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E0 Claims. 

This application is a division of our applica 
tion Seria No. 93.792, filed August 1, 1936, for 
Acoustic devices. 
This invention relates to acoustic devices, and, 

more particularly, to telephone receivers of the 
magnetic armature or diaphragm type. 
Objects of the invention are to increase the 

Sensitivity of such devices; to extend the fre 
quency range of their eficient operation; and to 
improve the Uniformity of their responses in the 
operating range. 
These objects are accomplished in part by the 

provision of an improved magnetic circuit in 
which the Structural proportions of the elements 
and the magnetic properties of the materials are 
coordinated, in a manner hereinafter described, 
to provide an optimum force factor. In part, 
they are accomplished by the use of arrangements 
which not only provide an adequate degree of 
damping, but also serve to diminish substantially 
the effect of the inertia of the diaphragm, 
An important feature of the invention lies in 

the mutual proportioning of the CrOSS-Sectional 
area of the pole-pieces of the magnet System, the 
thickness of the diaphragm or armature, and the 
magnitude of the polarizing flux whereby the 
ratio of the force factor to the effective moving 
mass is substantially the maximum obtainable 
for the materials of the magnetic circuit. 
Another feature is the provision of improved 

magnetic alloys for the Several parts of the Enag 
netic circuit, the materia of each part being 
particularly adapted to the function thereof. 
A further feature resides in a relatively thick 

and rigid diaphragm having a high magnetic ef 
ficiency in combination with damping means 
proportioned to diminish Substantially the ef 
fective maSS. w 
An additional feature includes a freely sup 

ported diaphragm, whereby variable mechanical 
stresses due to temperature changes and the like 
are avoided and stability of the operating char 
acteristic is secured together with structural 
arrangements for securing and maintaining ac 
curate relative positioning of the diaphragm and 
the pole-pieces. 
Other and further features Will be evident from 

the description which follows hereinafter. 
A more complete Inderstanding of the inven 

tion Will be obtained from the following detailed 
description, taken in conjunction with the ap 
pended drawings, wherein: 

Fig. 1 is a top plan View of a telephone re 
ceiver or receiver unit embOdying the invention 

(C. 19-14) 
Fig. 2 is an enlarged rear plan view of the 

device of Fig. 1; 
Fig. 3 is a sectional view of the device of Fig. 

1, taken along the line 3-3 of Fig. 2; 
Fig. 4 is another sectional view of the device 

of Fig. 1, taken along the line 4-4 of Fig. 2; 
Fig. 5 shows the device of Fig. 1 associated 

with the receiver end of a hand telephone or 
handset: 

Fig. 6 shows in perspective and partly broken 
away the pole-piece and magnet assembly of the 
device of Fig. 1; 

Fig. discloses, embodied in a hand telephone, 
a modification of the invention; 

Fig. 8 is an electrical circuit analogy of the 
electrical and acoustical elements embodied in 
a receiver in accordance with this invention; . 

Fig. 9 shows a set of contour curves illustrat 
ing the variation in figure of merit of telephone 
receivers With variation in the pole face area 
and the diaphragm thickness thereof for a mag 
netic circuit of a given air-gap length and given 
magnetic materials; 

Fig. 10 shows electrical and acoustical char 
acteristic curves for a telephone receiver in ac 
Cordance with the invention; 

Fig. 1 is a schematic of the damping ele 
ments of the device of Fig. 7; 

Fig. 12 is a schematic equivalent of Fig. 1; 
Fig. 13 is an amplitude-frequency response 

characteristic of a telephone receiver in accord 
ance With this invention, the dotted line indicat 
ing the effect of air leakage between the receiver 
and the user's ear. 
The device illustrated in FigS. 1 to 6 is a tele 

phone receiver Comprising a unitary receiver as 
sembly 20, adapted for mounting in the receiver 
end of a handset or other type of receiver case 
and to be held in position by the receiver cap. 
The assembly of the device in a handset is illus 
trated in Fig. 5 in which 2 is a portion of a 
handset frame, the receiver end of which is pro 
vided With a recess 22 surrounded by a raised 
annular rim 23 on which the assembly rests. 
Receiver cap 24 threaded to the annular rim 23 
clamps the device in position. 
The central feature of the unit 20 is a rigid 

annular foundation frame 25 to which the other 
elements of the assembly are attached. This 
frame is preferably of non-magnetic metal, such 
as aluminum or Zinc alloy, and may be of die cast 
construction. 

BoSses 26, projecting from the back of frame 
25, support a unitary magnet and pole-piece 
System, the detailed construction of which is 
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2 
shown in Fig. 6. The magnet structure con 
prises one or two rectangular-section straight 
bar permanent magnets 27, and two L-shaped 
pole-pieces 28, also, preferably, of rectangular 

5 section and having flanges extending sidewayS 
at one end. If two magnets are used, they are 
laid parallel to each other with their like mag 
netic poles adjacent and are welded at their ends 
to the flanges of the pole-pieces, the complete 
assembly having the form indicated. The uni 
tary structure is mounted on frame 25 with the 
cross portions of the pole-pieces resting on pro 
jecting bosses 26 and secured thereto by Screws 
29. Terminal plate 30 of insulating material 
extending across the rear of the assembly is also 
secured in position by screws 29. The ends of 
the pole-pieces pass between the magnets and 
project into the central aperture of the founda 
tion frame. Speech current coils 3 are mounted 
on the pole-pieces and have their ends brought 
out to concentric contact elements 32 and 33 
mounted on plate 30. - 
The front face of the foundation frame 25 is 

provided with an annular ridge 34 surrounding 
a central recessed portion. A flat circular dia 
phragm 35 of magnetic material is supported at 
its periphery by the ridge, and is held in position 
by the attraction of the pole-pieces. The dia 

