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This invention relates to loudspeakers for the repro 
duction of musical sounds, and more particularly to im 
provements in low frequency loudspeaker systems. 10 
A basic problem in loudspeaker design arises from the ~ 

fact that, for a given radiator diaphragm, the radiation 
resistance per unit ‘area of diaphragm decreases as the 
diaphragm size or area becomes smaller compared to a 
wavelength in air of thesound being radiated. This prob 
lem becomes particularly acute at the lowermost fre 
quencies in the low audio frequency range, that is, at fre 
quencies below approximately 290 cycles per second. For 
example, the velocity of sound in air at ordinary room 
temperatures (about 60°~80° F.) being about 1100 feet 
second, the Wavelength (A) of sound at 100 cps. is about 
11 feet, and at 40 c.p.s. about 27.5 feet. At 200 c.p.'s. 
lr=5 .5 feet (approximately). Obviously, even a large 
loudspeakerhaving an effective radiating diaphragm area 
12-15 inches in diameter is barely M4 across at 200 c.p.s. 
Thus, the radiation resistance of such loudspeakers falls 
off sharply at frequencies below about 200 c.p.s. . 

I am aware that numbers of solutions have heretofore 
been proposed to the problem of increasing the capability 
of loudspeakers in the low frequency range. One of these 
employs a so-called “corner horn,” in which a) driver unit 
is coupled to a horn, of folded con?guration, located to 
employ a corner of a room as its mouth. This approach 
effectively increases the size of the mouth of the radiating 
element, but it sets a stringent limit to speaker placement 
(in corners only), and is bulky and space consuming. A 
self-contained folded horn con?guration, not so limited as 
to placement, would be even more bulky. 

Bass re?ex cabinets, making use of the Helmholtz res 
onator, with a duct or port that serves useful phase con~ 
trol functions, are also used. Included here are the 
“acoustic labyrinth” and similar schemes to back-load a 
speaker and sometimes radiate from the rear to reinforce 
the direct radiation at the low frequency end of the audible 
spectrum. . Conventional cone-type speakers are em 
ployed in these cabinets.v These cabinets tend to ‘peak 
selectively at certain frequencies, and are also quite bulky. 
They are also complex to construct. ' , 

One obvious approach, which has enjoyed only limited 
acceptance, employs the brute ‘force technique of using 
extremely large cone-shaped diaphragms, often 18 inches, 
and sometimes in excess of 30 inches in diameter. These 
require proportionately large enclosures, such as in?nite 
ba?’les, or back-enclosed cabinets. Aside from the obvi 
ous facts that such loudspeakers are too large and heavy 
for use in places other than public assembly places and 
the largest of homes, there is alsothe problem of prevent 
ing such large diaphragms from having their own reso 
nances at various frequencies, especially those above the ' 
low frequency'range. . a ' , ~ ~ , 

. Still another approach to solution of this problem is 
that which is described in Villchur Patent No. 2,775,309, 
wherein the back of a cone-type speaker is acoustic loaded 
by the stiffness of an enclosed air mass to resonate at a 
prescribed low audio frequency. This system employs 
cones having diameters of 12 inches or less and obviously 
accepts low radiation resistance as an applicable condi 
tion, as‘ do those employing bass reflex cabinets and, to a 
lesser extent, those employing cones 30 inches in diameter. 
The Villchur system is further characterized by require 
ment for an extremely limp suspension for, and extremely 
long excursions of the cone, in order to achieve its objec 
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tive of improved low frequency response. Extremely 
large excursions of the radiator diaphragm are necessary 
in and are designed into nearly all of these low radiation 
resistance systems. 

It is an object of the present invention to. provide a 
loudspeaker system having improved capabilities in the 
low audio frequency range, namely at frequencies under 
1000 cycles per second, and particularly at frequencies 
under 200 cycles per second. A particular object of the 
invention is to increase the radiation resistance of low 
frequency loudspeaker systems without simultaneously 
requiring a substantial increase in size of the resulting 
system or introducing any requirement as to speaker 
placement. Another object of the invention is to provide 
such‘ an improved low frequency loudspeaker system 
which requires only small excursions of the radiator dia 
phragm to operate effectively. A further object of the 
invention is to provide such an improved low frequency 
loudspeaker system which. can employ as a driver unit 
a commercially available cone-type loudspeaker of lesser 
capabilities and modest cost. Another object of the in 
vention is to provide a low frequency loudspeaker system 
which has improved and highly faithful low frequency 
response throughout the entire range of low audible fre 
quencies and is substantially devoid of resonances and 
distortions throughout ‘said frequency range. Another 
speci?c object of the invention is to provide a low fre 
quency loudspeaker system having improved transient re 
sponse. Additional objects are to provide, low frequency 
loudspeaker systems having improved operational'charac 
teristics which are not complex in structure, may be manu~ 
factured of readily available materials, will be inter 
changeable with other loudspeakers in sound reproduction 
systems, and can be priced competitively with other “high 
?delity” loudspeaker systems. 
According to the present invention a substantially fully 

