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This Ainvention relates t¢ a sound responsive
device for convezt*ng sound waves into electri-
cal energy. More par txcularlv, it relates to a de-
vide or microphone having & unidirectional re-
sponse characteristic, that is, which converts into
glectrical energy sound waves traveling in one
direction while 1ema1n1ng compalatlvely inop-
eranve with respect to or unresponsive to sound
waves travehng in other directions. This ap-
plication is a continuation in part of my copend-
ing application, Ser. No. 595,921, filed May 26,
1945.

Various types of unidirectional microphones
have besén developed heretofors. Such prior de-
vices have generally employed oné non-direc-
tional and one bi-directional unit in combination,
oF two similar microphones connected by an
electrical phase-shifting netw01k or a single

icrophoné unit having passages and other
means defining an acoustical phase-shifting het-
work for controlling the access of sound fo one
of the surfaces of its sound responsive element.
The last named device operates on a pressure
gradient principle which produces a force on the

diaphragm proportional to frequency and re-

quireg placing of certain limitations on the mov-
ing element thereof in order to achieve both uni-
directivity and uniform frequency response I
have discovered that a unidirectional sound re-
sponse can be obtained by other means.

Thé primary object of the invention is to pro-
vide & transducer employing a combination of
agoustical and mechanical networks to produce
umdirectlonal response in a selected large fre-
quency range.

A further object of the invention is to prov1de
3 unitary sound responsive device which is uni-
directional in a selected frequency range and
non-directional at frequencies outside the se-
lected range, wherein the force on the sound re-
sponsive element thereof at frequencies below
said range is independent of frequency.

A further object is to provide a umuary unidi-
reetional sound responsive device which is sealed
whereby liquid cannot enter it.

A further object is to provide a unitary sound
responsive device having two vibratilé elements
of which one only is electrically operatwe and
the other provides a mass reactance and me-
chanical resistance forming a predommant; ele-
ment in a network for shifting the phase of sound
waves impinging thereon in proportion to their
frequency.

A further object is to pzovxde a umtary sound
résponsive device wnose polar 1esponse pattern
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is in the nature of any preselected type of lima-
con.

Gther cobjects will be apparent from the de-
scription, drawings and appended claims.

In the drawings: . )

Fig. 1 i5 a longitudinal sectional view of a uni-
directional erystal microphone taken on line 1—!
of Fig. 2.

Fig. 2 is a trangverse sectional view taken on
line 2—2 of Fig. 1.

Fig, 3 is an equivalent electrical circuit of the
crystal type microphone of Fig. 1.

Fig. 4 is a sectional view, similar to Fig. 6 of
2 unidirectional dynamic microphone.

Fig. 5 is an end view of another unidirectional
dynamic microphone.

Fig. 6 is a sectional view taken on line 6-—5§ of
Fig. 5.

Fig. 7 is a sectional view, similar to Fig. 6, of
a different embodiment of unidirectional dy-
namic microphone.

Fig. 8 is an €quivalent electrical circuit of a
dynamic unidirectional microphone as shown.

Fig. 9 is a rear elevation of a ribbon type uni-
directional microphorte.

Fig. 10 is a longitudinal sectional view taken on
line 16—19 of Fig. 8.

Fig. 11 is a transverse sectional view taken on
line i{—11 of Pig. 9.

Fig. 12 is an equivalent electrie circuit of a
ribbon type unidirectional microphone.

Fig. 13 is a face view of a unidirectional con-
denser microphone.

Fig. 14 is a transverse sectional view taken on
line 14—14 of Fig. 13.

Fig. 15 is an equivalent electric circuit of a
umd1rect10na1 condenser microphone.

Fig. 16 is a diagram.illustrating the unidirec-
tional characteristics of the device.

Fig: 17 is a view similar to Fig. 4, of ariother
form of dynamlc unidirectional microphone.

Fig. 18 is one polar response battern obtainable
with this invention.

Fig. 19 is another polar response pattern ob-
tainable with this invention. ]

Fig. 20 is a vector diagram of the fdrce acting
upon the microphoneé for sound arriving axially
from the rear of the microphone:

Fig. 21 is a vector diagram of the force acting
upon the microphone for sounds arriving from
any direction or angle 4.