15 

20 

25 

phragm is not mechanically clamped and is there- . 
30 fore free to expand and contract in response to 

temperature changes without being Subjected to 
mechanical stresses. The form of the supporting 
frame 25 and the method of Supporting the nag 
netic elements therefrom facilitate accrate 
machining and assembly of the parts and ensure 
the establishment and maintenance as a pre 
cise separation between the diaphragm and the 
faces of the pole-pieces. 
A damping plate 36 of insulating material, pro 

40 vided with suitable close fitting apertures through 
which pole-pieces 28 project, is inserted in the 
central recessed portion of frame 25 to which it 
may be riveted, cemented, bonded or otherwise 
Secured. The damping effect is obtained by the 

45 use of a plurality of very narrow air leakage 
paths leading through plate 36 from the air 
chamber 38 between the plate and the diaphragm. 
In the present structure, these are provided by 
an aperture 40 in the damping plate over which 

50 is laid one or more strips of silk fabric 50. Other 
known arrangements for this purpose may also 
be used, Such as any fibrous or porous material 
through Which the air may flow against fric 
tional forces. The front of the diaphragm is en 

55 closed by a recessed cover plate 4 of insulating 
material, which is secured to frame 25 by rivets 
42. The recessed portion of the cover plate is 
large enough in diameter to clear the diaphragm 
and is deep enough to provide an air chamber 

66) 43 of proper dimensions in front thereof. A 
group of small, centrally located apertures 44 
provide sound wave outlets from air chamber 43. 
A typical magnet structure would comprise 

parts approximately of the following composi 
65 tions and dimensions: permanent magnets of 35 

per cent cobalt steel, i.25 inches long, and one 
sixteenth of a square inch in cross-sectional area; 
pole-pieces of a nickel-iron alloy in the approx 
imate proportions 45:55, each having a cross 
sectional area of .031 square inch; a diaphragm 
of cobalt iron-Yanadium alloy in the approxi 
mate proportions 49:49:2, its thickness being 011 
inch, its diameter 1.46 inches and its normal air 
gap from the pole faces substantially six-thou 

76 sandths of an inch. 

O 

2,231,084 
The receiver illustrated in Fig. 7 is, in general, 

similar to that of the preceding figures, but dif 
fers therefrom in certain features of the mechan 
ical structure and in the arrangement of the 
acoustic damping elements. The foundation 
frame 45 is of insulating material instead of 
metal, and may consist of a molded phenol plas 
tic part. It is similar in shape to the frame 25 
of the preceding example, but includes the damp 
ing plate back of the diaphragm as an integral 
element with apertures noided to receive the 
magnet pole-pieces. The magnet system and 
the diaphragm are of the same construction, and 
are supported in the manner already described. 
The complete assembly unit is adapted for 
mounting in the same way as that of Figs. 1 to 
6, and may be interchangeable therewith. In 
the figure, it is ShOWn mounted in a handset tele 
phone. 

For the purpose of damping, an aperture 46 in 
the front of frame 35 communicates with a 
chamber 47 formed in the rear of the frame. 
A disc 48 positioned acroSS the rear of aperture 
46 and provided with a plurality of fine holes 
or slots provides the desired acoustic resistance. 
Chamber 4 is closed by a back plate 49, cement 
ed in place, thereby limiting the motion of the 
air through the acoustic resistance and modify 
ing the action thereof. In an experimental 
model of this receiver, the magnetic structure 
was the same as that of the previous example 
except that a diaphragm of slightly larger diam 
eter, 1.565 inches, was used. 
The invention resides, in part, in the coordina 

tion of the structural proportions of the me 
chanical elements with the magnetic character 
istics of the materials of the System and With 
the acoustic elements of the System. The me 
chanical structures illustrated in Figs. 1 to 7 
are of importance in that they embody features 
whereby the principles of the coordination may 
be applied with a high degree of accuracy, and 
whereby the stability of the improved operating 
characteristics is ensured. The manner in 
which the proportions of the System are coordi 
nated will be more readily understood and ap 
preciated from the following considerations. 
The function of a telephone receiver of the type 

described is to produce a pressure variation in 
the cavity of the ear to which it is applied, 
which follows as faithfully as possible the Wari 
ations of the speech current applied to the de 
vice. Since the ear cavity forms a substantially 
closed air Space directly coupled to the dia 
phragm of the receiver, the pressure variation 
will be dependent on the amplitude of the dia 
phragm motion rather than on its velocity. 
While the air space enclosed by the application 
of a receiver to the ear is, in general, not Com 
pletely closed, we have found that the effect of 
the air leakage paths is large only at quite low 
frequencies, and is barely noticeable at fre 
quencies above 200 or 300 cycles per second. It 
is assumed, of course, that the instrument is held 
firmly against the ear. 
For the purpose of examining the response 