enclosed column of air (or other gas) which is short rela 
tive to the wavelength of sound in it at any frequency in 
the low audio frequency range, is used to couple a ?rst 
or driver diaphragm to a second, or radiator diaphragm. 
This short column of gas is substantially incompressible 
under these conditions, so that the resulting system is 
dynamically the acoustic analogue of a hydraulic force 
transmitting system, such as a hydraulic jack. As a fur 
ther improvement, this column of gas may be endowed 
with a con?guration such that it includes an acoustic in 
ductance which assures isophasal radiation from the radia 
tor diaphragm. The radiator diaphragm is thus parasiti 
cally driven from the driver diaphragm. The area of the 
radiator diaphragm can be the same as or different from 
that of the driver diaphragm; when the area of the radia~ 
tor diaphragm is larger than the area of the driver dia 
phragm, the invention has a number of unique advantages, 
noteworthy among which is an increase in radiated power. 
The driver diaphragm can be‘the cone of a commercially 
available loudspeaker, and the radiator diaphragm can 
have any desired shape, including that of a planar rec 
tangular sheet, or a dome-shaped sheet. The radiator 
diaphragm can easily be designed to be substantially de 
void of self-resonance at any frequency in the ‘entire range 
of low audible frequencies and throughout a substantial 
frequency range immediately higher than the low audible 
frequency range. ‘ 

I prefer to employ a radiator diaphragm having an 
area largerthan that of the driver diaphragm since then, 
as will be shown, the radiation resistance of the over-all 
system is increased over that of the driver diaphragm 
alone in proportion to the ratio of the larger area to the 
smaller area. The radiator diaphragm can be made a few 
to several hundred times larger in area than the driver 
diaphragm. The present invention then has advantages 
similar to those of a very long horn, but in an extremely 
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short length, without any of the geometric or acoustic dis-' 
advantages of a low frequency horn. 

Other and further objects and features and advantages 
of the invention will become apparent from the following 
description of certain embodiments thereof. This de 
scription refers to the accompanying drawings, wherein: 
FIG. 1 is a side-sectional View of an embodiment of the 

invention which illustrates the general principles thereof; 
FIG. 2 is a section along line 2—2 of FIG. 1; 
BIG. 3 is a cross-sectional view of one structure useful 

for the radiator diaphragm; 
FIG. 4 is a cross-sectional View of another suitable 

radiator diaphragm structure; 
FIG. 4A is a cross-sectional view of a dome-shaped 

radiator diaphragm; 
FIG. 5 is a side-sectional view of a second embodiment 

of the invention; 
FIG. 6 is a front view of FIG. 5 ; and 
FIG. 7 is a top-sectional view of a third embodiment 

of the invention. 
Referring to FIGS. 1 and 2, the system there illustrated 

includes a rigid-wall cabinet 10 having a top wall 11, 
bottom wall 12, back wall 13, side walls 14 and 15 and 
a front wall 16 having a rectangular aperture 17 occupy 
ing the major portion thereof. An intermediate wall 18, 
parallel to and between the front and back walls 16 and 
13, respectively, and having an aperture 19 occupying a 
minor portion thereof, is supported from the top, bottom 
and side walls 11, 12, 14 and 15, respectively, and divides 
the interior of the cabinet into two chambers 21 and 22, 
respectively. A driver transducer 23, comprising a driver 
diaphragm element 23.1 supported in a ?rst ?exible com 
pliance frame 23.2 in the aperture 19 in the intermediate 
wall 18, completely hermetically seals that aperture. A 
radiator diaphragm 25, which is substantially rigid and . 
aperiodic, as will be hereinafter more particularly de 
scribed, is supported in a second ?exible compliance frame 
26 in the aperture 17 in the front wall 16, completely 
hermetically sealing that aperture. The ?rst chamber 21 
is thus totally enclosed with respect to the regions outside 
it, and can communicate acoustically with outside regions 
only through motion of the driver diaphragm 23.1 and the 
radiator diaphragm 25. A mass of air, or other gas, 24, 
is contained in the ?rst chamber 21. The second cham 
ber 22, at the rear of the driver transducer 23, may be 
vented to the exterior through an ori?ce 27; it is otherwise 
totally enclosed. The walls of the cabinet, including the 
intermediate wall 18, are made of a rigid material, such 
as plywood 5%” or more thick. Other materials which 
are su?iciently stiff, thick and dense, or otherwise con 
structed substantially to prevent the transmission there 
through of sound energy, may be used, if desired. 
The driver transducer 23 is generally illustrative of any 

suitable driver transducer. A commercially available 
moving-coil cone-type electrodynamic loudspeaker may be 
employed, as will be more fully explained in connection 
with FIGS. 5 and 6 hereof. 

Referring now particularly to the totally enclosed ?rst 
chamber 21, the distance “d” between the periphery of the 
radiator diaphragm 25 and the periphery of the driver 
diaphragm 23.1 is small compared to the shortest wave 
length >\ in the operating frequency band of the system. 
More particularly, this distance “d” is, for example, one 
quarter or less of such wavelength. The driver diaphragm 
element 23.1 of the transducer 23, during operation in this 
frequency band, drives the larger radiator diaphragm 25 
through the gas 24- enclosed in the ?rst chamber 21. 
Under the condition stated above the gas .24 is substan 
tially noncompressible with respect to elastic wave motion 
therein at all frequencies in the operating frequency band, 
that is, at all frequencies below and including the fre 
quency corresponding to half the aforesaid shortest Wave 
length A. This phenomenon is physically practical in the 
band of frequencies from somewhat below 20 c.p.s. to 
above 1000 c.p.s., the upper limit depending on how small 
the distance “d” is made. The result of this phenomenon 
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' is that the dynamic pressure exerted by the smaller driver 
diaphragm 23.1 on the enclosed volume of gas is applied 
uniformly to and throughout the entire interior of the 
enclosed volume of gas 24, and consequently to the entire 
inside surface of the walls of the sealed first chamber 21, 
including the entire inside surface of the larger radiator 
diaphragm 25. This phenomenon is the same, under the 
dynamic conditions stated above, as that which exists 
when static pressure is exerted upon an enclosed volume 
of a liquid, as expressed by Pascal’s law—to wit: The 
pressure in a con?ned, noncompressible liquid at rest, due 
to the application of external forces, has the same value 
throughout the body of liquid. By virtue of this phe 
nomenon, which I have discovered to be true under dy 
namic conditions rendering a gas also noncompressible, 
the smaller driver diaphragm 23.1 is uniformly coupled 
acoustically to the larger radiator diaphragm 25 by the 
acoustical stiffness of the intervening gas 24. The radia 
tor diaphragm may be regarded as “parasitically excited” 
by the driver diaphragm through the effectively noncom 
pressible gas. In addition, as will be explained in detail 
hereinafter, the mass of the enclosed volume of gas 24 
and the mass of the radiator diaphragm 25 are added 
dynamically to the mass of the driver diaphragm 23.1, 
thus lowering the effective resonant frequency of the 
driver diaphragm element 23.1. 
The radiator diaphragm 25 is, as is mentioned above, 

