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This invention relates to apparatus for the
conversion of -wayve motion of one character into
wave motion of g different character, such for
example as changing sound waves into electrical
waves in microphones and the converse in loud
speakers. ]
ratus of this character which is of a directional
nature, i. e, the instrument is active preferen-
tially in one or more directions throughout an
extensive range of frequencies and is relatively
inoperative or less operative in other directions,
it - being an object of the invention to provide
improved apparatus of this character.

While the invention is disclosed and described
in connection with microphones, it will be under-
stood by those skilled in this art that it may also
be applied to sound reproducing means such as
loud speakers without departing from the spirit
and scope of the invention. L

In many acoustical applications, it is desirable
or necessary that g microphone have directional
properties. For example, in a public address sys-
tem involving the use of a microphone and one
or more loud speakers the sound emanating from
the loud speakers may, by one or more reflec-
tions, be transmitted to the microphone and
hence pass through the amplifying system with
resulting disturbances. Similarly in an instance
where there are numeroug sounds present in addi-
tion to the woice of an announcer, as for exam~
ple an announcer speaking from a crowded room
or platform where the  annocuncer’s voice may
have very little'more intensity than the voices
of the people surrounding him, the sound picked
up: by the microphone will have g large number
of extraneous components in it. In these in-
stances, if the microphone is directional such
that it discriminates very largely in favor of
sounds coming to it from a particular area, from
directly in front, for example, the amount of
extraneous sound passing through the system will
be much decreased.

- It is- well known to construct microphones of
a unidirectional character having a pair of trans-
ducing elements, one of ‘which is responsive to the
pressure component of g sound wave and another
of which is responsive to the pressure gradient of
a sound wave, the outputs of the two transducers
being combined by means of an electrical net-
work., Microphones - having directional charac-
teristics may ‘be constructed by using a single
transducing -element which is arranged to have
two sound stimuli transmittéed to it, the two
stimuli being derived from the same functional
component of g sound wave but with an acousti-
cal network combining them. :Such microphones

More particularly, it relates to appa- -
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2 | .
may -be constructed with -different directional
characteristics through a suitable choice of design
constants as well -as units whose directional
characteristics may be varied by proper manipu-
lation of their structure. Thus one may con-
struct a unit having maximum response from
the front and zero response from the rear or one
hundred and eighty degrees displaced therefrom,
this being the cardioid type of response; a unit
having maximum response from the front and
rear .or one hundred and eighty degrees dis-
placed from each other and zero response at
right angles, this being the bidirectional or cosine
law type of response; g unit having maximum re-
sponse from the front, a lesser but not zero re-
sponse from the rear, and zero or greater than
Zero response from some other direction; a unit
having no directivity; or a unit whose directional
characteristic may be varied from any one of the
foregoing patterns to any other one.

It is a further object of the invention to pro-
vide an improved directional sound translating
device eliminating electric circuits interconnect-
ing the transducing elements.

It is a further object of the invention to pro-
vide an improved directional sound translating
device comprising a, pair of sound translating ele-
ments coupled by compliant means.

It is a further object of the invention to pro-
vide an improved directional sound translating
device comprising a pair of sound translating

_elements coupled by impedance means.

It is a further object of the invention to pro-
vide an improved sound translating device with
a directional response pattern obtained by the
action of sound wave effects at two points in a
sound wave and compliant means coupling. the
sound wave effects on a single transducing ele-
ment.

It is a further object of the invention to pro-
vide, in a directional sound translating device
embodying a ‘pair of flexibly supported dia-
phragms coupled by compliant means, improved
means for compensating for the diaphragm sup-
porting or edge stiffness over the useful fre-
quency range. .

It is a further object of the invention to pro-

wide an improved type of network interrelating

the sound wave effects obtained from two points
in a sound wave which is relatively unaffected
by atmospheric pressure and temperature.

In carrying out the invention in one form, a di-
rectional sound translating device is provided
comprising a pair of spaced apart diaphragms
adapted to vibrate, means for transforming the
vibrations into electrical variations, compliant
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means interrelating the wibrations of the dia-
phragms for producing a resultant vibration, and
means for transmitting the resultant vibration to
the transforming means. More particularly, the
compliant: means may include gaseous as well as
mechanical elements singly or in combination.

For a more complete understanding of my in-
vention, reference should now be had to the ac-
companying drawing in which:

Figure 1 is a sectional elevational view of a
microphone embodying my invention;

Fig. 2 is a diagram of forces for the micro-
phone of Fig. 1 for sound of front incidence;

Fig. 3 is a similar diagram of forces for sound
of rear incidence;

Fig. 4 is a similar diagram of forees for sound
of right angle incidence;

Fig. 5 is a sectional elevational view of a modi-
fied form of the invention;

‘Pig.-6 is a diagram of forces for the micro-
phone of Fig. 5 for sound of front incidence;

Fig. 7 is an- electrical circuit analogous to-the
structure of Fig. 1 for explaining the operation
of the invention;

Fig. 8 is a series of polar patterns indicating
the different response patterns of the micro-
phone obtainable according to the invention;

Fig. 9 is a fragmentary sectional view of a
modified form of the invention shown in Fig. 1;

‘Fig. 10 is a fragmentary sectional view of an-
other modified form. of the- invention shown in
Fig. 1;

Fig, 11 is a sectional elevational view of an-
other embodiment of the invention;

Fig. 12 is a sectional elevational view of an-
other embodiment of the invention;

Fig. 13-is a-diagram of forces for sound of rear
incidence-for the embodiment of Fig. 12;

Fig. 14 is an equivalent electrical cireuit dia~
gram analogous to the structure of Fig. 12 for
explaining the operation of the invention em-
bodied in Fig. 12; and

Fig. 15 is a fragmentary sectional view of an-
other modified form of the invention.

Certain subject matter relating to mechanical
damping means for diaphragms shown in the
various figures is claimed in the continuation-in-
part application Serial No. 222,747, Benjamin B.
Bauer, entitled “Mechanical Damping Means for
the Diaphragms of Microphones, Speakers and
the Like,” filed April 25, 1951.

Referring more particularly to the drawings,
the invention is shown in Fig. 1 as comprising &
microphone including a pair of diaphragms I8
and ti adapted to vibrate and separated from
each: other by a distance d. The diaphragms
may be made of any suitable material, such &s
thin aluminum or paper, for example, and are
generally conical or curved-in form so as to be
relatively stiff whereby the diaphragms, in their
movements, act largely as pistons. At their
edges the diaphragms are resiliently supported
and form the closures. for casings 12 and 13
made of any sound impermeable material, cas-
ings 12 and 13 being separated from each other
and-relatively rigidly held together by means of
spacers 14 thereby holding diaphragms 0 and
il spaced apart. Diaphragms 10 and (1 are
placed opposing each other for a purpose to be
described subsequently in this specification. This
spacing may vary and in some instances the
spacers (4 may be eliminated to provide a com-
mon wall between casings (2 and 13. A circular
case 20 may surround casings 12 and 13 to mini-
mize perturbations of the sound -field. - Dia-

10

15

20

25

30

35

40

50

65

60

65

70

75

4

phragm 10 with casing {2, and diaphragm {{
with casing 13 define cavities or chambers 15
and 16 filled with air, diaphragm 1 being
shown larger in area than diaphragm {0 to com-~
pensate for the stiffness of diaphragm I, but it
will be made clear that under cerfain conditions
the diaphragm areas may he equal. The case 29,
as well as cavities 15 and 16, may be provided, if
needed, with a small or high resistance vent 28a,
{5a¢ and (6a to the atmosphere to equalize the
inside and outside pressure.

At the center or apex of diaphragm (9, a drive
unit 7 is firmly attached by cementing, for ex-
ample, the drive unit extending through an
opening in the rear of casing 12, which opening
is sealed by a-seal 18 made of rubber, paper, or
some other flexiple material which will permit
small- mechanical vibrations of the drive unit
without allowing sound waves to enter cavity I5.
Similarly, a drive unit (9 is firmly attached to
the center or apex of diaphragm {{, the drive
unit extending through an opening in the rear
of casing i3 which opening is sealed. by a seal 21
also permitting small vibrations of the drive unit
without permitting sound waves to enter cavity
16. The rear ends of drive units I7 and i3 are
brought relatively close to each other and -are
joined by means of a compliant link 22 made of
some springy material such, for example, as
rubber, mechanical springs or one of the com-
pounds known as elastomers. Consequently
diaphragms {0 and I{ are not rigidly but resil-
iently connected to each other, and vibrations of
cne diaphragm are transmitted to the other as
modified in one respect by compliant link 22.
Stationarily fixed to the rear of casing 13 within
cavity [6 there is a damping or dissipative ele-
ment 23 attached to drive unit 1§ so as to move
therewith and introduce a resistance to the mo-
tion thereof, the dissipative element being made,
for example, of the compounds known as elas-
tomers. Many elastomers have the ability to
absorb energy as well as springiness and hence
may combine dissipation with compliance, ex-
amples of suitable elastomers being materials
available as “Viscoloid” and “Flexiglass.” In the
event that an elastomer is used for link 22, the
diaphragms are coupled by an element having
both compliance and dissipation and thus are
coupled by an impedance. '

In order to derive an electrical output from the
movements of the diaphragms, a piezoelectric
crystal 24 is mounted inside of cavity 15 and is
relatively rigidly connected at one end through
a collar 25 to drive unit {7 whereby movements of
drive unit 171 produce deformations of the crys-
tal with a resultant voltage output. Conductors
26 and 21 extending from crystal 24 lead out-
wardly through casing 12 for supplying the volt-
age generated to a suitable amplifier or other
apparatus. .

Spaced directly in front of diaphragm {0 is
an acoustical screen 28 whiech may be constituted
of a suitable wire screen support having one or
more thicknesses of cloth thereon forming acous-
tical resistance and inertance, screen 28 bheing
spaced from diaphragm [0 and defining there-
with a cavity or volume 29.