characteristic of any given receiver, we have 
found that it is permissible to replace the ear 
cavity by a rigid-Walled chamber of six cubic 
centimeters volume coupled directly to the out 
let aperture in the receiver cap and having no 
outlet to the external air. The pressure varia 
tion measured in this cavity is a reliable measure 
of the Sensitivity of the receiver and furnishes an 
accurate basis for the comparison of different 
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2,231,084 
designs. The use of rigid walls in the chamber 
is justified by the fact that the energy absorbed 
by the walls of the ear cavity is negligibly small 
compared with the energy dissipated elsewhere in 
the receiver system. The volume six cubic cen 
timeters, has been found by many measurements 
to be a good approximation to the normal human 
ear, and is, therefore, representative of the con 
ditions under which the receiver Will most fre 
quently Operate. 
The system comprising the receiver and the 

closed chamber load is one which ends itself 
to analysis both experimentally and mathe 
matically. For this purpose, the receiver shown 
in Figs. 1 to 6 may be represented schematically 
by the diagram of Fig. 8. Here T and 2 are the 
input terminals of the receiver, to which are 
connected an Oscillation source of voltage E and 
internal resistance R. The receiver winding im 
pedance, measured with the diaphragm held fast, 
is represented by resistances r1 and r2 and in 
ductances L1 and L2. Resistance r1 is the direct 
current resistance of the winding, inductance Li 
is the inductance of that part of the winding 
which is substantially uncoupled to the magnetic 
circuit, inductance L2 is the inductance of the 
coupled, or effective, part of the Winding, and 
resistance r2 represents the eddy current loss 
in the magnetic elements. The electrical part 
of the circuit is coupled to the mechanical-acous 
tical part by virtue of the force factor which 
is indicated schematically by the element G. 
The elements of the mechanical-acoustical part 
of the system are indicated in the diagram as 
follows: Mo denotes the effective mass of the 
diaphragm, So its effective flexural stiffness, and 
Ro the mechanical resistance due to hysteresis. 
The stiffness of the air chamber 38 back of the 
diaphragm is represented by S1 and the acoustic 
impedance of the leakage path through damping 
element 40 by resistance R1 and mass M. S2 
denotes the stiffness of the air chamber 43 in 
front of the diaphragm, R3 and M3 are respec 
tively the resistance and mass of the combined 
outlet apertures 44, and S3 is the stiffness of the 
enclosed ear cavity which, for the reasons indi 
cated, is taken as that of an air volume of six 
cubic centimeters connected to apertures 44. 
Resistances Ro and R3 are sufficiently small in 
comparison with the other resistances of the Sys 
tem so that they do not materially affect the 
response. 
At very low frequencies, where the reactances 

of the mass and inductance elements are negli 
gibly small, it may be shown that the amplitude 
of the displacement of the diaphragm is given by 

IG 
S. Sa se 

S+SEs. (1) 

wherein a denotes the amplitude, G the magni 
tude of the force factor, and I the amplitude of 
the current in the electrical circuit, all values 
being in c. g. S. units. S1 may be omitted be 
cause it is negligibly Small. If the masses of 
the system could be eliminated, no damping 
would be necessary, since, in the absence of 
mechanical resistance, the fixed proportionality 
between the current and the displacement ex 
pressed by Equation 1 would then hold at all 
frequencies. 

Because of the mass of the diaphragm, the 
amplitude of the displacement varies with fre 
quency and exhibits a maximum at a resonance 

3 
frequency determined substantially by the mass 
Mo and the combined stiffnesses So, S2 and S3. 
By proper proportioning of the damping, the 
amplitude at this resonance may be made equal 
to the low frequency value given by Equation 1. 
At frequencies below resonance, the displacement 
then remains substantially constant, but at 
higher frequencies it tends to fall off very rap 
idly. The resonance frequency of the diaphragm 
is, therefore, a measure of the frequency range 
through which uniform response can be main 
tained. An extension of the frequency range 
above the diaphragm resonance is obtained by 
proportioning the outlet aperture 44, which cou 
ple the front of the diaphragm with the ear 
cavity, so that the mass of air therein resonates 
With the stiffness of the ear cavity and the front 
air chamber 43 at a higher frequency. This 
resonant system corresponds to the loop S2, S3, 
M3, R3, in Fig. 8. However, to maintain uni 
formity of the response over the extended range, 
the above noted ear cavity resonance frequency 
must bear a Substantially fixed proportion to 
the resonance frequency of the diaphragm, which 
proportion we have found to be substantially 
equal to 1:2. The utility of the diaphragm reso 
nance frequency as a measure of the operating 
range is, therefore, not affected by modifications 
of the acoustic system. 
The diaphragm resonance frequency is given 

by the relationship, 
1 S.S. co - (s-- Es) (2) 

where two denotes 2at times the resonance fre 
quency. From Equations 1 and 2 is obtained, 

aco - G 
I Mo (3) 

the left-hand side of which represents the prod 
luct of the displacement per unit current multi 
plied by the square of the frequency range, and 
the right-hand side of which is a constant for 
a given structure. Since the performance of a 
receiver is gauged by the combination of the 
two factors, sensitivity and frequency range, it 
will be seen from Equation 3 that a high level 
of performance depends not on the magnitude 
of the force factor alone, but on the ratio of 
this quantity to the effective mass of the dia 
phragm. 
In Equations 1 and 3, the response is indicated 

by the amplitude of the diaphragm displacement. 
More correctly, it should be represented by the 
pressure increment in the ear cavity represented 
by the stiffness S3. At low frequencies, and hence 
at all frequencies in the response range of a 
properly damped device, the increment of 
preSSure due to the diaphragm displacement is 
given by 