substantially rigid and aperiodic. It is supported in the 
aperture 17 by a flexible compliance frame 26, which may 
for example be a tape of woven cotton attached, as by a 
suitable cement (not shown), at or near one edge to the 
periphery of the diaphragm and at or near the other edge 
to or near the periphery of the aperture 17, as is shown 
and described in greater detail in connection with FIGS. 
5 and 6. The compliance frame 26 should be ?exible at 
all frequencies in the audio frequency range of the system, 
and should offer the minimum resistance to piston-like 
vibration of the radiator diaphragm 25, while at the same 
time supporting the radiator diaphragm in the opening 17, 
and preserving the hermetic seal of the ?rst chamber 21. 
A woven fabric (e.g., cotton) tape, attached as described 
above, and coated or impregnated with a nonhardening 
material, such as latex rubber, to provide a hermetic and 
highly flexible seal, will achieve these purposes. The 
radiator diaphragm 25 is driven by acoustic pressure waves 
applied with uniform dynamic pressure throughout its en 
tire inner surface, and therefore vibrates acoustically as a 
rigid piston throughout its entire frontal area, that is, the 
area facing a listener. Being substantially rigid and ape; 
riodic, the radiator diaphragm develops no ?exural waves 
of its own, but acts as a true ?at piston diaphragm. Addi 
tional advantageous features of the radiator diaphragm 25 
will be described below in connection with FIGS. 3 and 4, 
which illustrate preferred embodiments thereof. 
The con?guration illustrated in FIGS. 1 and 2 combines 

two physical phenomena which cooperate to provide a net 
gain in radiated power, in a small space. Considering ?rst 
the relative motions of the driver diaphragm 23.1 and the 
radiator diaphragm 25, these motions can be described by 
the relation: 

X 1A 1=X2A2 (Relation One) 
where: 

X1 is the piston-like displacement of the driver diaphragm 
23.1 in the direction toward or away from the front 
wall 16; 

X2 is the corresponding piston-like displacement of the 
radiator diaphragm 25 in the same direction; 

A1 is the area of the driver diaphragm 23.1; and 
A2 is the area of the radiator diaphragm 25. 

It is clear, then, that the actual displacement of the 
larger radiator diaphragm is smaller at any operating fre 
quency than the corresponding displacement of the smaller 
driver diaphragm, in accordance with the ratios of the 
areas of the smaller to the larger diaphragm. That is, if 
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A‘2=3A1,'then X1=3X2, just as occurs under steady-state 
conditions in a hydraulic jack. There is thus a diminution 
in amplitude of motion as we go fromthe smaller dia 
phragm 23.1 to the larger diaphragm 25, which of itself 
would reduce the net power output of the system, if not 
for the fact that the increase in radiation resistance con 
tributed by the larger radiator diaphragm 25 more than 
overcomes the effect of reduction in displacement from 
X1 to X2, and attributes a net gain of power output to the 
system, as will now be explained. ' , 

At low frequencies, that is, frequencies at which the 
circumference of a radiating diaphragm or piston (Zn-r, 
where “r” is the radius) is small compared with the wave 
length hill air of the sound being radiated, the impedance 
of the air, per unit diaphragm 0r piston area doing the 
radiating, is: ‘ i 

.8710]; 
7 V 

2 t2 

Z4194“ ’ + (Relation Two) 

where : 

f=the frequency of the sound being radiated; 
p=air density (grams/cm?); 
c=velocity of sound (cm/see); 
r=radius of circular piston or diaphragm (cm); and 
A=wavelength (cm.) 

The ?rst term is radiation resistance R,,, per unit area, 
and the second is reactance. Since radiated power is pro 
portional to radiation resistance we can, for our present 
purposes, ignore the second, or reactance, term. Thusr 

Rn=_p_c‘47r27-2 
2 k2 

This is the expression for the radiation resistance per 
unit area of a circular diaphragm or piston having a cir 
cumference which is small compared to x, and it is su?i 
ciently accurate to apply to a square or nearly square pis 
ton or diaphragm under the same condition. 
The acoustic power output, P, of a radiating piston or 

diaphragm is always de?ned by the relation: 

ay dt 

(Relation Three) 

P = R1,. (Relation Four) 

where : 

P is expressed in ergs/sec.; . 
R18 is the total radiation resistance of the diaphragm or 

piston; and 

is velocity of motion ‘of the piston or diaphragm, ex 
pressed in cur/sec. 