Referring to the drawings; and particularly to
Figs. 1 to 3, which illustrate a unidirectional
e¢rystal microphone, the numeral 20 designates
4 casing or frame which is preferably of tubular
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or open-ended form. Within this casing is se-
cured a spider or other mounting 21 provided
with laterally projecting lugs 22 for supporting
s conventional piezoelectric element or crystal
23 ab diametrically cpposite points. Crysfal 23
has the conventional electrical connections 24.
The crystal is smaller than the casing and the
spider is constructed to span the casing without
forming any material obstruction therein. A
conical diaphragm 28 spans one end ¢f the casing
which may be referred to as the front thereof.
The diaphragm 25 and crystal- 23 are intercon-
nected by conventional means, here illustrated
as a bridge member 28 secured at opposite sides
of the crystal displaced approximately 90° from
the lugs 22 and a rod or arm 27 projecting from
the center of the bridge and bearing against the
diaphragm 23 at its outer end. A screen 28
spans the end of casing 20 in spaced relation to
diaphragm 85. - : '

The opposite or rear end of casing 28 is spanned
and sealed by a diaphragm 39 whose properties
will be mentioned later. Diaphragm 38 has no
connection with the piezoelectric element 23, and
therefore may be referred to as a dead dia-
phragm. The diaphragm 30 is suitably damped
either mechanically or acoustically. A mechan-
ical damping arrangement is illustrated in Fig. 1,
and constitutes a screen $! spanning the casing
28 and spaced therefrom, and damping members
32, such ag spaced rubber pads, are carried by
the screen and bear against the diaphragm 38.
An alternative damping means (not shown) is a
silk or other porous material spanning the casing
adjacent the diaphragm 88.. Such porous ma-
terial is selected for its ability to damp the dia-
phragm for sound waves passing therethrough
for impingment upon the diaphragm 23, as dis-
tinguished from any property of inertance. In
cther words, the porous material is selected solely
Tor its property of producing a desired resistance.

The critical property required of the diaphragm
39 is a mass which is correlated properly with
the factors of its spacing from the diaphragm

25 and of the volume of the space enclosed be-

tween the two diaphragms. This mass is entirely
independent of the mass of diaphragm 25, and
bears 1o relation thereto. The diaphragm 28 is
‘so selected that it provides a mass reactance and
a mechanical resistance in response to sound of
‘& Trequericy above its resonance point, which will
cause a shift in phase or a lag for unidirectional
‘purposes. o
The device is so proportioned, with respect to
‘the factors of the mass of diaphragm 30, the
resistance. of the damping means therefor, the
-spacihg of the two diaphragms and the volume
of the space between the diaphragms, that a
wunidirectional cardioid response characteristie,
as illustrated diagrammaticaly in Fig. 18, is ob-
-tdined, or a polar response characteristic of any
selected type of limaccn, for example, as illus-
‘trated in Figs, 18 and 19, is obtained. More
specifically, the device is so responsive to sound
-approaching in the direction faced by diaphragm
89, 1. e, the'rear of the-device, that its effect upon
the rear of diaphragm, 2§, after conversion by its
‘impingement on'the diaphragm 39, is character-
ized by phase identity with and cancelling reac-
tion to the sound which passes around the device
‘gnd mhpinges upon the front of diaphragm 28.
-In other words, upon impingement of sound ap-
‘proaching from the rear upon the diaphragm 38,
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the resistancs ahd mass of the dead diaphragm -

20 produces a phase shift of the impulses which

75

4

reach or act upon the rear face of diaphragm
25 which is coordinated with the phase shifting
or displacement of the sound which occurs in
travel thereof through the longer path around
the device to the front face of the diaphragm 28§.
- For sound which approaches from the front
of the device, that which passes around the device
and impinges upon the dead diaphragm, produces
an effect upon the rear face of the diaphragm
25 in a phase-time relation to the effect of the
sound upon the front face of diaphragm 25 which
is determined by the size of the device and the
values of the resistance and the mass of the dead
diaphragm 38 to give maximum response for
sounds approaching from the front in a direc-
tion parallel to the axis of casing 28 and dia-
phragm 25.

The resistance and the mass of the dead dia-
phragm 28 serve to produce a phase shifting re-
action upon the impulses effective upon the rear
face of the diaphragm 25 which is directly pro-
portional to the frequency of the sound waves
above the point at which the stiffness of the
diaphragm 38 retards vibration therecf, Sinece
the dimensions of the device are also a governing
factor with respect to phase shifting, and phase
shift is likewise proporticnal to frequency, the
device is unidirectional at all frequencies above
the stiffness controlled frequencies of the dead
diaphragm and below frequencies whoss wave
length is at least four times the spacing of the
two diaphragms 25 and 38. In other words, the
range of frequencies within which the device has
a unidirectional response is determined by the
stifiness of.the diaphragm 28 with respect to ifs
lower limit and by the spacing of the two dia-
phragms with respect fo its upper limit. Any
unidirectivity due. to diffraction has been dis-
regarded in the foregoing considerations.