(4) 

Where p denotes the pressure increment in the 
ear cavity, P the normal atmospheric pressure, y 
the adiabatic constant for air, A the effective 
diaphragm area, and V2 and W3 respectively the 
Volumes of the air chamber 43 in front of the 
diaphragm and of the normal ear cavity. By 
means of Equations 3 and 4, a modified per 
formance equation is obtained, namely, 

pa- Py G4 
fo- V'V, i. (5) 

in which the sensitivity of the device appears 
as the pressure increment in the ear cavity per 
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unit of current in the receiver windings. The 
quantities P and y are physical constants and, 
since the volume V2 will generally be Small Con 
pared with W3, the Sum of the two volumes may 
be taken as substantially equal to W3, which may 
also be considered to be a physical constant. The 
ratio Py/(V2--V3) is, therefore, a constant which 
is independent of the receiver design. 

It may, further, be shown that the force factor 
G, which is defined as the ratio of the mechani 
cal force produced to the magnitude of the cur 
rent producing it, may be expressed in terms 
of the magnetic flux and the number of turns 
in the receiver winding by the equation, 

du (6) 

where n is the number of turns and Go, or 

did 
clot 

is the rate at which the total flux interlinking 
the diaphragm and the pole-pieces varies with 
the displacement. Substituting this value of G 
in Equation 5 and dividing both sides by n gives 
the relationship, 

(f) = r?y, A Go In ) W. -- V.3 Io 

in Which the Sensitivity is expressed as the more 
basic ratio of the acoustic pressure to the am 
pere turns of the winding. The factor Go ap 
pearing on the right-hand Side is likewise a basic 
parameter of the magnetic structure since it de 
pends wholly on the geometry of the structure 
and the magnetic properties of the materials. 
The expression, 

(7) 

A Go 
Ilo (8) 

may, therefore, be regarded as a fundamental 
figure of merit by means of which the perform 
ances of different types of telephone receivers 
may be compared. In the case of receivers, such 
as those of the invention, in which magnetic 
diaphragms of uniform thickness are used, the 
ratio of the effective area to the effective mass 
is substantially inversely proportional to the dia 
phragm thickness, the densities of the various 
ferro-magnetic materials being approximately 
alike. The figure of merit is therefore propor 
tional to the ratio of the force factor to the dia 
phragm thickness. 
To secure a high figure of merit, it is desir 

able that the diaphragm have a large effective 
area and a Small effective maSS, and that the 
flux traversing the magnetic circuit vary rapidly 
with the diaphragm displacement. The value of 
the figure of merit is dependent on the length 
of the air-gap, the croSS-sectional area of the 
pole-pieces and the thickness of the diaphragm, 
all of which may be varied independently. As 
the air-gap is decreased, the figure of merit in 
creases continuously, but practical considerations 
of manufacture and of stability of operation limit 
the minimum length of air-gap, and hence, also, 
the implovement in the figure of merit that can 
be obtained in this way. 
From an extensive series of measurements of 

the force factor in structures employing electro 
magnets as the source of polarizing flux we have 
found that, for a given set of structural dimen 
Sions, air-gap, pole face area and diaphragm 

2,231,084 
thickness, the figure of merit exhibits a maxi 
nun for a particular value of the polar magnet 
izing force. Further, when the diaphragm thick 
ness is varied independently, the magnetizing 
force being adjusted in each case to the optimum 
Value, a maximum of the figure of merit appears 
for a particular diaphragm thickness and, like 
wise, when the pole face area is varied a maxi 
mum is developed for a particular area. We 
have also found that the figure of merit reaches 
a grand maximum for a particular combination 
of these dimensions. This represents an abso 
lute maximum of the figure obtainable with a 
given air-gap and given materials in the pole 
pieces and diaphragm. To achieve the maximum 
there is required a proper coordination of the 
three quantities, polarizing flux, pole face area, 
and diaphragm thickness. Coordination of the 
pole face area and the diaphragm thickness with 
Out regard to the polarizing fiux Will result in a 
partial maximum with respect to variations of 
these quantities, but to obtain the absolute maxi 
mum it is necessary that the polarizing flux also 
have a value for Optimum effect. 
In the experimental work referred to, the rate 

of change of the magnetic flux was measured di 
rectly by giving the diaphragm a Sudden minute 
displacement of accurately measured magnitude 
and observing the resulting deflection of a cali 
brated ballistic galvanometer connected to the 
receiver coil terminals. This method proved 
Sensitive and accurate and sufficiently rapid to 
permit a large number of conditions to be exam 
ined in a very short time. In the tests, the pole 
face area, the diaphragm thickness and the 
length of air-gap were systematically varied and 
a wide range of magnetic materials was investi 
gated. The variation of the figure of merit found 
in one series of tests is illustrated by the closed 
curves of Fig. 9. Each curve or contour line cor 
responds to a fixed value of the figure of merit 
and the coordinates represent the various com 
binations of pole area and diaphragm thickness 
which provide this value. The intersections of 
the contour lines with horizontal lines parallel to 
the thickness axis give successive values of the 
figure of merit for different diaphragm thick 
nesses, and the interSections with vertical lines 
give the values for different pole face areas. 