The term R11, is the product Ravi, for any given dia 
phragm, where: 

R_., is the radiation resistance per unit area; and 
A is the area of the diaphragm. 

Further: , 

A=7rl‘2, for a circular diaphragm or piston and, for 
practical purposes in our present case, we can assume 
this relationship to apply to a close degree of approxima 
tion for a square or nearly square piston or diaphragm. 

Hence, we can set: 

‘div 2 
dt 

for circular and for square and nearly square piston and 
diaphragm radiators. Relation Five reduces to: 

P=R,,1rr2 ' (Relation Five) 

(Relation Six) 
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6 , 

whereK is a constant substitutedfor'the expression 

(195113 2 AZ 

Thus'we can state: 

It is to be noted that the factor r2 occurs twice in Rela~ 
tion Six in the product which determines P, and only once 
in Relation Three in the product which determines Ra. 

(Relation Seven) 

The increase in the radiation resistance per unit area which ‘ 
is due to the increase of radius from the smallerpiston 
23.1 to the larger piston 25 is exactly opposed by the 
decrease in displacement X2 of the larger diaphragm 25 
as compared with the displacement X1 of the smaller 
diaphragm 23.1. Thus, in Relation Seven we can cancel 
the term i 

Q)? di 
and one of the terms r2, leaving: 

7 Par2 (Relation Eight) 

It is thus shown that, in the present invention, an in 
crease in the radius of the radiator diaphragm 25 as com 
pared with the radius of the driver diaphragm 23.1 results 
in an increase in the radiated power which is proportional 
to the square of the ratio of the two radii. This increase ~ 
in radiated power is thus also proportional to the ratio 
of the areas of the two pistons or diaphragnis. While the 
foregoing analysis has been made in terms of circular pis 
tons or diaphragms, it is also true, to a close degree of 
approximation for square or nearly square pistons or 
diaphragms‘ which are approximately equivalent to a 
circle of the same area, and in the case where one piston 
or diaphragm is round and the other is square or nearly 
square. By the expression “square or nearly square,” I 
mean a piston or diaphragm in which the length and 
width have a ratio of 1:1 to approximately 2:1. For 
example, I have verified this conclusion in the case where 
a rectangular radiator diaphragm 25, which was 18 inches 
long and 12 inches wide, was driven by a circular coil 
cone type loudspeaker having an overall diameter of 8 
inches, and again where the latter had an over-all diam 
eter of 12 inches, and have found that this conclusion, 
namely that PozA, is true to a close degree of approxima 
tion when only the ratio of the areas is considered. It is 
a unique characteristic of the present invention that this 
relationship holds true while simultaneously the displace 
ment of the larger radiator diaphragm is smaller inam 
plitude than that of the smaller driving element; this re— 
duction in the amplitude of displacement of the radiator 
diaphragm, of itself, endows the invention with addi 
tional advantages contributing to high~?delity sound re 
production, which will be explained below. 
The invention introduces the possibility of employing 

for the radiator diaphragm 25 materials having advan 
tages which are not easily used in cone-type reproducers. 
As has already been‘ shown, the radiator diaphragm 25 
is driven with dynamic pressure applied substantially uni 
forinly all over its inner surface, in effect according to 
Pascal’s law. It is thus inherently capable of behaving 
as a true “isophasal” radiator, unlike a cone driven by a 
voice coil concentrating driving force at its apex,‘which 
inherently tends to flex under the driving force, especial 
ly as its aperture is increased. FIGS. 3, 4 and 4A illus 
trate, in cross section, radiator diaphragms which I have 
built and used as the radiator diaphragm 25 and as the 
corresponding element 45 in FIG. 5. . 

In FIG. 3, a sheet of light-weight plastic material 3%), 
for example, a sealed~cell polystyrene foam, approxi 
mately one-quarter inch to one-half inch in thickness “t,” 
provides the basic element of a radiator diaphragm. By 
itself, the sheet 30 is capable of exhibiting ?exural reso— 
nances at one or more frequencies in the low frequency 



3,164,221 

band (that is, the frequency band from below approxi 
mately 20 c.p.s. to approximately 1000 c.p.s.). One 
solution to this problem is to provide a bulge in the 
sheet 30, that is, to make it dome-shaped, as is shown in 
FIG. 4A, su?icient to assure that the lowest frequency of 
such self-resonance will be greater than 1000 c.p.s. This 
is a successful solution, but it may be undesirable in 
practice in certain cases, in that it increases the space re 
quirement of the system. Another solution, preferred 
because it does not introduce such an increased space re 
'quirement, is to coat one or both of the surfaces 31 

with a vibration dissipative material 33 adhering to’ 
the surface and providing damping resistance to ?exural 
motion of t e sheet 30. A layer or coat of rubber-like 
material which resists cross-linking, hardening and oxydiz 
ing with age may be used as the vibration dissipative ma 
terial 33. I have used polyisobutylene. Other useful 
materials are acrylics, thiokols, vinyls and rubbers. This 
material can be painted or sprayed on the sheet 30, or the 
sheet can be dipped in the vibration dissipative material. 
The vibration dissipative material can be made more 

ef?cient for damping ?exural vibrations if it is combined 
with another element to place it in shear with respect to 
flexural motion in the sheet 30. FIG. 4 illustrates a suit 
able structure, in which radiator diaphragm sheet 30.1, 
similar to the sheet 30 in FIG. 1, is coated on one side 
32.1 with vibration dissipative material 33.1, and a layer 
of fibrous paper 34 similar to soft facial tissue, covers the 
exposed surface of the dissipative material. In practice, 
the vibration dissipative material occupies the intersti 
tial space between the ?bers of the paper. The opposite 
surface 31.1 of the sheet 30.31 can be similarly treated, if 
desired. 