For sounds of frequencies well below the reso-
nance point of the dead diaphragm 38, the dead
diaphragm serves merely as a stiffiness having a
high mechanical impedance, so that the device
is then a simple pressure microphone. Inasmuch
.as the E. M. F. generated on a piezoelectric ele-
ment is proportional to the force on the dia-
phragm, the response of the device to sounds well
below resonant frequency of diaphragm 2§ is
independent of frequency. For sounds of a fre-
quency above the frequencies at which the stifi-
ness of the dead diaphragm detards vibration
thereof, the dead diaphragm becomes a mechan-
ical . impedance capable of producing phase
shifting for unidirectivity. That is, the dead dia-

phragm automatically vitalizes for phase shiffing

and unidirectivity purposes. The force  (con-
sidered as a mechanical term) which acts upon
the live diaphragm under unidirectional condi-
tions is proportional to frequency. ’

The vector diagram of the forces acting on the
diaphragms of the micrephone for sound incident

.axially from the rear is shown in Fig, 20. F2

is the force on the outer face of the phase shifting
diaphragim &% as shown in Fig, 1. F1 is the force
on the outer face of diaphragm 25 which is in
the opposite direction and displaced by an augle
of KD, where X is 2/, A the wave length, and D
the distance between the front and back dia-
rhragms. The angle KD is the phase angle in

‘radians .produced by the sound traveling a dis-
~tance D. ¥; is the force on the inner face of the

live diaphragm 28 which is equal and opposite
to F:1 for sound arriving axially from  the
rear due to the phase shiff producsd by the
action of the dead diaphragm 289. The value of
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the mass and mechanical resistance .of the dead
diaphragm 30 which will produce 2 cardioid polar
response may be.caleulated by use of the equiv-
alent circuit shown in Fig, 3. Fi is the force on
the outer face of the live diaphragm 2§, Fs the
force on the outer face of the dead diaphragm 30
and Fs the force on the inner face of the live
diaphragm. M is the mass of the live diaphragm
25 and crystal 23, C: the compliance of the live
diaphragm and crystal and Ri the resistance as-
sociated with the diaphragm and crystal. M2
is the mass of the phase shifting diaphragm 38,
Ca the compliance of the diaphragm, and Rz the
resistance associated with the diaphragm. Cs3is
the compliance of the volume of air between the
two diaphragms. For unidirectional action of
the microphone the force on the outer Tace of
the live diaphragm must be equal and opposite
to the force on the inner face for soundsarriving
axially from the rear as shown in Fig, 20, Under
these conditions the velocity of the live dia-
phragm is zero. Then from the eguivalent circuit
neglecting the compliance of the back diaphragm

g L

Eg_‘]ﬂ:—ryo,llfg-{—jwcz 0

7 1 A
jeCs

Where j equals \/—1 and « equals 2=f where f &

i3 ‘the frequency. The phase displacement be-
fween F1 and Fe is XD. Assuming Fs equals
—F1, and F2 equals F:elEP, where ¢ is the base
of the natural logarithms, then

P>
—F—""'=B’KD =]OJC:;R3"‘LL)C;;1‘1[;) 41 (2)

The acoustic capacitance CA of the volume bhe-
tween the two diaphragms is

V
= 2
Ca=gy (3)
where V is the volume in cubic centimefers, p
the deunsity of air and ¢ the velocily of sound in
air. The value of the mechanical compliance of
this volume referred to the live diaphragm is

v

Ca=m—é

(4)
Where A is the arvea of the diaphragm. By sub-
stituting this in Equation 2 and writing the unif
vector in a different Torm, the equation becomes

MV
pct AR

. RV

s KD-5sin KD=1— ;
cos KD+j sin KD=1 Py

(5)

By separating real from imaginary quantities,
two equations are obtained:

iy _w'“’.ZUV_ .
cos KD=1 A (6)
. oRV -
sin I(D-—m‘é ({)
Tor small angles sin KD=KD and K=u/c
wD  wRV
o pcA? (8)

From this equation the mechanical resistance of
the diaphragm must be

__Dpc4?
v
for unidirectional action of the microphone.
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If KD is considerably smaller than 1, the cosine
‘of the angle KD niay he wriften

DR otR ,
T (10)
From Egquations 6 and 10

GMV | oD®
]'“pc%A?_l' S ()
From this equation the mass aof
phragm must be

cos KD=1

the dead dia-

ar=Died?
M= o
For unidirsctional action of the microphone.

Jf the mass and mechanical resistance are less
‘than the above values, the phase shift will he
tess, producinig @ limagon of the form shown in
Fig. 18. The equation of this curve will be a-t-b
cos 8 where ¢ is less than b.and ¢ is the angle of
incidence. If the.massand mechanical resistance
-are more than the above values, the polar re-
sponse will result.in.a limacon of the form shown
in Fig. 19 where the polar response will be a-b
cos ¢ and a will be greater than b.