Assuming that the structure of Fig. 1 is placed
in air and sound waves approaching in the di-
rection of the arrow A impinge thereon, the
sound waves will come into contact with screen
28 and after a slight delay will contact diaphragm
{0. At some instant later, determined by the ef-
fective distance d’ between screen 28 and dia-~
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phragim. [f, and the-sound frequency, the sound
waves will come into contact with diaphragm I1.
The effective distance d’ differs from. the linear
distance between screen 28 and diaphragm-11{ be-
cause sound waves must bend around-the bar-
riers provided by the casings, the effective dis-
tance being greater. Because of this effect the
sound wave pressures across the screen 28 and
diaphragm i are not constant. Consequently,
the effective distance d’ is equal to the distance
d plus an average or effective distance from the
edges of the structure to the apex of diaphragm
i1 and screen 28. In instances where the dis-
tance d is relatively small compared to the di-
ameters of the casing, the effective distance d’
may approximate three quarters of the distance
from the center of screen 28 and the center of
diaphragm: (1. As the distance d.increases rel-
ative to the casing diameter, the effective dis-
tance approaches the center to center distance
and becomes very nearly equal to it for large
values of d. A sound wave, being in one aspect
thereof 3 varying pressure wave traveling through
the air, exerts varying pressure when it contacts
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it through collar 25, is the resultant of twe forces.

The first of these forces is that arising by virtue
of sound waves falling upon diaphragm 10
through screen 28 and transmitted directly to
crystal 24 through drive unit 17, and the second
is a. result of sound waves falling on diaphragm
{1 and transmitted to drive unit 17 through com-~

" pliant link 22, it being necessary to place the

16

20

the diaphragms, the sound pressure being con- :5.

verted into a mechanical force thereby. Sound
pressure waves contacting. diaphragm 19, after
permeating the screen 28, will cause this dia-
phragm to exert a mechanical force on crystal
24, the phase. of this force being determined by
the resistance and inertance of screen 28 and
the compliance of cavity 29, since the combined
mass of the diaphragm and its drive unit, its me-
chanieal resistance to movement or friction, the
stiffness of the diaphragm mounting as well as
the stiffness or resilience:of the air within cavity
{5 are sufficiently small compared to correspond-
ing characteristics of the crystal that.they may
be considered part thereof. Sound pressure waves
contacting diaphragm 11 exert a force thereon.
This mechanical force is shifted in phase by the
combined mass of diaphragm Il and drive. unit
18, its resistance to movement or friction, the
stiffness of the diaphragm mounting, the stiffness
of the air within cavity 16, the damping or re-
sistance of dissipative element 23, and the com-
pliance of link 22, link 22 serving to transmit a
function of this force to crystal 24. The effects
of seals {8 and 21 are made negligible.

A -directional microphone discriminates in
favor of sound coming from a particular direc-
tion or directions. One form of such directivity
and the one treated in detail in the following
_‘paragraphs is the one in which a ‘microphone

has maximum response where sound falls on it &

. directly from the front (direction of arrow A),
has minimum or zero response where sound
falls .on it directly from the rear (direction of
arrow B), and has a response varying between
maximum and zero where sound falls on it from
directions in between front and rear (i. e, cardioid
response of Fig. 8, k=1). In the microphone
shown in Fig. 1 the response thereof for any di-
rection of sound incidence is-the voltage gen-
erated by crystal 24 for sound of that-direction.
The voltage generated by a crystal being propor-
tional to its defermation, and since its deforma~
tion is proportional to the applied force, the
cardioid form of response is obtained when the
force acting on crystal 24 through collar 25 is a
rhaximum for front sound incidence, is zero for

rear sound incidence, and has values interme-

e maximum and zero for intermediate direc-

.of sound incidence. -

‘force acting on crystal 24, transmitted to
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- ing directly therefrom: oppose each other.

diaphragms in opposition so that the forces aris-
The
force arising from diaphragm I is transmitted

“to crystal 24, only after having its phase shifted

by a. phase shift network including mechanical
damping of element 23, the mechanical mass of
diaphragm [{ and drive unit {9, the resilience
(compliance) of the .air within cavity 8, the
resilience (compliance) of mounting of dia-
phragm |1, and the resilience of link 22. To pro-
duce zero response for sound of rear incidence,
the force from diaphragm I8 and the force trans-
mitted through link 22 must be equal in value
and opposed to each other.

The functioning of the various elements fo
produce the necessary forces which, when com-
bined to act on crystal 24 for producing cardioid
or unidirectional response, may best be under-
stood by considering the force diagrams Figs.
2, 3 and 4 in connection with Fig. 1.

Considering first Figs. 1 and 2 (normal front
incidence of sound waves as indicated by the
direction of arrow A), sound of pressure P fall-
ing upon screen 28 will pass therethrough and
fall on diaphragm (8 to exert a pressure Pi
thereon giving rise to a force Ei equal to the
product PiA where A is the area of diaphragm
0. The characteristics of screen 28 and cavity
28 are chosen as subsequently pcinted out so
that the numerical values of P1 and P are equal
throughout a substantial frequency range.
Screen 28 and cavity 29 produce a phase shift
designated by the angle « between the sound
pressure in front of screen 28 and the sound
pressure exerted on diaphragm 8. Hence the
force E available in front of screen 28 may be
considered to be PA and is equal to the force Eu;:
differing only in phase throughout the unidi-
rectional range of the network. This same
sound: wave, . before reaching diaphragm I,
travels the effective distance d’ through the
atmosphere to exert a pressure P’ on diaphragm
{1 giving rise to the force B’ equal to the product
P’A’ where A’ is the diaphragm area. The force
E’ differs in phase angle from the force E -by.
an angle ¢ determined by the time necessary for.
sound to travel the effective distance d’, and is
larger than force E or E1 since the area of dia-
phragm 11 is greater than the area of diaphragm
{2. The phase angle ¢ may be designated the
external phase angle. Since the effective dis-
tance d’ normally is small, P and P’ are sub-
stantially equal in magnitude. The diaphragins
{9 and. I being connected ih opposition, the
force B’ on the front diagram must be reversed
to—E’. The force transmitted to drive unit 17
froms diaphragm {i may be designated E:" and
differs from —E’ by a phase angle made. (or
designed to be) equal to the sum of the phase
angles introduced by screen 28 and cavity 29,
and the effective distance d’, i. e. (¢+a) pro-
duced by the phase shifting network. The angle
(¢-+2) may be termed the internal phase angle.
The force Ei’ is also less than the force —E’ or
E’ since a portion of the force E’ is consumed in
deforming diaphragm 1 and compressing  the
air in cavity::(6: :Bi’ is made equal to force Ei
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by: & proper choice of diaphragm.areas as: will
be pointed out subsequently in this specification.
The resultant vector combination of Ei’" and Ei
designated as Er acts on crystal 24 to produce
the voltage output or response. .

Considering next Figs. 1 and 3 (normal rear
incidence of sound waves as indicated by the
direction- of arrcw B), the force on diaphragm
it due to the sound pressure is E’ and has a
magnitude the same as in Fig. 2. Due to. the
time neeessary for this sound wave to travel the
effective distance d’ to screen 28, the force E
available there differs from source E' by an angle
¢-equal in value to that in Fig. 2 since sound is
traveling the same distance d’, the forces E in
the two figures being also equal in magnitude
since the same  instrument is involved. The
relative position of E’ and E in the two figures
is reversed since sound strikes the rear- dia-
phragm first for rear zound incidence. 'The
sound waves after striking screen 28 pass there-
through and exert a pressure on diaphragm 18
giving rise to the force E: which differs from
force E by the phase angle «. In Fig. 3 also,
since the diaphragms are opposed in direction,
the force E’ is reversed to —E’. The force Ei
transmifted to drive unit 17 from diaphragm (i
differs from force —E’ by a phase angle ¢-tq,
equal in value to that of Fig. 2, produced by the
phase shifting network. Since Ei is at an angle
(¢+a) clockwise from E’, and Ei’ is at an angle
(¢-+a) clockwise from —E’, By’ and K1 are op-
posed to each other and since they are equal
in magnitude due to a proper choice of diaphragm
areas the resultant force on crystal 24 is zero.
Hence for rear sound incidence the microphone
has zero response.

Fig. 4 shows the force diagram for an instance
where sound falls on the microphone from the
side or at right angles to directions A and B.
Since the sound in this case strikes the screen 28
and diaphragm I{ at the same time, the phase
angle ¢ between the forces E and E’ is zero,
E’ being greater than E as previously. Due to
screen 28 the force Ei has a phase angle o« rela-
tive to force E. The force E’ is reversed to —E’
and the force Ei’ has a phase angle (¢-+a)
which has the same value as for Figs. 2 and 3,
relative to force —E’ since the sound in passing
through the network experiences the same phase
shift irrespective of the direction of sound in-
cidence. Combining E1 and Ei’ vectorially, the
resultant Er gives the force tending to deform
crystal 24 or the microphone response for this
direction of sound incidence. Comparing Er
from Figs. 2, 3 and 4, it is evident that the re-
sponse for front incidence is greatest, and that
for right angle incidence has a value between
this and zero.

By constructing a series of force diagrams for
different directions of sound incidence the total
response may be obtained, the phase angle ¢ be-
tween the forces E and E’ or between any two
points in a sound wave spaced apart by an effec-
tive distance d’ being given. by the expression

s

wd
= C.

cos ¢

where

¢ is the phase angle between E and E’ in radians;

w is 2rf where f is the sound frequency in cycles
per second;

d’ is the effective distance between screen 28
and diaphragm || in centimeters;
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C+. is. the. velocity: of the sound wave in centi-
meters per second;

8.1s the angle: between the incident sound and
normal front incidence (the direction of
arrow A).

Since the velocity of ‘sound is a constant under
fixed atmospheric conditions, w is a constant for
some arbitrary frequency and d‘ may be fixed in
the microphone construction, it is evident that
the phase angle ¢ is proportional to cos ¢. For
6 equal to zero, i. e, sound is incident directly
from the front cos #==1 and the phase angle ¢
equals

wd’

va
and is-a-maximum (Fig. 2). If sound approaches
the microphone from-a direction at right angles
to arrow A, ¢ is ninety degrees and cos ¢ is equal
to zero. Consequently ¢ is equal to zero. This
is equivalent to saying that the sound contacts
screen 28 and diaphragm [l at the same time
and is- shown in Fig. 4 where E and E’ lie along
the same direction. For sound of rear incidence

(180°), cos 180° is equal to —1. ‘Hence
wd’
0—--——0—:

This is evident in Fig. 3:since E is rotated clock-
wise-from E~ which is the reverse of Fig. 1. By
constructing: a- series of force diagrams, as indi-
cated for Figs. 2, 3 and 4, with E* having different
angularities relative to E determined by the ex-
pression
4
%: cos. 8

the complete microphone response may be deter-
mined which will show that for directions of
sound incidence intermediate front and rear, the
response of the mierophone will be between maxi-
mum and zero and will have the shape of a
cardioid.