Radiator diaphragms according to FIGS. 3 and 4 are 
substantially free of ?exural resonances at frequencies 
below approximately 1000 cps. They may be used ?at 
or planar, or curved, for example, dome-shaped, as 
desired. 1 have thus provided a true piston-type radia 
tor which possesses su?icient rigidity to be used as a 
loudspeaker, and a system for driving such a radiator as 
a true isophasal radiator. 
A radiator diaphragm made of a sheet 30 or 30.1 of 

sealed-cell polystyrene foam 18 inches long, 12 inches 
wide and 1A inch thick, coated with vibration dissipative 
material ‘as shown in FIG. 3 or FIG. 4 weighs approxi 
mately 90 grams. The volume of the radiator diaphragm 
is approximately 885 cubic centimeters. The density of 
the diaphragm is then: 

90/ 885:0.1 gram/cc. (approximately) 
This is‘ only 100 times the density of air. 

Alternatively, one might employ‘balsa wood in place 
of the sealedcell polystyrene foam described in connec 
tion with the sheets 30 and 30.1. Generally speaking, 
any low density rigid sealed-cell plastic foam, or equiva 
ent material, may be employed. 
The mass loading of the radiator diaphragm 25 (FIG. 

1) lowers the resonant frequency of the driver diaphragm 
23.1. As is well known, the frequency of resonance of a 
cone-type speaker in free space is calculated from the 
relation: 

_i Stiffness_ 1 
M 

where: 

S is the stiffness of the suspension (dynes/cm.); and 
M is the mass of the cone (grams). 

This is generally in the region 40-80 c.p.s., in average 
12-inch loudspeakers. The frequency of resonance can 
be lowered by increasing the effective mass, or lowering 
the effective stiffness, of the speaker system. 

Referring to FlG. l, we recall that the mass of the 
radiator diaphragm 25 is coupled to the driver diaphragm 
23.1 by an effectively noncompressible fluid 24 in the 
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?rst chamber 21. Hence, the mass of the radiator dia 
phragm is added directly to that of the driver diaphragm 
along with the mass of the gas 24 contained in the ?rst 
chamber. This lowers the resonant frequency of the sys 
tem to the region 10-30 cps. The second chamber 22, 
at the rear of the driver diaphragm 23.1, may be vented 
through aperture 2.7 to hold the stiffness of the system to 
a minimum, consistent with well-known principles of us 
ing a cabinet at the rear surface of the driving transducer. 
Alternatively, the vent aperture 27 may be omitted, as de 
sired; it is an advantage of the present invention that the 
dimensions and geometry of the second, or rear cham 
ber 22, are not critical. 
My invention achieves improved transient response, and 

virtual elimination of distortion due to transients. By 
“good transient response” I mean the ability of a loud— 
speaker system to reproduce a pulse without distortion of 
shape or addition of tails or hangovers‘ following the 
main pulse. If a pulse is applied to the voice coil of a 
cone-type loudspeaker, the cone will continue to oscillate 
on its own after removal of the driving force at the end 
of the pulse, This is due to the fact that the cone is a 
complex assembly of moving elements excited by the voice 
coil but not necessarily rigidly coupled to it. Shorter, of 
BBC. (“Transient Response of Loudspeakers,” BBC. 
Research Report 1944-49) states that resonant elements 
loosely coupled to the moving coil continue to oscillate 
after the driving signal is removed and will radiate at 
their own natural frequency for a time that is propor 
tional to the Q of the resonating elements. This observa 
tion is further complicated by the fact that paper cones 
have unique discontinuities, inhomogeneities, con?gura 
tions of surface slivers and other elemental parts which 
may resonate on their own when shock excited by a 
transient. Thus, in a paper cone-type speaker the appli 
cation of a signal pulse to such an element will result in 
the addition of a transient tail to the end of the pulse, in 
which the frequency of the oscillations is the natural fre 
quency of the resonant element and not the frequency of 
the applied signal. This is the source of the individual 
characteristics of even the best paper cone-type loud 
speakers. In the present invention, in addition to lower 
ing the resonant frequency of the cone and coil assembly 
from the 40—80 c.p.s. region to the l0—30 c.p.s. region, 
the provision of my radiator diaphragm 25 or 45 which is 
substantially aperiodic in the operating frequency band 
(up to approximately 1000 c.p.s.), in a system which 
tightly couples this diaphragm to the driver diaphragm 
23.1, virtually eliminates transient distortion in this fre 
quency band. 
The radiator diaphragm 25 executes small excursions 

at even the lowest audible frequencies, the largest excur 
sions being approximately one-eighth inch. In a case 
where the driver diaphragm 23.1 has an area one-third 
that of the radiator diaphragm, the driver diaphragm 23.1 
will execute excursions three times as great as those of the 
radiator diaphragms. These are all small excursions, 
compared to excursions executed by speakers in the small 
enclosure heretofore available. As a result, the system 
of the invention eliminates, for practical purposes, the 
sources of amplitude distortion and frequency modula 
tion distortion which accompany loudspeaker systems 
employing cones driven at large excursion amplitudes. 
Frequency modulation distortion, in particular, is reduced 
by reducing the amplitude of diaphragm motion in the 
very low frequency ranges. 