In the series of tests resulting in the curves of 
Fig. 9, the magnetic structure used was generally 
similar in configuration and in materials of con 
Struction to that of the receiver shown in Figs, 1 
to 6, except that a slightly smaller air-gap of five 
thousandths of an inch was used. The maxi 
mum value of the figure of merit was somewhat 
greater than 25X10 in C. g. S. units and was ob 
tained with a pole face area of approximately 
.030 square inch, and a diaphragm thickness of 
approximately eleven thousandths of an inch. 
The polarizing flux density in the pole-pieces 
was approximately 6,000 lines per Square centi 
meter and in the diaphragm approximately 
14,000. An increase of the normal air-gap to 
six thousandths of an inch was found to have 
Substantially no effect on the optimum dimen 
sional relationship and resulted only in a slight 
diminution of the maximum figure of merit. 
In order that the optimum conditions might 

be realized in a corresponding structure employ 
ing a permanent magnet, the size and strength 
of the permanent magnet were so chosen as to 
produce the same polarizing flux in the pole 
pieces and air-gap as was produced by the opti 
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2,231,084 5 
mum magnetizing current in the experimental 
electromagnet system. This was satisfactorily 
accomplished by the use of a pair of 35 per cent 
cobalt-steel magnets, 1.25 inches long and one 
sixteenth of a square inch in cross-sectional area, 
magnetized to a stable condition in accordance 
with standard practices. Further tests were 
made upon the permanent magnet structure by 
superimposing a variable magnetomotive force 
upon the magnetic circuit for the purpose of 
varying the flux. These showed that the opti 
mum flux condition was Substantially realized. 
The physical conditions that give rise to the 

optimum dimensional relationships are of a com 
plex character and do not lend themselves read 
ily to analysis. However, the existence of the 
grand maximum of the figure of merit has been 
thoroughly established by the tests referred to 
above. Moreover, the tests show that the grand 
maximum has the character of an absolute max 
imum which, for given magnetic materials and 
for a given air-gap cannot be exceeded, except, 
possibly, to the extent of second order variations, 
by any changes in the configuration or propor 
tions of the structure or of the value of the po 
larizing flux. With different magnetic mate 
rials, other optimum dimensional relationships 
than those indicated by Fig. 9 may be found to 
hold. The tests referred to above have shown 
that, in general, the optimum dimensional re 
lationships involve a diaphragm thickness much 
greater than has heretofore been used. For ex 
ample, when diaphragms of ordinary magnetic 
iron are used, the optimum thickness is found to 
be approximately fourteen-thousandths of an 
inch or greater. The optimum dimensions and 
the optimum polarizing flux for any particular 
combination of materials may be determined by 
following the experimental procedure outlined 
above. 
In the present receiver the diaphragm mate 

rial is characterized by a permeability which re 
tains a high value at high flux densities. It is 
thought that this characteristic may, at least in 
part, account for the fact that the optimum dia 
phragm thickness is less than for other mag 
netic materials. 
From the general formula for the attraction 

between the faces of an air-gap in a magnetic 
circuit, it can be shown that the force factor G 
is expressed approximately in terms of the mag 
netic fluxes by the equation, 

G=n-i. (9) 
where Bo is the polarizing-flux density in the air 
gap and dh/di is the rate of variation of the flux 
with current in the receiver winding. The latter 
quantity is inversely proportional to the reluc 
tance of the magnetic path traversed by the alter 
nating flux produced by oscillating currents in the 
receiver windings. It follows, then, that the fig 
ure of merit expressed by Formula 8 is propor 
tional to the ratio of the polarizing flux density to 
the alternating current reluctance of the mag 
netic circuit and inversely proportional to the di 
aphragm thickness. These quantities influence 
each other mutually in a highly complex manner 
which prevents a mathematical analysis of the 
conditions existing at the optimum relationship. 
The experimental attack outlined above, there 
fore, represents the best available method for ob 
taining accurate data. 

At the grand maximum, the variation of the 
figure of Inert with the pole face and diaphragm 
dimensions is not very rapid and a reasonable 
latitude in the dimensions of these parts may be 
permitted without noticeable sacrifice of the sen 
sitivity or frequency range. For the magnetic 
circuit structure already described the diaphragm 
thickness of .011 inch and the pole face area of 
03 Square inch correspond satisfactorily to the 
values for the maximum figure of merit When the 
normal air-gap is about 006 to 0065 inch. Under 
these conditions a figure of merit of the order of 
250,000 in c. g. s. units is obtained, which is about 
twice as great as the value for earlier receivers of 
similar type. 
The relatively great diaphragm thickness for 

maximura force factor to mass ratio provides 
sufficient rigidity so that the diaphragm may be 
Supported freely at its periphery without danger 
of being pulled into contact with the pole faces by 
the attraction due to the polarizing flux. The 
rigidity is also sufficient to ensure the mainte 
nance of a fixed normal air-gap thereby stabiliz 
ing the operating characteristics of the system. 
The absence of edge clamping results in a simpler 
mode of flexure of the diaphragm under the 
Superimposed force of the speech currents which 
considerably increases the effective area and the 
total volume of the air displaced. 
While the pole-pieces have been described here 