A ‘more generalized vector diagram for any
-angle of incidence is shown in Fig. 21. Fi is the
force on the outer face of the live diaphragm,
and F: the force on the outer face of the dead
diaphragm which is displaced by an angle
KDcos 4, Fs.is the force on the inner face of
the live diaphragm which is always displaced
from .F2 by @n angle KD due to the action of
the mechanical impedence of the dead dia-
phragm. The vectorial sum of the forces acting
on the outer and inner faces of the live dia-
phragm is equal to the resultant forece Fo, on the
live diaphragm. The equation for the phase
relation of the force on the inner face of the
live diaphragm to the force on the outer face
may be written:

(12)

F(i:—Fle*j(KD“{"KD cos 0)
then

Fo=F1+4-F3=F1—F1e—7KD(1+}cos 0) (13)

For small angles of KD the force on the dia-
phragm is:
Fo=KDFi(14-cos 9 (14)

This equation shows that the force on the dia-
phragm is proportional to frequency and the
polar response is a cardioid.

An important characteristic of the sound re-
sponsive device or microphone consfructed as
herein described and illustrated is that the dead
diaphragm does not produce an appreciable at-
tenuation in magnitude, thereby giving a direc-
tional characteristic which is a limacon. The
transducer is distinguishable from transducers
heretofore known wherein flexible waterproofing
sheets have been used solely to span and seal
the back of the device.

In one embodiment of this invention shown
in Fig. 1, the distance between the front and
back diaphragms was 1.25 centimeters. The
diameéter of the case was 4.75 centimeters. The
volume of air between the two diaphragms was
20 cubic centimeters. The dead diaphragm was
a formed aluminum diaphragm whose mass was
029 gram. The value of the mechanical resist-
ance obtained from glass cloth covering the shield
was 800 mechanical ohms.

It will be observed that this construction is
completely sealed. Consequently, immeérsion of
the device in water or other liguid will not dam-
age it. 'This is a distinct advantage over unidi-
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rectional microphones which rely on. acoustical
networks for their unidirectivity and which con-
sequently have openings through which liquid
may enter them. Another advantage of the de-
vice is that the upper limit of the range at which
the device will be unidirectional is readily con-
trolled by adjusting the spacing between the two
diaphragms. Consequently, the range may be
made adjustable by simply providing a casing
construction of telescoping parts or other con-
struction adapted for axial elongation or selective
adjustment lengthwise. .

The principle of the invention, entailing the
reliance upon the mass reactance and mechanical
resistance of a dead diaphragm, can be applied
to any type of microphone. Thus, a carbon
button unit may be substituted for the piezo elec-
tric element of Figs. 1 and 2, and the same uni-
directional properties can be obtained. In other
types of microphones, the use of a dead dia-
phragm to provide a phase shifting mass react-~
ance and mechanical resistance can be incorpo-
rated in different ways, some of whmh are 111us-
trated herein.

Figs. 4 to 7 and 17 illustrate several apphca- :

tions of a dead diaphragm t6 3 dynamic micro-
phone to produce. unidirectional results. The
Fig. 4 construction comprises a cylindrical mag-
net 35 having an annular pole piece 26 provided
with a plurality of large diameter openings 37
therein. Openings 87 are made of such large size
that. they have no inertance or phase: shifting
effect. A central pole piece 38 is positioned con-

10

20

centrically within the annular pole piece 35 and .

is mounted on a cenfral magnet member 3%
carried by the base 48 of magret 35. Base 48
has a plurality. of openings formed. therein  of
substantially the same size as openings 37. A
diaphragm 42 is suitably mounted at the front
of the device adjacent to the pole pieces and
spaced therefrom by a spacing ring 43. Dia-
phragm 42 mounts a coil 44 in the annular space
between pole pieces 36 and 38 in the conventional
manner.

‘A spacing ring 45 at the rear of the device
serves to mount a second or dead diaphragm
48 in spaced relation to the rear magnet wall 48.
A damping resistance member 27 is associated
with the rear diaphragm and may comprise a
silk screen or other porous member within the
device and spanning the opemngs 41 of the’ mag-
net base.

An elongated tube 48 may be arranged to
depend from the device: Opemngs 49 -of large
diameter provide for communication between the
microphone chamber and the tube 48. A damp-
ing resistance 50 spans said openings. Also, if
desn‘ed a resonance -tube 8§ may- be p10v1ded
in- tube ‘48 to accentuaté the response to low
frequency, but this is not essential, :

Another manner in which the mass 1eactanc°
.and mechanical resistance -of a dead diaphragm
may be applied to 'a dynamic microphone- is

40

50

60

shown in Figs. 5 and 6. ' In this construction a

‘cup-shaped magnetic body 55 is provided with
a closed base and mounts an annular portion 5§
which supports an annular pole piece 57 in spaced
parallel relation- thereto by-means of a ‘tubular
“extension 58. Pole piece 57 has a plurality of

large openings 59 therein' whose size prevents the '§

occurrence of phase shifting therein. A -spacer
ring 60 of smaller diameter than the cup-shaped
‘body is mounted-on the pole piece 57 and mounts
'a-diaphragm 6{. A coil 62 is carried by the dia~-
phragm 6( and positioned within the central

65

75

opening of thé pole piece. "An inner polg piece
63 is positioned inside of coil 62 and is mounted
on a central magnet member 64 carried by mem-
ber 5. A damping resistance 63 is positioned
to span the space between tubular element 58
and member 64 inwardly from coil 62. An an-
nular diaphragm 6§ spans the space between the
spacer §9 and the outer peripheral wall of mem-
ber 55. A suitable damping resistance §7 is ar-
ranged adjacent to the dead diaphragm 66.