FIGS. 5 and 6 illustrate a loudspeaker system accord 
ing to the invention, employing a commercially available 
cone speaker 43 as the driver transducer, and having all 
the advantages and features which have been described 
with reference to FIGS. 1 and 2. A rigid-wall cabinet 
50 has a top Wall 51, bottom wall 52, back wall 53, side 
walls 54 and 55, and a front wall 56 having a rectangular 
aperture 57 occupying the major portion thereof. An 
intermediate wall 58 located between the front wall 56 
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and the back Wall 53, and having an aperture 59 occupy 
ing a minor portion thereof, is supported from the top, 
bottom and side Walls 51, S2, 54 and 55, respectively, 
and divides the interior of the cabinet into two chambers 
All and 42, respectively. A radiator diaphragm 45, simi 
lar to the radiator diaphragm 25 in FIGS. 1 and 2, is 
supported in a woven fabric ?exible compliance frame 
46 in the aperture 57 in the front wall 56. This com 
pliance frame may be coated with a ?exible rubber-like 
coat (not shown) similar to the layer 33 on the diaphragm 
Ell, for example, to assure that the aperture 557 is her 
metically sealed by the diaphragm 45. The driver trans 
ducer 43 is shown only schematically, and has a cone 
shaped driver diaphragm 43.1 supported in the second 
chamber 42 by a rim 4-3.2 from the intermediate wall 
58 surrounding the aperture 59 therein. A voice coil 
(not shown) of usual form, serves to drive the cone dia 
phragm. A vent aperture 4-7 may be provided in one 
wall of the second chamber 42, if desired. Each cham 
ber encloses a gas (such as air), which is not shown. 
The embodiment of FIGS. 5 and 6 operates in essen 

tially the same manner as that of FIGS. 1 and 2. The dis 
tance “d1” between the confronting surfaces of the radia 
tor diaphragm 45 and the intermediate wall 58 in FIG. 5 
is smaller than the corresponding dimension (not identi 
?ed) in PKG. 1 for the reason that the FIG. 5 embodi 
ment is intended to operate in a low audio frequency band 
having a higher upper-frequency limit than the FIG. 1 
embodiment. As in the case of the dimension “d,” in 
FIG. 1, this distance “d1” is maintained small compared 
to half the shortest wavelength A in the operating fre 
quency band of the system; more particularly, “d1” is for 
example in the present embodiment 1/20 or less of such 
shortest wavelength. If the upper-frequency limit is 200 
c.p.s., 7\=5.5 feet (approx) at ordinary room tempera 
ture and 

in air, or about 3.5 inches. 
If the upper frequency limit is 1000 c.p.s., )\=l.1 feet 

( approx.) in air at ordinary room temperature, and 

or about 2/3 inch, at the most. I have built systems ac 
cording to FIGS. 5 and 6, intended for operation in the 
low frequency range up to 1000 c.p.s. in which the dis 
tance “d1” is 1%; inch. 
The aperture Sit in the intermediate wall 58 is smaller 

than the design aperture of the driving transducer 453 so 
that the portion of the wall 58 covering the cone dia 
phragm 4-3.1 pressure loads this diaphragm during operat 
ing, and air moves through the aperture 59 at correspond 
ingly increased pressure. The distance “d1” is so short 
(for any Wavelength in the operating low frequency 
band) that the space between the confronting surfaces of 
the radiator diaphragm 45 and the intermediate Wall 58 
functions as an annular-shaped acoustic choke or induc 
tance stu‘rounding the intermediate wall aperture 59, 
throughout this frequency band; this acoustic inductance 
prevents sound wave radiation from the intermediate Wall 
aperture 59 toward the periphery of the front wall aper 
ture 57 (a distance “s” away in PEG. 5) from actuating 
the edge portions of the radiator diaphragm 45 out of 
phase with the mid portion thereof. This assures that 
the radiator diaphragm Will be driven substantially iso 
phasally throughout its entire radiating area. 

It will be understood, of course, that, in operation, the 
low frequency system of the present invention is in 
tended to be‘used together with a suitable transducer or 
transducers for the higher frequency ranges, and with a 
suitable cross-over network which will assure that only 
signals in the low frequency range for which a particular 
low frequency system is designed will be applied to it. 
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Suitable dimensional speci?cations for loudspeaker sys~ 

tems which I have built according to FIGS. 5 and 6 are 
as follows: 
The driver transducer 43 was an 8-inch permanent mag 

net cone speaker of a commercially available type; the 
second chamber was 20 inches high between the inner sur 
faces of the top wall 51 andfthe bottom Wall 52, 14 inches 
wide between the inner surfaces of the side Walls 54 and 
55, and 5 inches deep between the inner surfaces of the 
back wall 53 and the intermediate wall 52%; the aperture 
5'9 in the intermediate Wall 5% was a round hole 5 inches 
in diameter; the aperture 5'7 in the front wall 56 was 19 
inches high and 13 inches wide; the radiator diaphragm 
was a rectangle 18 inches high and 12 inches Wide; the 
compliance rim 4-6 was made of woven cotton tape 1 inch 
wide, cemented to both the periphery of the radiator dia 
phragm 45 and to the front wall 56 at the periphery of 
the aperture 57 with a suitable cement such as a non 
hardening and non-oxidizing rubber cement, as described 
above; this diaphragm was otherwise one of these de 
scribed in connection with FlGS. 3, 4 and 4A; the dis 
tance “d1” was 1A inch; the walls 51, 52, 53, 54, 55, 56 
and 58 were all made of 3%; inch thick plywood; and, air 
was used as the gas in the chambers 41 and 42. 
The radiator diaphragm may be planar as is shown 

in FIG. 5. Alternatively, if desired, the radiator dia 
phragm can be given a dome-shape (not shown) as is 
mentioned above. If it is desired to cover the front of 
the radiator diaphragm with a grille cloth, the cabinet 
side, top and bottom walls 54, 55, 51 and 52, respectively, 
can be extended forward to provide a grille-cloth mount 
ing which will enable it to clear the radiator diaphragm. 