inabove as L-shaped with side flanges, it is to be 
understood that considerable variation is per 
missible in structure. Thus, the side flanges may 
be omitted, in which case the bar magnets would 
preferably be in contact with the short leg of 
the pole-pieces. On the other hand, the pole 
pieces might be in the form of an inverted T, 
in which case the bar magnets would rest on the 
side members of the T in the manner shown and 
would naturally be somewhat shorter. In the 
case of either of these modifications, it would be 
necessary to have the other dimensions modified 
in order to get the desired force factor to dia 
phragm thickness ratio. The principle to be foll 
lowed in making Such redesign will be evident 
from this specification. 
A further improvement in the over-all per 

formance of the receivers of the invention is ob 
tained by the use of damping arrangements 
which not only provide the energy dissipation 
necessary for uniform response, but at the same 
time substantially diminish the effective mass of 
the diaphragm. This result is achieved by the 
proper coordination of the acoustic and electrical 
damping whereby the negative reactances intro 
duced by the separate means are of a comple 
mentary character, their sun increasing substan 
tially linearly with frequency throughout the 
greater portion of the operating range. 

Referring to Fig. 8, the acoustic damping ele 
ments of the System are represented by resist 
ance R1, maSS M1 and stiffness S1. If this com 
bination is proportioned so that R1 is approxi 
mately equal to the square root of the product 
MiS1, its total effective reactance will vary with 
frequency in the general manner indicated by 
curve A of Fig. 10. The characteristic features of 
the variation are a low value of reactance 
throughout a wide range at low frequencies and 
a maximum negative value at a relatively high 
frequency close to the resonance frequency of 
mass M with stiffness S. 
Another component of negative reactance is 

introuced by virtue of the coupling to the elec 
trical circuit through the force factor. The im 
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6 2,231,084 
pedance introduced into the mechanical-acousti 
cal portion of the circuit in this way is equal to 

G2 

Which is the impedance of a network of inverse 
character to the electrical impedance R, ri, L1, 72, 

2. The reactance portion of the introduced in 
pedance has a characteristic variation of the type 
shown by curve B of Fig. 10 and is negative in 
sign. By proper choice of the electrical coeffl 
cients, curve B may be made substantially conia 
plementary to curve A, giving a total effective re 
actance of the type indicated by curve C. This 

5 curve represents a negative reactance which in 
creases substantially linearly with frequency up 
to or beyond the resonance determined by M1 and 
S1. The frequency variation of the reactance is 
of the same character as that of the reactance of 

20 a physical mass, but the sign of the reactance is 
reversed. The damping elements therefore may 
be considered as contributing a negative mass 
which is nearly constant over the operating range 
and which, being in series with the diaphragm 

25 mass, diminishes the total effective mass of the 
System. Physically a negative mass Would have 
the property of producing an inertia reaction 
which acts in the direction of the acceleration in 
stead of in opposition thereto, and may be con 

30 sidered to be present in any system where such 
a condition exists. 

Heretofore in receivers of the magnetic dia 
phragm type, the force factors have been so low 
that the requisite values of the transferred in 

35 pedance to provide the desired characteristics 
could not be obtained without a very great sacri 
fice of efficiency. Because of the large force fac 
tors obtaining in the receivers of the invention, 
the desired negative mass effect is obtained with 

40 out substantial loss of efficiency. 
In the modified form of the invention shown 

in Fig. 7, the damping elements take the sche 
matic form shown in Fig. 11, which differs from 
that of Fig. 8 by the addition of a stiffness So, 

45 lirectly in series with the mass and resistance. 
This added stiffness is that of the enclosed cham 
ber 47 behind the perforated plate 48. The ef 
fect of the closed chamber is to diminish the vol 
ume and velocity of the air leakage through the 

50 nerforations, and, hence, to reduce the rate of 
energy dissipation. To compensate this reduc 
tion, the resistance of the damping element must 
be increased when the closed chamber is used. 
Another effect is to add a stiffness restraint to 

55 the dialohragm equal to the stiffness of the total 
enclosed space behind the diaphragm. In Fig.11. 
Sn1 is the stiffness of the enclosed chamber 47, 
M1' and R1' are, respectively, the mass and resist 
ance of the apertures in damping plate 48, and 

60 S1 is the stiffness of air chamber between the dia 
phragm and frame 45. 
By means of a transformation theorem de 

scribed by O. J. Zobel, Bell System Technical 
Journal, January, 1923. Theory and design of 

65 uniform and composite electric wave filters, Ap 
pendix III. Transformations A and B, it may be 
shown that this modified damping can, by suit 
ably proportioning the elements, be made the full 
equivalent of the combination M1, R1, S1, of Fig. 8, 
together with a stiffness added in Series exter 
nally to the group. The equivalent schematic is 
shown in Fig. 12 in which S4 represents the added 
stiffness. 
The curves of Fig. 10 represent the character 

istics of an experimental device of the type shown 

O 

in Fig. 7 for which the mechanical and acoustic 
constants had the following values: 

R=125 ohms 
7-700 turns 
r1=18.9 ohms, L =.00683 henry 
r2=179 ohms, Li2=00957 henry 
Ro=300 mechanical ohms 
Mo=60 gram A. 
So=24X106 dynes per cm. 
S1'=49N 106 dynes per cm. O 
So1=27x106 dynes per cm. 
M's 58 gram 
R1'= 5600 mechanical ohms 
S2=19X106 dynes per cm. 
S3=4.6x106 dynes per cm. 
M3=.088 gram 
R3=130 mechanical ohms 
G=26X10 c. g. s. 