A third construction which utilizes a dead dia-
phragm to provide unidirectivity by virtue of
mass reactance and mechanical resistance is
shown in Fig. 7. In this construction a shallow

5 cup-shaped magnetic member 78 has 'an annu-

lar web or flange Ti ferminating in a reduced
diameter outwardly projecting annular portion
72 which mounts an annular pole piece 73. A

central magnet part 74 is carried by member 10

and supports a pole piece 75 in concentric co-
planar relation to pole piece 73. Pole piece 13
mounts a spacer 76 at its margin, and a dia-
phragm 77 is carried by said spacer. A coil 78
is carried by diaphragm 77 and positioned he-
tween pole pieces 73 and 75. A damping resist-
ance 78 spans the space between annular mem-
ber 72 and central magnet member 74 inwardly
of coil 78. A ring type diaphragm 80 is mounted

-on, and spans the space between, the peripheral

wall of member 70 and the margin of .the pole
bpiece 73. A damping resistance 8{ is associated
with the dead diaphragm 80. The pole piece T3
has a plurality of openings 82 therein of a diame-
ter sufficiently large to avoid a phase shifting
1eact1on therein.

In each of the different forms’ shovm in Figa. 4
to 7, the dead diaphragm serves as g mass re-
actance and mechanical resistance for phase
shifting purposes, to- provide a unidirectional
microphone response characteristic which is a
cardioid of revolution or some other type of
limacon, in the same manner described above,
assuming that the values are properly selected
as mentioned above. The equivalent circuit for

; these constructions is shown in Fig. 8. As to the

dynamic -constructions, resistance value Ri de-
rives from the inherent resistance in the live
diaphragm 42, 81 or 77 in the various embodi-
ments; while the Re value derives from the re-
sistance of the dead diaphragm plus that of the
respective damping resistances 47, 7 and 8f,
or the R3 value derives from the respective re-
sistances 59, 65 or 78. Al the other values are
derived in the same manner as in Fg. 2. C; is
the compliance of the diaphragms 32, §i or T7:
C2 the compliance of the diaphragms 46, 52 or
89; C3 the compliance of the small volume of air
immediately below the Giaphragms 42, 51 or 77,
C: the compliance of the. largﬂ volume of air
enclosed in tube 48, and enclosed behind damp-
ing sheets 85 or 73, respectively. The volume Cs
is quite small, so the effect of this compliance will
be negligible except at the very high frequencies.
The vector diagram of the forces acting on this
microphone is the same as shown in Fig. 20 for
sound- arriving axially from the rear. Under

(these conditions

3 % i 1[0 T
7 R T.?u 2 3T’_7w(7.{ .

Py 1

(15)

The phasé displacement between Fq and Fs is XD,
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Io=F1e/ED=F43 (cos KD+j sin KDY (16)
Rut Byt ot s
cos KD-+4 sin KD= Joe (17)
Rictigr
I,
sinece
1(___2
5=

where ¢ is the veloeity of sound, and for small
angles sin KD=EKD and

E2p2 " ___mﬁ']).f

By P

&

cos KD=1-—

this may be written

1 P
Byt Ra-l-m-l-]wmw

L=t = (18)

2¢* c 1

Ra+j1004
1__&:9“ } 7.(ul)=
Z0 5 ¢

PRI S S
Raltot B+ julilts+ Jom + 5657,

R+

oeC
(19)

By separating real from imaginary gquantities,
two equations are obtained:

wﬂngz-}-%
=_..1L?' (20)
R+t —=+

=
o

wD

1

*R3R2+R32+mﬁ“*

wz D2 C.;

%2 1

R‘Sz + w2 042

For very low frequencies the mechanical im-
pedance of the back diaphragm is essentially a
resistance R, and the impedence of the volume
C: becomes large in' comparison to the resistance
Rs. Under these conditions the resistance Rz of
the diaphragm may be determined from (20)

D o
2_046,

The compliance of the volume of air back of the
diaphragm is given by

1— (21)

R

v

C4=p—cg‘2‘:.2 (23)
The resistance R of the dead diaphragm is given °
by
DpcA? o
o= 24
B 7 (24)

which. is the same as that given by Equation 9
for the case of the crystal microphone.