While it will be clear that my low frequency loud 
speaker system can be made of such small dimensions 
that its placement in a room presents no problems, as is 
set forth in the objects of this invention, the fact should 
not be overlooked that the second chamber (42 in FIG. 5 
or 22 in FIG. 1) can have any desired shape, including 
a triangular shape enabling a unit according to the inven 
tion to be set deeply into the corner of the room. FIG. 7 
illustrates such an embodiment of the invention, in top 
section. This ?gure is a modi?cation of FIGS. 5 and 6, 
in which only the con?guration of the second chamber 
42 is modi?ed. All other parts are the same as in FIGS. 
5 and 6, and bear the same reference characters. To a 
subassembly comprising the intermediate wall 58, front 
wall 55, radiator diaphragm 45, compliance rim 45, and 
driver transducer 43, enclosing the ?rst chamber 41, there 
is peripherally mounted a pair of angularly related side 
walls 63‘ and con?ning with triangular-shaped top and 
bottom walls (not shown) a triangular-shaped second 
chamber 62. A vent aperture 6'7 (similar to apertures 
'27 in FIG. 1 and 4'7 in FIG. 5) may be provided in one 
or the other of the top and bottom walls, if desired. 
This embodiment of the invention may be located snugly 
in the corner of a room, if desired. 

It will also be appreciated that the above-mentioned 
subassembly can be provided without the wall parts de 
?ning the second chamber 62, for mounting in an in 
?nite baiile, such as the wall or ceiling of a room, if 
desired, or to be built into a cabinet having a compart~ 
ment which will constitute a suitable second chamber. 
Embodiments of my invention can easily be provided for 
such “custom” installations, as is evident from FIG. 7. 
The embodiments of the invention which have been 

illustrated and described herein are but a few illustrations 
of the invention. Other embodiments and modi?cations 
will occur to those skilled in the art. No attempt has 
been made to illustrate all possible embodiments of the 
invention, but rather only to illustrate its principles and 
the best manner presently known to practice it. There 
fore, while certain speci?c embodiments have been de 
scribed as illustrative of the invention, such other forms 
as would occur to one skilled in this art on a reading 
of the foregoing speci?cation are also within the spirit 
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and scope of the invention, and it is intended that this 
invention include all modi?cations and equivalents which 
fall within the scope of the appended claims. 
What is claimed is: 
1. Loudspeaker system comprising a diaphragm, a mass 

of gas, means including said diaphragm substantially total 
ly enclosing said mass of gas, and means to apply to 
said mass of gas elastic Wave vibrations in a prescribed 
frequency band, said diaphragm being substantially rigid 
and aperiodic at all frequencies throughout said band, 
the acoustical path length from any point in said vibra~ 
tions applying means to the nearest point in said dia 
phragm being approximately one-twentieth the Wave 
length of sound in said gas at the highest frequency in 
said band, whereby said gas is substantially a noncom 
pressible ?uid with respect to said vibrations. 

2. Loudspeaker system comprising a ?rst gas-?lled 
chamber surrounded entirely by walls having ?rst and 
second apertures therein, electromechanical transducer 
means having a diaphragm hermetically sealed across said 
?rst aperture with its front surface facing into said cham 
ber, said diaphragm presenting one of its sides to said 
?rst chamber, radiator diaphragm means hermetically 
sealed across said second aperture, the acoustical path 
length from any point in said ?rst aperture to any point 
in said second aperture being less than one-quarter Wave— 
length of sound in said gas at the highest operating fre 
quency of said system, and a second gas-?lled chamber 
outside said ?rst chamber surrounding the rear surface 
of said transducer diaphragm. 

3. System according to claim 2 in which said second 
chamber has an aperture venting it to the atmosphere. 

4. Loudspeaker system intended for operation in a 
prescribed frequency band having no frequency higher 
than approximately 2000 cycles per second comprising 
a gas-?lled chamber surrounded entirely by walls having 
?rst and second apertures therein, the area of said ?rst 
aperture being smaller than the area of said second aper 
ture, electromechanical transducer means having a dia 
phragm hermetically sealed across said ?rst aperture, and 
radiator diaphragm means having a radiator area larger 
than the area of said ?rst aperture hermetically sealed 
across said second aperture, said radiator diaphragm 
being substantially rigid and aperiodic at all frequencies 
throughout said band, the acoustical path length from 
any point in said ?rst aperture to any point in said second 
aperture being less than one-quarter wavelength of sound 
in said gas at the highest operating frequency of said 
system. 