The presence of screen 28 having acoustical
inertance and resistance and cavity 29 having
acoustical compliance are not necessary for uni-
directional operation of the. device and may be
omitted: in some embodiments if appropriate ad-
justment of the phase shifting network constants
are made. = Fig. 5 illustrates one example of such
a.microphone, and. Fig. 6 is the force diaphragm
for sound of a given incidence. (In Fig. 5 screen
39, 4t produces the effect produced by member
23 of Fig. 1.) Thus, when screen 28 is omitted
from Fig. 1 sound approaching from the front
contacts: diaphragm 10 directly and E becomes
coincident with or the same thing as B
(angle a=0). Then the phase angle between E
and E’ is equal to

!

wd
¢——6:eos [/

and the phase angle between —E’ and Ei’ deter-
mined by the phase shift network is ¢ and is
made. equal to

wd’

c,
The vector diagram of Fig. 6 illustrates this situ-
ation where E is the force of sound incident on
diaphragm 10, E’ is the force of the sound wave
incident on diaphragm Il and is shifted with
respect to E by an angle

_wd’
o= c, cos 6




9
determined by the effective distance d’ between
the diaphragms.” Ei’ is force —FE’ shlfted in
phase by an angle equal to

ad!

C,

by the phase shifting network and decreased in

magnitude due to stiffness of diaphragm ti. As
previously indicated, the phase angle between

E‘and E’ is equal to
wd’
. C,
for front incidence, is equal to
_wd!
Cl

for rear incidence, and is zero for right angle

incidence. Since the phase angle between —F'
and Ei’ is now
wd’
T
instead of
)

it is seen that removing screen 28 necessitates
that the phase shifting network components of

" mass, dissipation and compliance must have their
values adjusted to produce the smaller phase
shift required.

Since the distance between diaphragms may
be fixed in any microphone and the velocity of
sound is a constant, it is evident from the ex-
pression for phase angle

7

between two points in a sound wave that for any
direction of sound incidence the phase angle ¢ is
dependent on the frequency of the sound wave.
The force diagrams of Figs. 2, 3, 4 and 6 are
drawn for a given frequency and it is clear that
the angular relationship of the forces depends on
the frequency. Over a substantial range of fre-
quencies the internal phase angle

!
1)

when screen 28 is present or

wd/)

C,.
where screen 28 is lacking will be shown subse-
-quently in this specification to vary with fre-
quency in the same proportion as the external
bhase angle, and that over this range of frequen-
cles the directivity is independent of the fre-
quency.  In one structure where screen 28 is
missing, and for frequencies up to approximately
3000 cycles per second, directional action is ob-
tained where the effective area of diaphragm 11
is 10 square centimeters, the mechanical com-
pliance (inverse of stiffness) of the mounting of
this diaphragm is 10-7 centimeters per dyne, the
volume of cavity 16 is 10 cubic centimeters, the
air in cavity 1§ is at atmospheric pressure, the
mass of diaphragm {{ and the drive unit {9 is
.12 gram, the mechanical compliance (inverse of
stiffiness) of link 22 is 4.2 10-8 centimeters per
dyne, and the resistance of damping element 23
is:3,460 mechanical ohms. In this instance d’ is
2.5 centimeters. The effective area of the front
diaphragm 18 is 5 square centimeters. The mass
of diaphragm 10 and driveé unit {7 and the com-
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pliance of camty i5 may in general be the same
as for the rear diaphragm and cavity but for the
analysis used above were assumed combined
with the mass and compliance of the crystal,
The operation of my invention may be €x-
plained in greater detail and the value of the
constants determined by considering the various
elements of the microphone as analogous to cer-
tain circuit elements of an electrical circuit. In
presenting these analogues it is customary to
treat acoustical mass (interance) and mechani-
cal mass as if they were electrical inductances;
acoustical and mechanical compliances as if they
were electrical capacitances; and acoustical and
mechnical resistances (fHuid friction) as if they
were - electrical resistors. In the conventional
analogues the equivalent electrical circuit may
be in either the mechanical or acoustical.con-
stants of the network. When various .acoustic
elements are associated with a single diaphragm;
the mechanical constants of all elements are ob=
tained from acoustical constants by multiplying
the acoustic impedance of all acoustic elements
by the square of the area of the.diaphragm. - Tn
all the following circuit constants, acoustical
units for mass are grams lem.—¢; for resistanee,
cm. see.! dyne—!; for comphance, cm.5 dyne—i.
Mechanical units for mass are grams; for resist-
ance, cm.! sec.—!.dyne—!; for compliance, cm.!
dyne—1 Corresponding electrlcal circuit . ele~
ments are in henrys, ohms, and farads. In Fig.
7 the equivalent electrical circuit for the micro-
phone of Fig. 1 is shown in terms of mechanical
circuit elements. The acoustic resistance and
inertance of screen 28, R and I in series multi-
plied by the square of the diaphragm area, corre-
spond to electrical resistance and 1nductance in
ohms and henrys respectively. - The mechanical
compliance reflected upon the diaphragm 16 by
the cavity 2§ in centimeters per dyne is analogous
to an electrical shunt capacity C, in farads.. The
mechanical mass of diaphragm [0, drive unit 17,
and crystal 24 in grams are lumped together and
correspond to the electrical inductance Iz in hen~
rys.  The mechanical compliance of the mount-
ing edge of diaphragm 10, crystal 24, and the
compliance reflected by the air within cavity 15
upon the diaphragm [0, are lumped together and
correspond to the electrical capacity Cs in farads,
The mechanical mass of diaphragm i, drive unit
19, and any effective mass of the dlssmatlve ele-
ment 28 in grams are lumped together and cor-
respond to the electrical inductance I’ in hen-
rys. The mechanical compliance of the mount-
ing edge of diaphragm 11, the effective or equiv-
alent compliance of dissipative element 23 and
the air within cavity {6 (reflected upon the dia-
phragm) in centimeters per dyne are lumped to-
gether and correspond-to the electrical capacity
Ci1 in farads.. The mechanical resistance or
damping in dynes per céntimeter per second of
element 23 corresponds to the electrical resist-
ance R’ in ohms. For this to be true the damp-
ing of element 23 must be of a viscous character,
which is to say that the force developed across it
is dependent upon the velocity of the force.  The
mechanical compliance of link 22 in centimeters
per dyne corresponds to the electrical shunt ca-
pacity Cz in farads. E, as already defined, is
equal to PA and B’ is equal to P’A’ where P and
P’ are the soung pressures on diaphragms (0 and
11, and A and A’ are the areas thereof. The at~
mosphere is known to load the diaphragms.: This
gives rise to an additional impedance term which
is generally small compared with other elements
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in- the ecireuit, and it may be neglected. When
such is not the case, however, this additional term
sheuld be Taken into account in the calculations.
Referring to the Patent No. 2,305,596, filed
April 7, 1941, issuied on December 22,1942, under
the name of Benjamin B. Bauer and assigned to
the same assignee-as the present invention, the
electrical circuit illustrated in-Fig. 8 thereof cor-
responds in form to-the electrical circuit of Fig.
7-0f this specification, and following the analysis
there given cardioid directivity is -obtained, that
- is,-the voltage e across Cs and Ig in series Is zero,
or the force tending to-deform crystal 24 is zero

for rearsound ineidence when

. _Z_l_'/ Zy__E'w
1+-Z2'- 1+Z~z— E1go

@

P B
Zi' = ,R' kjol +ij’1
1

Zz gl

E'10-iS the voltage or force at diaphragm 11 due to
-gound incident from the rear.

By0.is ‘the voltage.or force at. sereen 28 due to sound
incident from the rear.

The voltages-or forces B’ and E, irrespective of the
direction of sound incidence,.are equal to.the prod-
uet of the sound pressure.and diaphragm. areas
‘and in ‘general are not equal.

w is.as already defined,

j-isthe mathematical symbolfor the expression V=1

Substituting the foregoing into Equation I there
results

. 'Cz
Fidrans 2! weraB3 T2 A BB}
1+JMR C.'z L CZ&-'Cl_VE'lso____nP'moA' (I
) 14joCR—eALC Ew PiA
If 'it 1§ ‘defined that
C‘iCz
[
¢ Cy+C,

W’hi_’éh'is the expression for the total capacitance
of Ci1 and Cz in series circuit and recalling that
P’150 and Piso are equal in magnitude but differ
ih phase by the angle «d’Cy, then

T g_z) 1+jeRCT =BG\ _4A",

: (1"‘01 et r—are )= aldl. dD

where

Jwd’]C,
represents. the phase -angle between P’z -and
Pigo, the symbol / -is the vectorial notation for

phase -angle -and .all other quantities are as al-
ready -defined. 'The factor

/ 1—+qu’C”—w2L”C'>
- 1+4+joC R—e?LC

represents -a -quotient of two vectors, each of
which may ‘be made very nearly a unit vector
operating -at an angle proportional to frequency,
if the relationship between resistance, induc-
tance:and -capacitance is-such that: ’

i __C’R2 ) CfR’2
L==5- 5

and I/s= Iv)
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and (1 +%j)

being pure numbers, Equation III is true only if

- The factors

A

14+juRC'—RL'C’

T FjeRC—wI0 —lediC ()
and
G\ _4
<1+C1;>‘.—A v
Suppose for purposes of analysis that the com-

pliance Ci were equal to infinity, that is to say
that the stiffness of the mounting of diaphragm
{i and the air trapped in cavity 16 is reduced to
Zero, or so small as t0 be negligible. Then the

factor
C,
(+&)

reduces to unity for finite values of Cz and the
areas of the diaphragms would be equal in this
limiting case. Practically this condition is ob-
tained if the compliance of the link 22 is much
less than the combined compliance of the mount-
ing of diaphragm i and cavity 18. . Also under
this assumption

