difficulties ha3 been to make this fr!ctiona� com
ponent high relative to the rrlliSS component which 
is present in any aperture. In the analogous circuit 
this mass component appears as an inductance in 
series with R" 

From the foregoing principles formulre have 
been derived expressing the various cabinet dimen4 

One of a range of acoustical resistance/mass units 
designed to match Goodmans loudspeakers in cabi
nets of specified volume. 
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Fig. 15. Locus diagram showing the variation with frequency of 
the magnitude and direction of the enclosure's impedance vector. 

sions in terms of the loudspeaker constlLTlt lL'ld the 
desired frequency characteristics. The applica
tion of these formula!, however, demands a com
plete knowledge of the conditions under which 
they were being used, otherwise the :-esults can be 
laughable. In acoustics all sorts of nasty things 
happen; resistance varies with frequency (but 
only sometimes) and component values vary with 
the weather. One is almost tempted to suggest 
that guesswork would yield as geod results. 

Fortunately this is not quite true, and in order 
to simplify the design of enclosures for their various 
loudspeaker systems Goodmans Industries have 
worked out the optimum enclosure volume for 
each system and have designed and marketed 
for· each system a panel containing the acoustic 
components corresponding to R, and M in the 
foregoing analogies. These fJanels are slightly 
inaccurately known as acoustIc resistance wlits 
(lr ARUs but in fact the required mass component 
is also included so that all the home constructor 
needs to do is to make a box of the prescribed in
ternal volume and cut two holes, one for the loud
speaker and orie for the appro�'rjate AR U, and 
luving lined the enclosure and screwed these items 
into place, the enclosure will exhibit all the pro
perties originally stated. The manufacturers have 
produced this unit, since they feel that in view of 
the foregoing discussions it is not possible to offer 
any simple formula! or design that could be used 
by persons not familiar with this type of work to 
produce the required acoustic components with 
any degree of accuracy. 

The performance of Axiom enclosures has been 
comp::;rcd with that of other types. Listening tests 
have shown that the bass radiation is somewhat 

. better than that from the reflex type cabinet at 
middle bass frequencies and considerably b(:;[ter 

. at the low frequencies, thereby imparting a warm, 
well-b�lanced quality to the reproduction. Tests 
with an oscillator showed that a strong, pure 20-c/$ 
fwldamental note could be radiated without exces
sive cone movement. Transient curves raken showed 
a very short decay time, characteristic €If non
resonant conditions. This is the more interesting 
when one realizes that the volume of this type 
of enclosure is about half that of a correctly designed 
reflex cahinet for the same speaker. 
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Fig. 16. Voice coil impedance curves of the Axiom 150 unit 
in an Axiom 172 enclosure, and the same speaker in 
various conventional mountings. 

In addition to the qualIties mentioned this type 
of enclosure has the fullowing ad\'antages: 

(1) It is simple ,md cheap to construct. 
. (2) The dimemions of the enclosure (correspond
mg to C in the analogous circuit) are not extremely 
critical and may be varied up to -1- 10%, if necessary 
for" styling." 

(3) The enclosure can be of any shape and the 
acoustic resistance unit can be placed in any position 
relative to the speaker. 

(4) The resonant frequency of the loudspeaker 
is not critical, although, if highe. !i1a..'l the value 
for which the enclosure was designed, the bass 
e·xtension v.-ill be reduced. 

Theoretically the bass response of �y enclosed 
loudspeaker will tend to fall, due to the damping 
applied to the cone reducing the condition of mass 
control. In the enclosure we have described how
ever, the impedance applied to the cone governs 
its ve�ocity in a predetermined manner there?y 
securing a higher efficiency which in practlce 
made bass boosting wmecessary even when used 
in conjW1ction with loudspeakers having high electro
magnetic damping. 

This enclosure design has been nam�d " Axiom " 
after the range of high-fidelity loudspeakers manu
factured by Goodmans Industries. Patent applica
tions have been made. 
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