The corresponding constants of the equivalent 20 
damping system, Fig. 12, are: 

R1=2330 mechanical ohms 

15 

M1=.241 gram 
S1=31.6Xi 06 dynes per cm. 
S4=17.4x106 dynes per cm. - - 25 

The mass reactance of the diaphragm is repre 
Sented by straight line D and the effective mass 
by curve E, the difference between the two being 
the negative mass reactance indicated by curve 30 C. Dotted straight line F represents the average 
value of the effective mass reactance. The re 
duction of the diaphragm mass in this instance is 
Substantially 60 per cent. The total reactance 
of the system which is the resultant of the ef- 35 
fective mass reactance and the combined re 
actances of the diaphragm stiffness So, rear 
chamber stiffness S4, and front chamber stiff 
ness S2 and S3, is represented by curve G. The 
total reactance is zero at 2150 c. p. s. corre 
Sponding to the effective resonance frequency of 
the diaphragm. 
From the constants given above, the various 

significant resonance frequencies of the System 
may be determined. The values are as follows: 
The diaphragm by itself, that is, in the absence 
of acoustic stiffness restraints has a resonance 
frequency of 1000 c. p. s. With the addition of 
acoustic restraints represented by stiffness S, 
and the parallel connection of S2 and S3, the dia 
phragm resonance is increased to 1400 c. O. S. 
The acoustic damping system comprising re 
Sistance R1, stiffness S1 and mass M is propor 
tioned so that M1 and S1 resonate at about i850 

p.s. The load system represented by ear cav 
ity stiffness S3, mass M3, and front chamber stiff 
ness S2 is resonant at about 2700 c. p.s. Further, 
as shown by curve G of Fig. 10, the final effective 
resonance of the diaphragm occurs at a fre 
quency in the neighborhood of about 2150 c. p.s. 60 
the increase from 1400 c. p. s. representing the 
effect of the mass reduction due to the com 
bined electrical and acoustical damping. 
To Secure uniformity of response we have 

found it desirable to maintain certain relation- 65 
ships among these resonance frequencies. Pref 
erably, the three resonance frequencies of the 
diaphragm and the ear cavity resonance should 
form approximately a geometric series with a 
ratio of the terms of about 1.4:1 or 1.5:1. Under 70 
this condition, the extension of the response 
range above the resonance frequency of the dia 
phragm itself is contributed in about equal parts 
by the acoustic stiffness, the reduction of mass 
due to damping, and the resonance of the ear 75 
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2,231,084 
cavity. The frequencies 1000, 1400, 2150 and 
2700 c. p. s. mentioned, correspond quite closely 
to the series, 1000:1400:1960:2750. In addition, 
the resonance frequency of the rear damping 
system should be approximately equal to or 
greater than the final effective resonance of the 
diaphragm, in order that the mass reduction may 
be effective over substantially the whole oper 
atting frequency range. In the foregoing exam. 
ple, the values are 1850 c. p. s. and about 2150 c. p.s., respectively, which is satisfactorily close." 

In the device according to Figs. 1 to 6, the ab 
sence of the acoustic stiffness S4 tends to reduce 
the effective resonance frequency of the dia 
phragm. However, since the mechanical stiff 
ness of the diaphragm varies as the cube of the 
thickness, the reduction may be compensated by 
a slight increase in the diaphragm thickness, 
without noticeable sacrifice of the figure of merit. 
A typical response characteristic for the device 

of Fig. 7 is shown in Fig. 13, the ordinates of 
which represent the acoustic pressure in the ear 
cavity in decibels above the standard threshold 
value of one bar per watt of input power. The 
diaphragm resonance and the ear cavity reso 
nance appear as slight undulations at 2150 c. p. S. 
and 2800 c. p. s. At low frequencies, the full 
line curve represents the response in a complete 
ly closed ear cavity corresponding to the refer 
ence conditions previously described. The dot 
ted curve shows the effect of normal air leak 
age between the receiver cap and the ear. At a 
frequency of 300 c. p. s. the loss of sensitivity. 
is 5 decibels and increases rapidly with decreas 
ing frequency. Since frequencies below 300 
c. p.s. are of relatively small importance in Speech 
transmission, the limitation of the response 
range at the lower range is not of consequence. 
At higher frequencies the effect of normal air 
leakage is negligible. 
As heretofore stated, a single bar magnet such 

as 27, may be used instead of two of Such mag. 
nets as shown in Fig. 6. In case a single magnet 
is employed, it may be made of an alloy compris 
ing iron, cobalt and molybdenum in the approxi 
mate proportions 72:12:16 and have a cross-sec 
tional area of about one-sixteenth of a Square 
inch and a length of about 1.25 inches. 
What is claimed is: 
1. A telephone receiver comprising a flat circu 

lar diaphragm of cobalt-iron-vanadium alloy 
about 15 inches in diameter and 011 inch in 
thickness, said diaphragm being supported at its 
periphery and mechanically unrestrained, and 
means for actuating said diaphragm including 
pole-pieces of an alloy of approximately 45% 
nickel and 55% iron, said pole-pieces having 
planar pole faces spaced from one side of the ria.-- 
phragm approximately 006 inch, each pole face 
having an area of approximately .03 Square inch. 