For high frequencies the reactance of the com-
pliance Ca is small compared. to Rz and the re-
sistance Rz is small compared to the reactance
of the mass Mz, From Equatior: 20 the masg of
the back diaphragm must be

DR;

— 9
ﬂ/fg—- P (“5)

Just as in the crystal microphone, the polar re-
sponse may be modified by changing the me-
chanical impedance of the back diaphragm. If
the value of mass and mechanical resistance is
less than the above value, the polar response will

19
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be similar to-the limacon shown in 18; while
if it is above this value, the polar curve will be
similar to that shown in Fig. 19.

In one embodiment of the dynamic microphone
the distance between the front and back was cne
centimeter, the volume of air Cs behind the dia~-
phragm was 56 cubic centimeters. The damping
resistance leading to the large volurae cf air was
1500 mechanical chms when referred to the live
diaphragm. The mass of the back diaphragm
was .045 gram. The resistance inherent in the
back diaphragm which was constructed of a
plastic sheet material was enough to produce
enough phase shift at the low frequencies with-
out the addition of cloth damping.

Among the advantages of the Fig. 4 embodi-
ment is the fact that the tube 45 may be used
to enlarge the confined air chamber in the device
and thereby to relieve the stifiness effect upon
the live diaphragm by reducing the rate at which
air in the chamber is compressed incident to vi-
bration of the diaphragm. The response charac-
teristics with respeet to the range of freguencies
at which unidirectivity occurs, and with respact
to response independent of frequency for sounds
well below the resonance of the dead diaphragm,
are the same for these embodiments as above de~
seribed. Also the sealed construction, except
where & resonance tube is employed, is a charac-
teristic of each of these emhbodiments.

The embodiment of the invention illustrated
in Fig. 17 is the same as that in Fig. 4, with the
exception that the dead diaphragm of Fig. 4 is
omitted. The same reference numerals applied
in PFig. 4 are used for similar parts in Fig, 17. In
its stead a film or diaphragm $§2 is applied to
span and seal each of the openings 41 in the back
40 of the casing. The member 52 may be a plastic
film, such as a thin film of a vinyl resin, which
is marginally cemented or adhered to the back
48 around each opening 41{. Alternatively, of
course, a single film or diaphragm may span the
back; in which event the marginal cementing
around each opening is desirable. The film or
diaphragm members 52, when properly selected
as to mass and other properties, serve the same
function as the dead diaphragm 46 of the Fig. 4
construction, and the equivalent circuit of Fig. &
applies thereto.

The manner in which the dead diaphragm
principle to obtain unidirectional response may
be incorporated in a ribbon type of microphone
is illustrated in Figs. 9 to 11, inclusive. A mag-
netic frame 85 provides an elongated passage
therethrough., Within this passage is positioned
the voltage generating element €6, in the nature
of a thin flexible conductor or ribbon which is
corrugated transversely as is conventional. Suit-
able electrical connections branch from this rib-
bon. Any convenient mounting members 87 may
be utilized to mount and support the ribbon 85
in operative position, i. e. with just enough
clearance at its side edges to permit it to cperate
freely in the frame passage. An elongated de-
pending damped pipe or tube &3 is connected to
the rear face of the frame 85 to comipletely span
and close the rear end of the ribbon-receiving
passage thereof. The tube 83 has an elongated
opening in its rear upper end portion and suit-
able mounting means 89 are positioned at the
ends of said opening to mount g dead diaphragm
90 of the ribbon type which fits within the tube
opening with only such clearance at its sides as to
permit it to operate freely within said opening in
rasponse to sound waves impinging therecn or cf

Wy
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2,627,668

11

the flexible sheeting type which completely spans
and seals the opening in the tube.-

The equivalent circuit for this type of devme
is illustrated in Fig. 12. A characteristic of the
device is that the ribbons 86 and 90 each have
a large capacitance and a negligible capacitive
reactance. The resistance R is derived from the
damping resistance of the tube 88.

If the labyrinth is treated as a pure resistance
the mass of the back diaphragm may be calcu-
lated from Equation 25. The resistance required
in the back diaphragm will be negligible due to
the fact that the labyrinth is very nearly a pure
resistance. In one embodiment of this type of
microphone g labyrinth 36 inches long with a
cross section of 34’ x 35’ was used. ‘Tufts of
wool were placed at intervals of about every inch
along the labyrinth. A diaphragm of .02 gram
mass was used.

Unidirectional response can also be obtained by
applying the mass reactance and mechanical re-
sistance phase shifting principle to a condenser
microphone, as illustrated in Figs. 12 to 14. The
electrode 85 which forms one element of the con-
denser is provided with a plurality of passages
96 therethrough, all of large diameter. A dia-
phragm 97 is mounted in capacitive relation to
the electrode, as by a spacer ring 98. These con-
denser elements are provided with suitable elec-
tric leads or connections and are mounted upon
one end of g casing 99. A dead diaphragm 188
spans the opposite end of casing §8. A suitable
resistance 101 is associated with the diaphragm
100.