1+jwR'C' —utL'C’
14+ jeRC —?LC

1+joR'Co—?L/Cy
1+joRC—e?LC

where 1+joR’'C2—w?L’C2 is a unit vector-oper-
ating .at an angle very nearly proportional to
frequency but with C: only present, and Equa-
tion IIT becomes
14jwR'Ci—a?L'Cy_, .,
1+jwRC—w?LC =/wd'[C,
The vector diagram of Fig. 3 corresponds to
Equations IT and III, both being for rear sound
incidence. Thus, E’ is force on diaphragm {1,
is equal to P’A’, and corresponds to E’iso; E is
the force available at screen 28, is equal to PA,
and corresponds to Eigo, E being less than E’ due
to the difference in the areas of the diaphragms
and lagging behind E’ by an angle ¢ equal to
wd’ /C» as previously pointed out; Ei is the force
on the front of diaphragm (3 and lags behind
E by an angle « represented by the factor
14-joCR—w?LC, and Ez’' is the force shifted from
the force (—E’) by an angle (¢-+a) represented
by the factor 14-jwR’C’—«?L’C’. In this case
the force Eo’ is across Ci: and C: in series and
it is only the force across Cz or Ei’ that opposes
Ei. Since a portion of the force applied is used
to overcome Ci (to deflect diaphragm (1 and
compress the air in cavity 18), it is necessary
that the force E»" be greater than the force E
or E: in order that the component of force Ez’
across Cz, namely Ei’, be equal to Ea. By’ is
the force transmitted to drive unit 17 from dia-
phragm 1t and is combined with Ei, the force
transmitted to drive unit (7 from diaphragm 18,
to give the resultant force applied to crystal 24,
which for 180 degree sound incident must be
Zero.
Thus, due to the compliance of the mounting
of diaphragm 11 and the air in cavity 16, in order
to have Ei’ and Ei equal in magnitude, the force

(VII)
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originating at diaphragm I{ must be greater than
the force at diaphragm 10 by the factor

(+3)

If the compliance C: is infinite, the areas of dia-
phragms 10 and {1 would be equal, and if the
force diagrams of Figs. 2, 3, 4 and 5 were plotted,
these would differ from those of the present fig-
ures in that the forces E, Ei, E’, —E’, and Et’
would all be of equal magnitude. The angular
relations would remain the same. By construct-
ing diaphragms 11 and 10 such that their areas
have the ratio defined by Equation VI, the com-
pliance of the mounting: of diaphragm [{ need
not be neglected but may be taken account of to
produce’ directivity over the complete frequency
range. This result is attained by virtue of the
fact that the pressure on diaphragm I{ is trans-
mitted as g force and not as a pressure. Hence,
increasing the area increases the foree.

Also following the analysis given in the patent
and from Equation IIT of this specification where

«wR’C’ and wRC individually are considerably less -

than one

°(’J,d — (R'C'—RC)w

from which it follows that o, the frequency
term may be eliminated and

a5 ’_
C———RC RC

v

(VIID)

(Ix)

The expression
wd’
C,

represents the external phase angle and the ex-
pression »(R’'C’—RC) represents the internal
phase angle, the factors «R’C’ and «RC being
due to the phase shifting network and the screen
28 respectively. .

From the foregoing equations the various con-
stants given hereinafter for unidirectional re-
sponse of the microphone may be calculated,
HEquation III being valid throughout the range

_of frequencies wherein- @’ is not larger than one
quarter of the sound wave. Thus, if d’ is equal
approximately to two and one-half centimeters,
cardioid directivity is obtained for all frequen-
cies up to approximately 3,000 cycles per second.
Since Cv, the velocity of sound, is a known con-
stant for given conditions of temperature and
pressure, the expression d’/Cyv is known for any
value of d’ which may be chosen. Then the
values of R’C’ and RC may be determined in
accordance with Equation IX and L and I’ may
be determined from Equation IV.

Tt should not be assumed, however, that above
3000 cycles per. second directional action ceases,
because above the frequency where the trans-
verse dimension of the microphone is a quarter
“wave length or greater, the instrument tends to
become highly unidirectional in favor of sounds
arriving from the front because of diffraction and
the so-called. “bafile effect.” With a transverse
dimension of three centimeters, this effect be-
gins at about 2500 cycles per second and direc-
tional action may therefore be obtained essen-
tially throughout all of the important frequency
range, )

When the choice of microphone constants is
made in accordance with the foregoing equations,
the microphone will be insensitive to sound waves
arising from the rear, that is, impinging perpen-

26

40
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dicularly upon diaphragm {i (direction of arrow
B) and will have its greatest sensitivity to sound
falling directly on diaphragm 10 (direction of
arrow A). The sensitivity pattern will be heart
shaped, i. e., the cardioid pattern shown in Fig.
8, k=1.

The presence of screen 28 has some effect upon
the directional properties of the microphone,-it
being responsible for the factor RC of Equation
IX. It has been found, however, that by mak-
ing the cavity 28 small, the prineipal effect of
the screen is to dampen mechanical resonance
of diaphragm 18. If screen 28 is completely
eliminated, a slightly different choice of dimen-
sions of dissipative element 23 and compliant
link 22 is sufficient to restore the desired direc-
tional properties. In this instance Equation IX
reduces to

" pren

| o, =F¢ |
Such a construction is advantageous in many
instances since the cardioid directivity may be
obtained for greater values of d’. The constants
may be so chosen that the viscosity of element
23 is sufficient to dampen the motions of dia-
phragm 10 and crystal 24 because of the cou-
pling which attains through link 22.

In Fig. 5 another method of obtaining the
dissipative component is shown. In this embodi-
ment a screen 39 with fabric 41 attached thereto
is placed behind diaphragm I{, the screen and
fabric being placed very close to the diaphragm

5 so that the volume of the cavity therebetween

is very small. Hence the fluid motion of the
air through the screen is, for all practical pur-
poses, identical with the motion or displacement
of the diaphragm. The screen 38 and fabric 41
have acoustical resistance which is the resistance
to the flow of air therethrough and may be
determined by measuring the pressure, in dynes
per square centimeter, necessary to force a steady

- stream of air at the rate of one cubic centimeter
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per second through the screen.- The acoustical
resistance is then numerically equal to this pres-
sure and will provide the mechanical damping
or dissipation which may be calculated by mul-
tiplying the acoustical resistance by the square
of area of diaphragm (1. )
Correspondingly, screen 89 and fabric 41 have
acoustical mass or inertance and to obtain the
mechanical mass the acoustical mass is also mul-
tiplied by the square of the diaphragm area.
The embodiment of Fig. 5 has a humber of
important advantages. It is known, for example,
that compliance and inertance of air cavities and
passages vary with the atmospheric pressure. For'
instance, compliance varies inversely with varia-
tions in the atmospheric pressure and inertance

“varies directly with variations in the atmospheric

pressure. On the other hand, the viscosity of
air remains constant with atmospheric pressure
through an unusually wide range of pressures.
Likewise, viscosity remains practically constant
with varying temperature. The embodiment of
Fig. 5 employs the mass of diaphragm (I and
drive unit 12 and the mechanical compliance of
link 22 for obtaining the reactive components of
the phase shifting network at the same time it
uses the acoustical resistance of screen 39 and -
fabric 4¢ for obtaining the dissipative element.
In this manner a structure is obtained producing
the desired unidirectional effect which is sub-




2,553,530

15
stantially independent of the :air pressure and
bemperature and the microphone has unvarying
unidirectional properties when used in high alti-
tude flying, for example.

Fig. 9 shows another manner of obtaining the
dissipative effect. producing damping of dia-
phragm |1 in order to obtain the necessary phase
shiff. In Fig. 9 the casing {3 is shown in frag-
mentary form together with drive unit 19, the
drive unit being attached on each side of casing
13 to metallic diaphragsms 31 and 32 by soldering
or welding, for example. - Diaphragms 31 and 32
are spaced from casing 13 by annular members
33 and 34 and cooperate therewith to define a
chatmber 35 filled with a suitable viscous sub-
stance such as-a light oil or liguid silicone. The
casing 13 between diaphragms 31 and 32 is pro-
vided with a number of small openings through
which 0il may flow. When the drive pin moves
back and forth diaphragms 31 and 22 move there-
with foreing the oil in chamber 35 to move back
and forth through the openings in casing 13,
thereby causing a dissipative action which pro-
vides the mnecessary damping component. The
compliance of diaphragms 31 and 32 becomes a
part of the total compliance indicated as € in
Fig. 2 and the same analysis is applicable.

In Fig. 10 another method of obtaining the
requisite dissipative component is shown.  The
casing 13 is provided with a cylindrical portion
36 which is adapted to be closed by a cover 37
and flexible ‘seals 40 and 2f, chamber 36 being
filled with petroleum or silicone jelly or a similar
semi-solid substance. A disc 38 is attached to
the drive unit 12 so ‘that to-and-fro motions
thereof preduces to-and-fro motions of the dise
in the jelly-like substance and provides a satis-
factory amount of dissipation for operation of the
structure.

As already pointed out in Egquation VIII the
left-hand side, wd’'/C», represents the  external
phase difference, i. e., the phase difference be-
tween E and E’ which resulis from the time
required for the sound wave to travel to the
effective: distance d’. The right-hand side,
w(C'R’'—CR), represents the internal phase
difference, i. e., the difference between the phase
shift the force E’ experiences in passing through
the rear phase shifting network and the phase
shift the force E experiences in passing threugh
the acoustical screen 28 and cavity 26 to dia-
phragm 1{8. If the quantity % is defined such
that

k={(C'R’—CR)Cv/d’ x)

that is, as equal to the ratio of the internal
phase difference to the external phase differ-
ence, then the resulting response of the micro-
phone 7, in polar coordinates, in terms of the
angle of sound incidence, ¢, is given by

r==p(k4ccs 9)

where p is proportional to the maximum pres-
sure of the sound wave. As indicated in the
patent referred to, this is the eguation of the
limacon. By substituting different values of
R’ or different values of C’ in the expression for
k and using this value of % in the equation of
the limagon, the variation in directional re-
sponse with: the choice of the mechanical con-
stants may be determined. When k equals one,
that is, when Eguation IX holds; a cardioid di-
rectional pattern results (Fig. 8). 'This is the
directional characteristic frequently desired and
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the one to which detailed consideration Has
been given. The microphone is capable of giv-
ing other responses. When k equals infinity
the response is non-directional, i. e., it is a pres-
sure responsive microphone. As k is made less
than one, the microphone maintains its unidi-
rectional property, or preferential response to
sound of front incidence, but it has a definite,
although a diminished, response to sound of rear
incidence with zero response along two axes at
an angle to the line of rear incidence. In the
limiting case when k equals zero, that is, when
R'C’ equals RC, the microphone becomes a co-
sine bidirectional type (maximum response from
iront and rear and zero respense from the sides).