5. Loudspeaker system intended for operation in a - 
prescribed frequency band having no frequency higher 
than approximately 2090 cycles per second comprising 
a gas-?lled chamber surrounded entirely by walls having 
?rst and second apertures therein, electromechanical 
transducer means having a diaphragm hermetically sealed 
across said ?rst aperture, and radiator diaphragm means 
hermetically sealed across said second aperture, said 
radiator diaphragm being substantially rigid and aperiodic 
at all frequencies throughout said band, the acoustical 
path length from any point in said ?rst aperture to the 
nearest point in said second aperture being approximately 
one-twentieth the wavelength of sound in said gas at the 
highest operating frequency of said system. 

6. Loudspeaker system intended for operation in a 
prescribed frequency band having no frequency higher 
than approximately 2000 cycles per second comprising 
a gas-?lled chamber surrounded entirely by walls having 
?rst and second apertures therein, the area of said ?rst 
aperture being smaller than the area of said second 
aperture, electromechanical transducer means having a 
diaphragm hermetically sealed across said ?rst aperture, 
and radiator diaphragm means having a radiator area 
larger than the area of said ?rst aperture hermetically 
sealed across said second aperture, said radiator dia 
phragm being substantially rigid and aperiodic at all fre 
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quencies throughout said band, the acoustical path length 
from any point in said ?rst aperture to the nearest point 
in said second aperture being approximately one-twen 
tieth the wavelength of sound in said gas at the highest 
operating frequency of said system. 

7. Loudspeaker system intended for operation in a 
prescribed frequency band having no frequency higher 
than approximately 2000 cycles per second comprising 
a gas-?lled chamber surrounded entirely by walls having 
?rst and second apertures therein, electromechanical 
transducer means having a diaphragm hermetically sealed 
across said ?rst aperture, and radiator diaphragm means 
hermetically sealed across said second aperture, said 
radiator diaphragm being substantially rigid and aperiodic 
at all frequencies throughout said band, the acoustical 
path length from any point in said ?rst aperture to any 
point in said second aperture being substantially less than 
one-quarter wavelength of sound in said gas at the highest 
operating frequency of said system, the density of the 
material of said radiator diaphragm means being approxi 
mately 100 times the density of air. 

8. Loudspeaker system comprising a gas-?lled cham 
ber surrounded entirely by Walls having ?rst and second 
apertures therein, electromechanical transducer means 
having a diaphragm hermetically sealed across said ?rst 
aperture, radiator diaphragm means hermetically sealed 
across said second aperture, said radiator diaphragm 
means being made of a sheet of sealed-cell polystyrene 
foam coated at least on one side with a rubber-like 
material, the acoustical path length from any point in 
said ?rst aperture to any point in said second aperture 
being substantially less than one-quarter wavelength of 
sound in said gas at the highest operating frequency of 
said system. 

9. Loudspeaker system comprising a gas-?lled cham 
ber surrounded entirely by walls having ?rst and second 
apertures therein, electromechanical transducer means 
having a diaphragm hermetically sealed across said ?rst 
aperture, radiator diaphragm means hermetically sealed 
across said second aperture, said radiator diaphragm 
means being made of a sheet of sealed-cell polystyrene 
foam coated at least on one side with a layer of rubber 
like material and a layer of ?brous paper-like material, 
said layers being adhered together, to provide damping of 
?exural vibrations in said sheet, the acoustical path length 
from any point in said ?rst aperture to any point in said 
second aperture being substantially less than one-quarter 
Wavelength of sound in said gas at the highest operating 
frequency of said system. 

10. Loudspeaker system comprising a gas-?lled cham 
ber surrounded entirely by walls having ?rst and second 
apertures therein, electromechanical transducer means 
having a diaphragm hermetically sealed across said ?rst 
aperture, radiator diaphragm means hermetically sealed 
across said second aperture, said radiator diaphragm 
means being made of a sheet of sealed-cell polystyrene 
foam coated at least on one side with a vibration dissi 
pative material selected from the group consisting of 
acrylics, thiokols, vinyls, rubbers and polyisobutylenes, 
the acoustical path length from any point in said ?rst 
aperture to any point in said second aperture being sub 
stantially less than one-quarter Wavelength of sound in 
said gas at the highest operating frequency of said system. 

11. System for coupling the vibratory diaphragm ele 
ment of an acoustical loudspeaker to surrounding air at 
audio frequencies in a prescribed frequency range, com 
prising: 

said diaphragm elernent, a parasitic diaphragm which 
is substantially rigid and aperiodic at all frequencies 
in said range, and fluid means providing a ?uid 
coupling between the front surface of said vibratory 
diaphragm element and said parasitic diaphragm in 
which coupling the maximum direct acoustical path 
length between corresponding points in said dia 
phragms is substantially smaller than one-half wave 
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length of sound at the highest audio frequency in 
said range whereby said ?uid means is substantially 
noncompressible at audio frequencies throughout said 
range and said parasitic diaphragm is constrained to 
vibrate substantially in phase with said front surface 
of said loudspeaker diaphragm element at said audio 
frequencies. 

12. System according to claim 11 in which the area of 
said parasitic diaphragm is at least twice the area of said 
loudspeaker diaphragm element, and the ratio of maxi 
mum to minimum transverse sectional dimensions in 
each of said diaphragms does not exceed approximately 
2:1, whereby the acoustic power output of said system 
is greater‘than the acoustic power output of said loud 
speaker elernent in free air by an amount proportional 
substantially to the ratio of said areas. 

13. System according to claim 11 in which a ?rst cham 
ber enclosing said ?uid means includes said diaphragms 
as wall members thereof, and a second chamber is pro 
vided at the opposite side of said diaphragm element 
including the same as a wall member thereof. 
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