The equivalent circuit of this construction is
shown in Fig, 15. It will be observed that the cir-
cuit is characterized by the addition of the
inertance m resulting from the presence of the
holes 86 in electrode 95 to the mass M, of the live
diaphragm 81. The circuit is further charac-
terized by a large capacitance value C3? resulting
from the closed chamber between the dia-
phragms. The values of the mass and mechani-
cal resistance of the diaphragm 100 and resist-
ance 101 will be the same as in the crystal em-
bodiment in Fig. 1.

In each of the various embodiments of tms
invention, the dead diaphragm may be either a
single diaphragm element or & combination of
diaphragms or elements so correlated and. con-
strueted as to provide the desired phase shifting.
Wherever the specifications or the claims refer
to such a dead diaphragm or element, it will be
understood that a multiple or combination ele-
ment, as well as a single element, is contemplated
within the scope of this invention.

I claim:

1. A sound responsive device comprising a cas-
ing, two spaced vibratile sound responsive mem-
bers. carried by said casing and cooperating
therewith to define a sealed chamber, one of
said members being adapted to translate its vi-
brations into electrical energy, the other mem-
ber having a mass reactance and a resistance so
proportioned with the value of the compliance
of said chamber as to produce a phase shift in
the sound pressure applied thereto equal to a

constant ratio of the shift produced by the travel’
of sound through the distance between the two -

sound responsive members externally of the de-
vice the mass of said other member being ap-
proximately

DAz

M= o7
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12
and the resistance of said other member being
approximately

DpcAz
vV

where D is the distance between said spaced
sound responsive members, p is the density of
air, A is the area of the member, ¢ is the velocity
of sound, and V is the volume of the chamber
in cubic centimeters.

2. A sound responsive device comprizing g vi-
bratile sound responsive member adapted to
translate its vibrations into electrical energy, and
means cooperating with said member to define
a closed chamber, said means including a vibra-
tile portion having a mass and resistance of a
value sufficlent to impart to said device a direc-
tional characteristic which is a cardioid of rev-
olution the mechanical resistance of said vibra-
tile portion heing

R=

) __DpcA?

B==%
and the mass being

v Dip A2

M= 2V

where D is the distance between said vibratile
sound responsive member and said vibratile por-
tion, p is the density of air, ¢ is the velocity of
sound in air, A is the area, and V is the volume
of the chamber in cubic centimeters.

. A sound responsive device comprising z
membe1 defining a chamber and including a vi-
bratile wall portion, and a vibratile sound re-
sponsive member closing said chamber spaced
less than one-fourth of the wave length of the
highest. frequency -at .which. unidirectional re-
sponse is desired, said wall portion having a mass
and resistance proportioned to shift the phase
of sound impulses impinging thereon in pro-
portion to frequency for unidirectional response
of said sound responsive member the mass of
said wall portion being approximately

D2p.A2

2V :

and the resistance of &aid wall portion being
approximately

M=

where D is the distance between said spaced vi-
bratile members, » is the density of air, A is the
area of the member, and ¢ is the velocity of
sound, and V is the volume of the chamber in
cubic centimeters.

4. A sound responsive device compnsmg a cas-
ing, a pair of spaced diaphragms spanning and
sealing said casing, means for converting the
vibrations of one only of said diaphragms into
electrical energy, the other diaphragm serving
to translate by the relation of its mechanical
impedanece to the compliance and resistance of
the fluid within the easing the phase of wave
energy applied to the inner surface of said con-~
verting diaphragm so as to produce a directional
characteristic which is a cardioid of revolution
said compliance being

v
T pctd?

.and said resistance being

DpcA?

R=V
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wherein V is the volume of the casing in. cubic
centimeters, p is the density of the fluig, c is the
velocity of sound, D is the distance between said
diaphragms, and A is the area of the diaphragm
whose vibrations are converted.into. electrical en-
ergy.

5. In o sound translating device comprising a
structure defining a chamber having spaced op-
enings, a pair of sound responsive members each
mounted in one of said openings, means for con-
verting the vibrations of only one of said mem-
bers into electrical energy, the other member
having a mass and resistance so-proportioned as
to impart to said device a. directional charac-
teristic which is a limagon said mass being less
than

D242,
2V
and said resistance being less than

DpcA*

=

where D is the distance between said sound: re-
sponsive members, p is the density of air in said
chamber, A is the area of the other member, ¢
is: the velceity of sound, and: V is the volume
of the chamber in cubic centimeters.

6. A sound responsive device comprising a cas-
ing defining a chamber having a pair of open-
ings, a- diaphragm. mounted at each opening,
means for converting the vibrations of only one
diaphragm into electrical energy, a damping re-
sistance in said chamber asscciated with the
other diaphragm, said last named diaphragsm
having a mass reactance whose value is corre-
lated with the value of said resistance according
to the formula

M=

Re==

H
M=‘)R
c

where M is the mass of said other diapragm, D
is the distance between said diaphragms, R is
said damping resistance, and c is the velocity of
scund to produce a unidirectional response of
said first diaphragm.