Since d’ depends on the external shape of
the ‘microphone, and R and C are determined
by the screen 28 and the volume of the cavity
29 respectively, the value of % is most conven-
iently changed by altering the product R’C’.
All unidirectional characteristics of the micro-
phone between the ‘non-directional and the co-
sine bidirectional which are given by the equa-
tion of the limagon are obtained by varying &
between zero and infinity. 'The value of in-
finity is obtained by eliminating the link 22;
the value of zero is obtained by making the
link 22 .a rigid connection, By varying the
value of the dissipation of element 23 or the
resilience of link 22, the varying types of uni-
directional response are obtained including the
cardioid case. The spacing d and consequently
d’ may be varied by eliminating spacers 14 and
casing 28 and movably mounting one. of cas-
ings 2 and i3 relative to the other, such as
by a rack and pinion. Varying this spacing
will vary the directional pattern as already in-
dicated.

One manner of cobtaining variations in the
compiiance of link 22 conmecting diaphragms
19 and ({ and in the amount of dissipation or
damping associated with diaphragm i1{ is shown
in Fig. 11. In this embodiment the general
constructional features of the microphone are
similar to those illustrated in Fig. 1 and the
same reference numerals are used for corre-
sponding parts. The structure of Fig. 11 dif-
fers from that of Fig. 1 in two respects, the first
of these being that the fixed compliant link
22 of Fig. 1 has bheen replaced with a variable
compliant link 8% and the second of these be-
ing that the block of dissipative material 23
of Fig. 1 has been replaced with an electro-
magnetic damping unit §7.

Compliant link 66 comprises a stirrup 68 con-
nected to drive unit 18 and a resilient member
or spring 83 coannscted to drive unit 7. Stir-
rup 88 includes a ‘pair of spaced apart mem-
bers Tf and ¥2, the member 7! being relatively
rigid -and the member 72 being relatively flex-
ible. The resilient member 63 is rigidly at-
tached to the end of arm 7i, is slidably ar-
ranged in the corresponding end of arm 72,
and is rigidly attached to the drive unit I7.
Adjacent resilient member §9 an adjusting
screw 18 is provided and is threadably received
in cooperating threads in arm 71 and through
a hole in arm 72.

In the position shown, arms 71 and 72 are
symmetrically disposed with respect to drive
unit {7. This is the normal position of arm
12 relative to arm 7!. Since the member 69
is resilient or flexible, it is evident that the link
66 has a certain value of compliance depend-
ing ‘upon the relative. lengths of the portions
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of member 88 on each side of the drive unit 7.
With the arms 71 and 72 symmetrically - dis-
‘posed about drive unit {7, the compliance of
resilient member 69 may be so chosen that
Fquation I is satisfied, that is to say, k=1 and
the microphone has a .cardioid response (for
definite values of dissipation). By rotating ad-
justing screw 78, the position of arm 72 may
be changed from the position shown to any posi-
‘tion ‘up to- those shown in broken lines. As
arm 12 moves toward drive unit 17, it is evident
that the length of the resilient member 69 be-
tween drive unit {7 and arm 12 is decreasing.
‘Accordingly, the stifiness of resilient member
69 is increasing or the compliance thereof is
decreasing. At the point where arm 72 is in
contact with drive unit 7, the compliance of
link 88 has been reduced to zero. In other
‘words, it is now a direct or rigid mechanical
connection. As pointed out previously in this
specification, when the link is rigid, k=0 and
the microphone becomes a bidirectional or co-
sine law response microphone. Thus the type
of microphone response may be changed from
cardioid to cosine law merely by changing the
position of the. adjusting screw 73. Similarly,
the adjusting screw may be varied to move arm
72 outward from:its initial position to thereby
decrease the stiffness of the link with a conse-
quent reduction of the factor & and an approach
of the response pattern toward the pressure
response. After a definite value of R’ has been
chosen, such as for cardioid response, changing
the position of adjusting screw 718 will change
the compliance of the link and thus change the
value of C’ in equation X to give a certain value
of k and consequently a different directional
‘pattern of the microphone.

The dissipative unit 67 comprises a magnet 14
having a central pole 75 which may be circular
in cross-section and an outer pole 76 which may
be annular in cross-section, the outer pole and
the central pole defining an air gap between them
within which a coil 77 is adapted to move. The
‘magnet is arranged to be held rigidly relative to
casing 13. The ends of coil 7T are brought out
of the casing along the diaphragm, one end
thereof being connected to a resistor 78 and the
other end being connected to a movable con-
tact 79 for contacting resistor 78 at different
points along its extent. By shifting contact 79,
varying amounts of resistance may be placed in
circuit with coil 17. The coil 17 is mounted on a
support which is rigidly connected to the drive
unit 19 and thus the coil moves in its magnetic
air gap whenever diaphragm {l moves or vi-
brates. As coil 77 moves in the magnetic air gap
a. voltage is generated therein which causes a
current to flow through resistor 78, the amount
‘of resistance in the circuit determining the mag-
nitude of the current. The current flowing in
coil 11 sets up a magnetic field which interacts
with the magnetic field of magnet 74, tending to
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oppose movement of diaphragm I{ or to dissi- .

pate the energy of its motion to produce damping
of the vibrations. Hence, by providing a variable
resistor 718 the amount of damping or dissipation
provided by the unit 87 may be varied. The cou-
pling between the magnet and the coil may be
varied by other similar means, such as by pai-
tially withdrawing the magnet from engagement
with the coil, )

Tn order to satisfy the relationship defined by
Equation IX, it is evident that the values of C’
and R’ must be varied in a definite relationship.
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Thus, whenever the value of Cz supplied by link
66 is varied, the amount of damping R’ supplied
by unit 67 may be varied in order to satisfy the
necessary relations. Moreover, the value of R’
may he varied to satisfy Equation X to produce a
directivity pattern other than the cardioid.

In one specific instance which has been found
extremely desirable, k is made equal tc the ratio
37/63. For this choice of %k, the microphone has °
a unidirectional index of 14, that is, sounds com-
ing at random from the solid angle encompassed
by the front hemisphere will produce a response
14 times as great as sounds coming at random
from the solid angle encompassed by the rear
hemisphere. Whatever value one chooses for %,
however, the proper choice of circuit constants
is given by Equations IV and X.

It is not necessary that the coupling means be-
tween the two diaphragms be merely compliant.
It may include mass or inertance and resistance
as well, that is, it may be a general impedance.
In Fig. 15 one form of such a coupling connects
the drive units 17 and 19 of the structure of Fig.
1, for example. Connected to drive unit 19 is a
cylinder 10, surrounding which is a ring 7la of
T shape in cross section. The ring Tla is con-
nected by means of a stirrup T2¢ to drive unit 7.

The cylinder 18 is held in position by a pair of
flexible diaphragms 73¢ and T4e which are at-
tached to the outer diameter of ring Tla to form
a chamber on each side of the central portion
of the ring. The chambers are filled with liquid,
such as a light oil, which is forced to move from
one chamber to the other through the annular
slit between the outside diameter of cylinder 78
and the inside diameter of the ring. The move-
ment of the liquid through the narrow passage
causes the presence of both resistance and in-
ertance or mass. The compliance of the dia-
phragms 13a and 14a is the principal compliance
of the system and serves to transmit the force
from drive unit 19 to drive unit 17.

Following an analysis similar to that outlined
for the structure of Fig. 1, cardiocid directivity is
obtained by the structure of Fig. 15 when the re-
Jationship of the constants is given by the ex-
pression ’ ' »

C, _a
m (CIRI"‘CZRZ) —C,,
up to a frequency where d’ is not greater than
one quarter wave length. In this expression Ci
is the compliance of the mounting of diaphragm
{1, R: is resistance of the damping unit 23 (Fig.
1), Cz is the compliance of the diaphragms 13 and
14, and Rz is the resistance of the fluid flowing
in the annular slit. The mass of diaphragm I1
is given by the expression
CiR
2

L=

and the inertance or mass of the fluid flowing in
the slit is given by the expression
_CzRgz
-2

In order that directivity. may be had at all
frequencies, including the low frequencies, the
ratio of areas of diaphragms If and 18 is given by
the expression

L,

A C
Z—_ 1+ o

where these terms are as already defined. If the
mounting compliance of diaphragm {1 is negligi-
ble then the areas A1 and A may be equal.
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-~ Another embodiment of my invention is illus-
trated in Fig. 12. In this embodiment the mi-
crophone comprises. a casing 44 of sound-im-
permeable material having two portions. thereof
of different diameters, the smaller portion being
closed by a diaphragm 43 and the larger portion
being closed by a diaphragm 46 thereby to define
a closed cylindrical chamber 8{. Extending in-
- wardly from the apex of diaphragm. 45 and at-
tached thereto is a- drive unit 47, and extending
inwardly from the apex. of diaphragm &5 and at-
tached. thereto is. a drive unit 48, the drive units
being connected together by means of a com-
pliant link 49 which may be made of a spring,
rubber, or elastomer- similar to compliant link
22.. Supported- within. the casing 44 is a crystal
52 relatively rigidly connected to drive unit 47
by a collar 50 whereby. movements of diaphragm
45 are communicated: thereto. Extending: in-
wardly from casing 44 is a relatively rigid. mem-
ber §3- adapted. to hold a dissipative element 54
(an. elastomer for example) which is connected
to-the drive unit 48 to-dampen the movements of
diaphragm 48§.