2. A telephone receiver comprising a frame 
member, having a central aperture and a pair of 
projections on one surface, a unitary assembly 
of a pair of pole-pieces and a pair of straight bar. 
magnets, means for securing said assembly to . 
said projections with said pole-pieces abutting 
and said magnets extending alongside of Said 
projections, an energizing winding on said pole 
pieces, a diaphragm supported on the opposite 
surface of said frame member Solely by the mag 
netic forces exerted by said unitary assembly, 
and an apertured cover member for said dia 
phragm out of contact with Said diaphragm OWer 
its entire area. 

3. A telephone receiver comprising a non-mag 

7 
netic support, a magnetic diaphragm seated on 
said Support, and means for actuating said dia 
phragm including pole-pieces having surfaces in 
proximity to Said diaphragm, said diaphragm 
being maintained on said support solely by mag 
netic forces produced by said actuating means 
and being of a thickness sufficient to prevent 
flexure thereof to the extent of the spacing be 
tween said diaphragm and said surfaces by maxi 
mum forces produced by said actuating means, 

- -and said diaphragm thickness, the area of said 
surfaces and the polarizing flux of said actuating 
means being mutually correlated so that the fig 
lure of merit is a grand maximum. 

4. A telephone receiver comprising a frame 
member having an annular surface on One side 
thereof, a recessed seating portion adjacent said 
surface, and bosses extending from the opposite 
side thereof, a diaphragm seated on said surface, 
pole-pieces having portions bearing against the 
ends of said bosses and tip portions extending into 
proximity to said diaphragm, and a closure mem 
ber positioned on said seating portion and having 
apertures in which said tip portions are fitted 
and which are sealed by said tip portions. 

5. A telephone receiver comprising a dia 
phragm, a support for said diaphragm, and an 
electromagnetic System for actuating said dia 
phragm including pole-piece means, an energiz 
ing winding and means for producing a polarizing 
flux in said system, the diaphragm being of such 
thickness and said pole-piece means being of such 
cross-sectional area that the figure of merit as 
expressed by the ratio 

AGo 
Mo 

is a maximum, A being the effective diaphragm 
area, Mo the effective diaphragm mass and Go 
the rate at which the total flux interlinking said 
diaphragm and said pole-piece means varies with 
displacement of said diaphragm. 

6. A telephone receiver in accordance With 
claim 5 wherein Said diaphragm is mounted on 
said Support Solely by the magnetic forces pro 
duced by said electromagnetic system. 

7. A telephone receiver comprising a magnetic 
diaphragm, and actuating means for said dia 
phragm comprising pole-piece means, a magnet 
for producing a polarizing flux in said pole-piece 
means and an energizing winding on said pole 
piece means, the diaphragm thickness, cross-sec 
tional area of Said pole-piece means and polariz 
ing flux being such that the ratio of the force 
factor to the effective mass Of said diaphragm is 
a grand maximum. 

8. An acoustic device comprising an acousto 
mechanical system including a magnetic dia 
phragm of uniform thickness, and an electro 
magnetic system coupled to and in energy trans 
ferring relationship with said acousto-mechani 
cal system, said electromagnetic system including 
a pair of pole-pieces having pole faces opposite 
said diaphragm and spaced therefrom by air 
gaps of fixed normal length, means for producing 
a polarizing flux in said pole-pieces and a signal 
winding magnetically coupled to said pole-pieces, 
the thickness of said diaphragm, the cross-Sec 
tional area of said pole-pieces and said polarizing 
flux being of predetermined mutually propor 
tioned magnitudes such that the ratio of force 
factor to diaphragm thickness is a grand 
maximum. 

9. In the manufacture of an acoustic device 
including a diaphragm and an electromagnetic 
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8 
system in energy transferring relation with said 
diaphragm, said system including pole-piece 
means, a signal winding and means for establish 
ing a polarizing flux in Said pole-piece means, the 
method which comprises measuring the variation 
of force factor of the device as a function of dia 
phragm thickness under conditions of optimum 
polarizing flux, measuring the variation of force 
factor as a function of cross-sectional area of 
the pole-piece means under conditions of opti 
mum polarizing flux, determining from such 
measurements the variation of the figure of merit 
as a function of both diaphragm thickness and 
cross-sectional area of the pole-piece means 
under conditions of optimum polarizing flux, mu 
tually proportioning the diaphragm thickness and 
cross-sectional area of the pole-piece means to 
correspond to the maximum figure of merit as 

2,231,084 
established by the determination of the figure 
of merit, and constructing the polarizing means 
to produce the optimum polarizing flux whereby 
a grand maximum figure of merit is obtained. 

10. A telephone receiver comprising a magnetic 
diaphragm of the order of .011 inch in thickness, 
and actuating means for said diaphragm com 
prising pole-pieces having pole tips in juxtaposi 
tion to said diaphragm and of the order of .03 
Square inch in cross-sectional area, an energizing 
winding on said pole-pieces, and a magnet for 
producing a polarizing flux in said pole-pieces of 
Such magnitude that the ratio of the force factor 
to the effective maSS of said diaphragm is a grand 
maximum. - - - - 

LOUIS A. MORRISON. 
EDWARD E. MOTT. 
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