7. In a microphonse, & casing having a pair of
spaced openings, meahs spanning one opening
and adapted to vibrate in response to sound and
translate its vibrations into electrical energy, and
a flexible member spanning the other opening
and resonant at and above a predetermined fre-
quency and having a mass and a resistance of
such a value as to impart to said device a direc-
tional characteristic which is a cardioid of rev-
olution, said device being unidirectional for all
{frequencies above the frequencies at which the
stiffness of said flexible member retards vibra-
tion thereof and being non-directional at fre-
quencies well below the resonant frequency of
said flexible member when the stiffness of said
member is the controlling factor the mass of said
flexible member being

where D is the distance between said vibrating
means and said flexible member, p is the density
of fluid in said casing, A is the area of the flex-
ible member, ¢ is the velocity of sound, and V
is the volume of the casing in cubic centimeters.

8. In a sound franslating device, a housing

14
having two spaced openings, two vibratile ele-
ments each spanning  a housing opening gnd
spaced apart and cooperating with said housing
to confine a.closed volume of fluid therebetween,

: one of said elements being adapted to translate
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its.vibrations into electrical energy, the other ele-
ment having a mass and resistance so: propor-
tioned to the displacement between the two dia-
phragms and the other perameters: of the device
that it shifts.the phase of:the sound pressure ap-
plied thereto substantially equal to a. constant
times the phase shift produced by the. travel of
sound through the distance between the:two di-
aphragms externally of the device at all wave
lengths substantially greater than the dimen-
sions of the device to produce a polar response
pattern in the nature of a limacon the mass of
sald other element heing approximately

Dip

v
and the. resistance of sald other elsment: being
approximately

M=

DpcAd?

Vo
where. D- is the distance between said vibratile
elements, p is the density of said fluid, A is.the
area of the last named vibratile element, ¢ is the
velocity of sound, and. V is the volume. of said
housing in cubic centimeters.

9. In a sound translating device, means for
producing a magnetic field, a conductor mounted
in said field, a pipe mounted behind said con-
ductor constituting a terminating acoustic re-
sistance for said conductor, said conductor sub-
stantially closing the mouth of said pipe, said
pipe having an opening behind said conductor, a
vibratile element substantially spanning said
opening and having a mass proportioned with the
acoustic resistance of said pipe whereby the
phase of sound impinging thereon is shifted by
an amount equal to a constant value of the
phase shift occurring in the travel of sound
around the device from said conductor to the said
vibratile element said mass being

)
c

R=

where D is the distance between said conductor
and said vibratile element, R is the resistance of
said pipe, and c is the velocity of sound, said vi-
bratile damping element having a negligible re-
sistance and said pipe being substantially a pure
resistance.

10. In a sound translating device, means for
producing a magnetic field, a conductor mount-
ed in said field, means defining a large chamber
having a restricted portion partially bounded by
said conductor and having an opening, a vibratile
element substantially spanning said opening in
spaced relation to said conductor, a resistance
in said chamber-defining means located substan-
tially at said restricted portion, said vibratile ele-
ment having a mass proportioned to said resist-
ance and the constants of the device whereby the
phase of sound acting thereon is shifted to pro-
duce a polar response pattern which is a lima-
con of revolution the mass reactance of said vi-
bratile element being

u=DE
[
where D is the distance between said conductor
and said vibratile member, R is said resistance
and c¢ is the velocity of sound.
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11. In a sound translating device, meéans for
producing a magnetic field, a conductor mounted
in said field, a pipe mounted behind said con-
ductor constituting a terminating acoustic re-
sistance for said conductor, said conductor sub«
stantially closing the mouth of said pipe, said
pipe having an opening behind said conductor,
a vibratile element substantially spanning said
opening and having a mass proportioned to the
acoustic resistance of said pipe so as to produce
a directional characteristic which is a carioid of
revolution said pipe being substantially a pure
resistance and said vibratile element having a
negligible resistance, the mass reactance of said
vibratile element being

M————

where D is the distance between said conductor
and said vibratile member R is the damping re-
sistance of sald plpe and c is the velocity of
sound.

12, In a sound translating device, means for
producing a magnetic field, a conductor mounted
in said field, a pipe mounted behind said con-
ductor and constituting a terminating acoustic
resistance for said conductor, said conductor sub-~
stantially closing the mouth of said pipe, said
pipe having an opening behind said conductor,
and a vibratile element substantially spanning
said opening and having a mass of a value to
impart to said device a directional character-

16
istic which is a limagon $aid mass ¢or respondmg
to the formula . :

ﬂ[:%
(4

where D is the distance between said conductor
and said vibratile element, R is the damping
resistance of said pipe, and ¢ is the velocity of
sound. o

10 . ATPHA M. WIGGINS.
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