It will be seen that the microphone illustrated
in Fig. 12 is similar to that of. Fig. 1 in that-fwo
diaphragms are coupled.by means of 2 compliant
link, and the modification of Fig. 12.differs from
that. of Fig. 1 in that- diaphragms. 45. and 46. in
addition-to link 44-are coupled. by the:compliance
of the air within.chamber 54, whereas. in. Fig. 1
diaphragms: 18:and {4 are not coupled by an air
cavity. Compliant link 48 may be omitted, leav-
ing only the coupling effected by the.air cavity,
without changing the unidirectional character
of the microphone if compensatory changes. are
made-in the remaining microphone structure, as
will be:subsequently explained.

The microphone of Fig. 12, while different in
construction: from, operates similarly to that: of
Fig. 1 in:that the force arising from. sound waves
falling upon diaphragm #&5. produces. one force
acting ‘upon: erystal- 52 through drive unit. 47,
and.the force-arising from-sound waves falling
upon diaphragm 46 produces a. second. force
transmitted. to the-crystal 52 through. drive pin
48, the deformation of the crystal, and hence its
output, being proportional to the resultant of
the difference: of' these: forees: since the di-
aphragms oppose each other. - The second forece
is made up of two parts, one of which is: a force
transmitted through link 49 and the other of
which is a force resulting from the pressure trans-
mitted through the air in cavity 51 and con-
verted into -a force at the underside of di-
aphragm 45. - The mass of diaphragm 48 and the
compliance of its mounting, the compliance of
the air in cavity 51, and- the compliance of link
48, together with the damping of dissipative ele-
ment 54, produce a phase shifting network by
means of which the second force acting upon the
crystal 82 is so shifted relative to the force- aris-
ing from sound waves falling-externally upon-di-
aphragm 46 that the microphonre has maximum
response for normal front incidence of sound
(indicated by the arrow A) and minimum re-
sponse.for rear incidence of sound (indicated by
the arrow B)Y. Other directional patterns may
be obtained by proper selection of the network
constants.

Since the output of this-microphone also is due
to the deformation-of the crystal 52, when there
is'no deformation of crystal 52 there is ne: volg-
age output, and when the- deformation of crystal
62 is at a maximum there is maximum. voltage
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output. Accordingly, for this microphone to
have a. cardioid directional response, the ele-
ments thereof are arranged so that the deforma-
tion of crystal. 52. is zero when sound. is directly
incident on the rear diaphragm.

In order to have the deformation of crystal 52
equal to zero, it is evident that the resultant
force acting on the crystal must be zero. Since
sound pressures P and P’ of equal magnitude
act on diaphragms 45 and 46 respectively produc-
ing forces E and E’, these forces arising from. the
same sound wave, it is evident that the final
combination of forces resulting from the forces
E and E’ must be zero for sound of rear incidence.
This may be visualized by the vector diagram of
Fig. 13 which shows the relationship of forces
for sound of rear incidence. Thus the vector E’
is the force due to sound falling on diaphragm
46, the sound coming in the direction of the arrow
B, the length of the vector E’ being equal to P’A’
where P’ is the pressure of the sound wave and
A’ is the area of diaphragm 4§. The sound wave
continuing to travel also falls upon diaphragm 45
and exerts a force E equal to PA where P is the
pressure  of the sound wave and A is the area
of diaphragm 45. Due to the time necessary for
the sound wave 1o travel the effective distance
d’ between diaphragms 45 and 46, the force E
iags behind the force B’ by phase angle ¢ which
is equal to

wd!

C,

Hence, on the vector diagram, E is shown clock-
wise from E’ by an angle ¢. Whereas the force
on diaphragm 48 is opposed to the force on di-
aphragm 45, as for the microphone of Fig. 1,
the force B’ is reversed and is shown as a force
—E’ on the diagram. The force E’, evenl when
reversed to —E’, does not combine directly with
the force E, but due to the inherent character-
istics of dimphragm 48, that is, its mass and the
compliance of its mounting, and due to the char~
acteristics of the means for transmitting the
force from diaphragm 468 to diaphragm 45, that
is, the compliance of link 49, the compliance of
the cavity &1 and the damping of the. element
94, the force Ei’ finally, transmitted through the
link and through the cavity 51 to rear of di-
aphragm 48 and to the driving unit 47 has.a phase
angle relative to the force —E’, this phase angle
being designated as the internal phase angle of
the microphone. On the vector diagram the
shifted force —®’ is shown as Ea2’. Due to. the
compliance of diaphragm 46 a certain propor-
tion of the force —E’ is consumed in deforming
this element and thus is not available for trans-
mission to drive unit 47 either through the air
cavity 8f or the link 48. However, of the force
E2" a component Er’ is transmitted to drive unit
47, and consequently combines with the force E
to act on crystal 52. When the microphone is
designed in accordance with the invention, the
internal phase angle may be made equal to

wd’
c,

which is equal to the angle ¢ for sound- of rear
incidence; and- the magnitude of Ei’ made equal
to the-magnitude of E.. Accordingly Ey’ and E
may be made to directly oppose each cother and
their-resultant.in zero. Since: the resultent forcs
is zero, there is' no deformation of crystal 52: and.
the output-of the microphone is zero.
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For sound of front incidence (direction of
arrow A) the force diagram is of the same form
as in Fig. 6. The force acting on diaphragm 45
may be illustrated as a vector E having the same
magnitude as the vector E in Fig. 13, Then, due
to the time necessary for sound to travel the
effective distance d’, the force E’, due to the
sound falling on diaphragm 48, may be illus-
trated as a vector E' at a clockwise angle

_ad’

=T,

relative to the vector E sinece cos =1 for front
incidence.
produced by the diaphragms are opposed to each
other, the force E’ is acting reversely from the
direction shown and accordingly is reversed to
—FE'. As indicated for the case of rear incidence
of sound, due to the diaphragm plus the network
coupling diaphragms 4% and 45, the force Ey
lags behind the force —E’ by an internal phase
angle which, in this case, is equal to the internal
phase angle of Fig. 13 since the internal network
has not been changed. In this case also a cerfain
proportion of the force —E’ or K2’ is consumed
in deforming diaphragm 486 and thus is not avail-
able for transmission to drive unit 47. However,
there is a component of this force Ei’ edqual in
magnitude to the force E when the microphone
is designed in accordance with the invention,
which is transmitted to drive unit 47. The
resultant Er of forces B’ and E deforms crystal
52 and produces the microphone output. Accord-
ingly, it is evident that for sound of front in-
cidence a force of definite value is available. to
.deform crystal 52 and produce microphone out-
put.

A microphone with cardioid directional prop-
erties up to 3000 cycles per second due o the
network may be constructed in accordance with
the invention having the following constants:

. The volume of cavity 51 equal to 10 cubic centi-
meters; the area A’ of the rear diaphragm equal
to 10 sq. centimeters; the acoustical compliance
C4 of the air cavity equal to 7.1x 10—% cubic cen~
timeters per dyne per square. centimeter; the
mechanical compliance Cz of the link equal to
1x10-7 centimeters per dyne; the mechanical
compliance of the mounting of the rear dia-

phragm.C: equal to 1X10-7 centimeters per dyne; 5

the mass of rear diaphragm and driving unit
48 equal to .090 gram; the resistance of dissipative
element 54 equal to 2470 ohms.. The compliance
of the mounting and mass of front diaphragm
-and drive unit 47 may be equal to those of the
corresponding rear elemenfs; the area of the
front diaphragm being equal to 5 square centi-
meters. It should not be assumed that uni-
directivity stops at 3000 cycles per second since
above this frequency -the microphone becomes
highly unidirectional from the front due to the
bafile effect of the casing (A’ being 10 square
centimeters, the transverse dimension will ap-
proximate 3 centimeters).

For a more complete understanding of the
invention and for a knowledge of the manner
of computation of the microphone constants, an
analysis of the equivalent electrical circuit (Fig.
14) of the microphone of Fig. 12 may be made.

Referring to Fig. 14, E is analogous to the force '

produced by the pressure P of sound waves falling

In this case also, since the forces -
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on diaphragm 45 and is equal to PA where A -

is the area of the diaphragm. E’ is analogous
to the force produced by the pressure P’ of sound
waves falling on diaphragm 46 and-is equal to

. - 22

P’A’ where A’ is the area of this diaphragm.
The mechanical mass of diaphragm 48, drive unit
47 and crystal 52 in grams lumped together, are
analogous to the inductance Ls, and the mechan-~
ical compliance of the mounting of diaphragm
45 is analogous to the electrical capacity Cs. The
mass of the diaphragm 46, of the drive unit 48,
and the equivalent mass of dissipative unit 54 in
grams may be lumped together and are analogous
to the electrical inductance 1. The mechanical
resistance of the dissipative element 54 is analo-
gous to the electrical resistance R’. The me-
chanical compliance of the mounting of dia-
phragm 46, and the equivalent compliance of the
dissipative element 54 ray be lumped together
and are analogous to the electrical capacity Ci.
The compliance of link 49 is analogous to the
electrical capacity C: and the compliance of
the air within the cavity 5{ is analogous to an
electrical capacity Ca.

The two compliant elements, link 42 and the
air in cavity 5i, are factors in coupling the vibra-
tions of diaphragms 25 and 46, and may be con~
sidered to be acting separately, and are shown
coupled by idealized transformers 35, 5%a, 56 and
86q, including respectively windings 57 and 58,
59 and 61, 82 and 63, and 84 and 85. The turn
ratios of windings 57 to 58 and 62 to 63 are as
one to one, the turn ratio of winding 59 to wind-
ing 61 is as A to one, and the turnh ratio of wind-
ing 64 to winding 65 is as one to A’, A and A’
being the areas of diaphragms 45 and 48 respec~
tively. Thus the mechanical compliance of the
link 8 (C2) is directly coupled o the diaphragms
and the acoustical compliance of the air in cavity.
51 (Cs) is coupled thereto through transformers
having a ratio of one to A and one to A’ respec-
tively.

The treatment of the air coupling of cavity
51 (Ca) and the link 43 (C2) coupling the dia-
phragms through transformers having trans-
formation ratios corresponding to the areas of
the diaphragms and having transformation
ratios of unity is a consequence of the fact that
the link 49 transmits g force and the air in cavity
Bl transmits a pressure. When pressure is ex-
erted on the exterior of diaphragm 48, there is
a total force produced egual to product of the
pressure and area. This force decreased by the
amount needed to overcome the compliance of
the mounting of diaphragm 46 is transmitted in
provortionate amounts as a pressure through the
air in cavity 51 and as a force through link
49 to diaphragm 45 and drive unit 47, depending
on the relative compliance of these elements.

Sinece link 49 transmits its proportionate
amount of force directly without any change in
its value, it is represented as coupling the dia-
phragms through one to one ratio transformers.
However,  the proportion of force transmitted
by the air appears as a pressure inside of the
casing, and while this proportionate part of the
force at diaphragm 48 is equal to pressure inside
of the casing multiplied by the area of the dia-
phragm, only the inside pressure is fransmitted
to diaphragm 43 where the force is this pressure
multiplied by the area of diaphragm 48, Due
to link 49 the force transmitted from one dia-
phragm to the other depends on the diaphragm
areas, and since the pressure in cavity 81 has
an average value, the air is shown coupling the
diaphragms through transformers having the
areas as ratios of fransformation.

For cardioid directivity the resuitant force for
sound of rear incidence téending to deform crystal
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52 must equal zero, as pointed out previously;
or the voltage e across L3Cs must be equal to
zero. Analyzing the circuit of Fig. 14 and im-
posing the condition that the response (voltage
e) be zero for rear or 180° sound incidence, the
following relation is obtained

(44 . I
g,——[l—w%’C’-{—ij’C”]:%L? (XT)
where
1 1.1 (4N
=o+e '(04) (XII)
and
11, A4
—(77262-*“—04— (XIH)

E’1s0 is the voltage or force arising from sound
pressure on diaphragm 46, it being equal to
P’A’ and Eisoe is the force of sound pressure on
diaphragm 45 and is equal fo- PA. It should
be noted that C’’ and Cs are units of mechanical
compliance, centimeters per dyne, while Cs is
given in units of acoustic compliance, cubic
‘centimeters per dyne per square centimeter.
Since diaphragms 45 and 46 are spaced apart,
there is a phase difference between the external
sound pressures exerted thereon, as has already
been pointed out, equal to
wd’

d’_ Cu
where ‘d’ is the effective distance between the
two diaphragms. For a small distance d’, the
magnitude of the pressure of the sound wave at
the two diaphragms is equal and Equation XI
may be rewritten as follows:

cos 0

CII/ . AI ‘dl
L=t/ C iR C =" (‘}—

XIv

For values of C’, L', and R’ chosen in accord-
ance with Equations IV and IX where R and C
are set=0, the expression (1—w2L’'C’+joR'C")
is a phase angle and must equal

wd’
C,
and during this range of values
AI Cl/
ac
or substituting the values of C’ and C’ there is
obtained

(XV)

-A—— 1 +6—1 (XVI)
From the expression
k A C:
a=irE

it is evident that the ratio of the diaphragm
areas depends upon the ratio of the compliance
of the mounting of diaphragm 46 and the com-
pliance of link 49.

Where the mounting compliance of diaphragm
46, Ci, is very large compared to the compliance
C:2 of link 49 (compliance Ci equal to infinity or
the stiffness of link C: is great compared to the
stiffness of diaphragm 48) the ratio of areas

AI

A
becomes equal to unity. In other words, to have
equal diaphragm areas, the compliance of dia-
phragm 46 must be equal to infinity or unidirec~
$ivity at low frequencies will not oceur. Where
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the stiffness of diaphragm 46 may not be ignored
in obtaining unidirectivity at all frequencies, the
area of this diaphragm may be increased as de-
termined by the relation given to compensate
therefor. As explained in connection with the
microphone of Fig, 1, link 49 transmits a force.
When the area of diaphragm 4§ is increased, the
total force available is increased and the proper
portion of the increase is transmitted to dia-
phragm £5 to compensate for the force consumed
in deforming diaphragm 46. The links C2 may be
omitted in some instances leaving only the air in
cavity 51 coupling diaphragms 45 and 46. When
this occurs there is only the pressure of the air

5 in cavity 51 to transmit force from diaphragm 46

to diaphragm 45. Increasing the area of dia-
phragm 48, then, has no effect and there could
be unidirectivity at all frequencies only if the
stiffness of diaphragm 46 can be neglected. The
actual evaluation of microphone constants to
compensate for the assumption that the com-
pliance of diaphragm 4§ is infinite, or that the
compliance of link 49 is infinite may be under-
stood by a reference to Equations XV and XVI.

From Equation XIII for unidirectional opera-
tion and for the instance where the expression
wR'C’ is considerably less than 1, one may write
the expression

agl,=wR'C"

where

wd’

C,
is the external phase angle due to the sound
traveling the effective distance d’ and «R’C’ is
the internal phase angle due to the network in-
terconnecting the diaphragms 45 and 46. From

this relationship the factor » may be eliminated
giving

dl_ ITali

.= FC

Since this expression must be true for cardioid
directional operation, if R” has been chosen, the
factor C’ must remain the same since

&
C,

is a constant for any microphone. Accordingly,
if the values of any of Ci, C2 and Cs are changed,
the remaining values must be made to conform
to this relationship.

The compliance C: of the rear diaphragm is a
factor in the equations and is taken account of
by the link 48 and the increased area of dia-
phragm 46 to produce directivity at all frequen-
cies up to those for which the effective distance
@’ is not greater than one-quarter of the sound
frequency. Ininstances where the compliance of
the rear diaphragm is high enough to be neg-
lected, which is true only above the lower fre-
guencies, the microphone may have directional
operation without the link 49 and with the areas
of the two diaphragms equal providing R’ and Ca

~are properly chosen as outlined above,

While the description relating to Fig. 12 has
been with reference to cardioid directivity, it will
be understood that this is exemplary only. The
various factors of R’, Cz, d’ may be made in ac-
cordance as outlined in connection with Figs. 1,
5 and 11 to obtain bidirectional response, pres-
sure response or variations therefrom. Moreover,
as outlined, the directional pattern may be made
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adjustable by providing means to adjust the con-
stants: ‘ 5

‘While particular embodiments of the invention
have been shown, it will be understood, of course,
that the invention is not limited thereto since
many modifications may be made, and it is there-
fore - contemplated by the appended claims to

cover any such modifications as.fall within the -

true spirit and scope of the invention.

Having thus described the invention, what is
claimed and desired to be secured by Letters
Patent is: o

1. A directional sound translating device com-
prising first -and second diaphragms adapted to
- vibrate relative to each other and defining an
_enclosed chamber confaining a gaseous medium,
said diaphragms being -spaced from each other
thereby to effect a phase difference between the
force. of sound waves striking one of said dia-
phragms and the force of said sound waves strik-
ing the.other of said diaphragms, means for
transforming vibrations into electrical variations,
a stiff link for transmitting the force arising at

said one diaphragm to said transforming means,,

compliant means including said gaseous medium
for transmitting the force arising at said second
diaphragm to said transforming. means, and
means for damping vibrations of said second dia-
phragm.

2. A microphone translating preferentially
sounds received from one direction comprising
first and second diaphragms adapted to vibrate
relative to each other,. said diaphragms heing
spaced apart from each other thereby to effect
a phase difference between the force of sound
waves striking one of said diaphragms and the
force of said sound waves striking the second
one of said diaphragms, means for transforming
vibrations into electrical variations, a stiff link
for transmitting the force arising at said one
diaphragm to said transforming means, compli-
ant mechanical link means for transmitting a
function of the force arising at said second dia-
phragm to said transforming means, and means
for damping vibrations of said second diaphragm,
said  compliant mechanical link means, said
damping means, and said diaphragm producing
a phase shift of the force arising at said second
diaphragm having a certain phase relationship
to the force arising at said one diaphragm.

3. A directional sound translating device com-
prising first and second diaphragms adapted to
vibrate relative to each other, said diaphragms
being spaced apart from each other thereby to
effect a phase difference between the force of
sound waves striking one of said diaphragms and
the force of said sound waves striking the other
of said diaphragms, means for transforming vi-
brations into electrical variations, phase shifting
means including said second diaphragm for pro-
ducing a phase shift between the forces acting
on the two sides of said first diaphragm, and
means for transmitting the resultant of said
forces acting on the two sides of said first dia-
phragm to said transforming means. ’

4. A directional scund translating device com-
prising a first diaphragm having a certain sur-
face area and compliance and adapted to vibrate
in response to the forces exerted on its two sides,
one of said two sides being substantially ex-
posed whereby sound waves incident thereon ex-
ert a ‘force, casing means, a second diaphragm
having a certain surface area and compliance
spaced from said first diaphragm vibratable rela-
tive thereto and having one side substantially
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"exposed whereby ‘sound waves incident thereon

exert a force, said casing means and said dia-
phragms defining an enclosed chamber contain-
ing -an elastic medium, a transducing element
relatively rigidly connected with only said first
diaphragm, a compliant link interconnecting said
diaphragms, and means for damping vibrations
of said second diaphragm, said medium and said
link transmitting a force from said second dia-
phragm to the other side of said first diaphragm,
the surface area of said second diaphragm be-
ing greater than the surface area of said first
diaphragm to compensate for the stiffness of said
second diaphragm, said second diaphragm being
greater in area in proportion to the ratio of the
compliance of said link and said second dia-
phragm. ‘

5. A directional sound translating device com-~
prising a first diaphragm having a certain sur-
face area and compliance and adapted to vibrate
in response to the forces exerted on its two sides,
one of said two sides being substantially exposed
whereby sound  waves incident thereon exert a
force, casing means, a second diaphragm having
a certain surface area and compliance spaced
from said first diaphragm vibratable relative
thereto and having one side substantially ex-
posed whereby sound waves incident thereon
exert a force, said casing means and said dia~
phragms defining an enclosed chamber contain~
ing an elastic medium, a transducing element rel-
atively rigidly connected with only said first dia-
phragm, a compliant link interconnecting said
diaphragms, and means for damping vibrations
of said second diaphragm, said medium and said
link transmitting a force from said second dia-
phragm to the other side of said first diaphragm,
the surface area of said second diaphragm being
greater than the surface area of said first dia-
phragm .to compensate for the stiffness of said
second diaphragm, the ratio of the area of said
second diaphragm to said first diaphragm being
substantially equal to unity plus the ratio of
link compliance to the compliance of said second
diaphragm.

6. A directional sound translating device com-
prising a pair of spaced apart diaphragms adapt-

_ ed to vibrate relative to each other and defining
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a closed chamber containing an elastic medium,
means for transforming vibrations into electrical
variations relatively rigidly connected to one of
said diaphragms, means for damping vibrations
of the other one of said diaphragms, means in-
cluding a compliant link and the elastic medium
in said chamber for coupling said diaphragms.

7. A directiona] sound translating device com-
prising a first diaphragm adapted to vibrate in
response to the forces exerted on its two sides,
one of gaid two sides being substantially exposed
whereby sound waves incident thereon exert a
force, means including a second - diaphragm
spaced-from said first diaphragm vibratable rela-
tive thereto and having one side substantially
exposed whereby sound waves incident thereon
exert a force, said means and said diaphragms
defining an enclosed chamber containing an elas-
tic medium, & transducing element relatively
rigidly connected with only said first diaphragm,
a compliant link interconnecting said dia-
phragms, and means for damping vibrations of
said second diaphragm, said medium and said
link transmitting a force to the other side of said
first diaphragm. :

8. A directional sound translating device com-
prising a first diaphragm adapted to vibrate in
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response to the forces exerted on its two sideés,
one of said two sidés being substantially exposed
whereby sound waves incident thereon exert a
force, means including a second diaphragm
spaced a fixed distance from said first diaphragm
vibratable relative thereto and having one side
substantially exposed whereby sound waves in-
cident thereon exert a force, said means and said
diaphragms defining an enclosed chamber con-
-taining an elastic medium, a transducing element
relatively rigidly associated with only said first
diaphragm, a resilient link interconnecting said
diaphragms, and nieans for damping vibrations of
said sécond diaphragm, said medium and said
link transmifting a force from said second dia-
phragm to the other side of said first diaphragm,
said link, said medium, said damping means and
said second diaphragm constituting a phase shift
network for shifting the phase of the force on
sald other side of said first diaphragm relative
to the force on said second diaphragm by a value
equal to the phase differerice between sound pres-
sures of a sound wave traveling said distance.

9. A directional sound translating device com-~

prising a first diaphragm adapted to vibrate and of

defining at least a portion of one side of a closed
chamber containing an elastic medium, a trans-
ducing element relativély rigidly connected to
said first diaphragm, a second diaphragm adapt-
ed to vibrate relative to said first diaphragm and
defining at least a portion of one side of another
closed chamber containing an elastic medium,
each of said diaphragms being adapted to have
sound waves fall thereon, and a compliant link
interconnecting said first and second diaphragms.

10. A directional sound translating device com-
prising a first diaphragm adapted to vibrate and
defining at least a portion of one side of a closed
chamber containing an elastic medium, a trans-
ducing element relatively rigidly connected to
said first diaphragm, a second diaphragm adapt=
ed to vibrate relative to said first diaphragm and
defining at least a portion of one side of another
closed chamber containing an elastic medium,
each of said diaphragms being adapted to have
sound waves fall on one side thereof, a com-
pliant link transmitting a force from said sec-
ond diaphragm to the othér side of said first
diaphragm, and means for damping vibrations of
said second diaphragm, said damping means, said
compliant link, said second chamber and said
second diaphragm constituting phase shifting
means for shifting the phase of the foree exerted
on said other side of said first diaphragm rela-
tive to the force exerted on said one side of $aid
second diaphragm.

11. A directional sound translating device com-~
prising a first diaphragm having a certain sur-
face area and compliance adapted to vibrate and
defining at least a portion of one side of a closed
chamber containing an elastic medium, a trans-
ducing element relatively rigidly connected to said
first diaphragm, a second diaphragm having a
certain surface area and compliance adapted to
vibrate relative to said first diaphragm and defin-
ing at least a portion of one side of another closed
chamber containing an elastic medium, said first
and second diaphragms being spaced apart from
each other a fixed distance and being adapted
to have sound waves fall on the outside thereof,
and a compliant link coupling. said first and
second diaphragms, the surface area of said sec-
ond diaphragm being greater than the surface
area of said first diaphragm to compensate for
the stiffness of said second diaphragm, said sec-
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ond diaphragm being greater in area in propor=
tion to the ratio of the compliance of said link
and said second diaphragm.

12. A directional sound translating device com-
prising a first digphragm having a certain sur-
face area and compliance adapted to vibrate and
defining at least a portion of one side of a closed
chamber containing an elastic medium, a trans-
ducing element relatively rigidly connected to
said first disphragm, a second diaphragm having
a certain surface area and compliance adapted
to vibrate relative to said first diaphragm and
defining at least a portion of one side of another
closed - chamber -containing an -elastic medium,
said first and second diaphragms being spaced
dapart from each other a fixed distance and being
adapted to have sound waves fall on the outside
thereof, elastic means coupling said diaphragms
thereby to transmit a force from said second dig-
phragm to the other side of said first diaphragm,
and means for damping the vibrations of said
second diaphragm, the surface area of said sec-
ond diaphragm being greater than the surface
area of said first diaphragm to compensate for
the stiffness of said second diaphragm, the ratio
of the area of said seecond diaphragm to said
first diaphragm being substantially equal to unity
plus the ratio of the compliance of said elastic
means to the compliance of said second dia-
phragm, said damping means, said second dia-
phragm, and said other chamber constituting
phase shifting means for shifting the phase of
the force transmitted to said other side of said
first diaphragm relative to the force exerted on
the outside of said second diaphragm by a vaiue
substantially equal to the phase angle between
pressures in a sound wave traveling said distance.

13. A directional sound translating device com~
prising a first diaphragm having a certain sur-
face area and compliance, a second diaphragm
having a certain surface area and compliance,
said first and second diaphragms being spaced
apart from each other a fixed distance, and a
link having compliance coupling said dia-
phragms, the surface ares of said second dig-
phragm being greater than the surface area of
said first diaphragm to compensate for the stiff-
ness of said second diaphragm; said second dig-
phragm being greater in area in proportion to
the ratio of the compliance of said link and said
second diaphragm.

14. A directiona] sound translating device com-
prising a first diaphragm having a certain sur-
face area and compliance; a second diaphragm
having a certain surface area and compliance,
said first and second diaphragms being spaced
apart from each other a fixed distance, and a
link having compliance coupling said diaphragms,
the surface area of said second diaphragm being
greater than the surface area of said first dia-
phragm to compensate for the stiffness of said
second diaphragm, the ratio of the area of said
second diaphragm to said first diaphragm being
substantially equal to unity plus the ratio of link
compliance to the compliance of said second dia-
phragm.

15. A directional soiind translating device hav-
ing a pair of spaced apart diaphragms, a trans-
ducing device connected to one of said. dia-
phragms for converting vibrations thereof into
electrical variations, and means including a com-
pliant link between said one and the other of said
diaphragms for transmitting forces therehe-
tween, the other of said diaphragms being greater
in surface area than said one diaphragm, the
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ratio of the surface area of said other diaphragm
to said one diaphragm heing greater than unity
and sufficient to compensate for the stiffnéss of
said other diaphragm over a substantial range
of sound frequencies.

16. A directional sound translating device hav-
ing a pair of spaced apart diaphragms, a trans-
ducing device connected to one of said dia-
phragms for converting vibrations thereof into
electrical variations, and means including a com-
pliant link between said one and the other of
said digphragms for transmitting forces there-
between, the other of said diaphragms being
greater in surface area than said one diaphragm,
the ratio of the surface area of said other dia-
phragm to said one diaphragm bheing substan-
tiolly equa] to one plus the ratio of the stifiness
of said compliant link and the stiffness of said
other diaphragm.

17. A directional sound translating device com-
prising a first diaphragm having a certain sur-
face area and compliance and producing a force
from sound waves thereon, a second diaphragm
spaced from said first diaphragm vibratable rela-
tive thereto and producing a force from sound
waves falling thereon, said second diaphragm
having a certain surface area and compliance,
transducing means relatively rigidly connected
to said first diaphragm, means including com-
pliant means coupled to said second diaphragm
for subtractively transmitting said forces to said
transducing means, the surface area of said sec-
ond diaphragm being greater than the surface
area of said first diaphragm to compensate for
the stiffness of said second diaphragm, the ratio
of the area of said second diaphragm to said
first diaphragm being substantially equal to unity
plus the ratio of the compliance of said compli-
ant means to the compliance of said second dia-
phragm.

18. A directional sound translating device com-
prising a first diaphragm having a certain sur-
face area and compliance and producing a force
from sound waves thereon, a second diaphragm
having a certain surface area and compliance
spaced from said first diaphragm vibratable rela-
tive thereto and producing a force from sound
waves falling thereon, transducing means rela-
tively rigidly connected to said first diaphragm,
compliant means coupling said diaphragms, and
means for varying the compliance of said com-
pliant means, the surface area of said second
diaphragm being greater than the surface area
of said first diaphragm to compensate for the
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stiffness of said second diaphragm, the ratio of §5

the -area of said second diaphragm to said first
diaphragm being substantially equal to unity
plus the ratio of the compliance of the compliant

30
means to the compliance of said second dia-
phragm.

19. The invention according to claim 3 char-
acterized in that the phase shifting means for
producing a phase shift between the forces act-
ing on the two sides of the first diaphragm, in
addition to the second diaphragm, comprises a
link having mechanical impedance including
compliance between the first and second dia-
phragms.

20. The invention according to claim 3 char-
acterized in that the phase shiffing means for
producing a phase shift between the forces act-
ing on the two sides of the first diaphragm, in
addition to the second diaphragm, comprises a
link having mechanical impedance including in-
ertance, compliance, and non-gaseous -fluid fric-
tion.

21. The invention according to claim 2 charac-
terized in that the means for damping vibrations
of the second diaphragm comprises fluid friction
means.

22. The invention according to claim 2 char-
acterized in that the means for damping vibra-
tions of the second diaphragm comprises a rela-
tively movable vane and viscous medium.

23. The invention according to claim 2 charac-
terized in that the means for damping vibrations
of the second diaphragm comprises semi-fluid
solid medium means. .

24. The invention according to claim 2 charac-
terized in that the means for damping vibrations
of the second diaphragm comprises electromag-
netic means.

BENJAMIN B. BAUER.
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