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3 Claims.

This invention relates to a method and appa-
.ratus for alding hearing. More particularly this
invention relates to an apparatus and method
for selectively accentuating the frequencles to
which a particular hard of hearing user is less
sensitive than normal.

An object of this invention is te provide a

hearing aid device, having no more elements than -

the conventional hearing aid devices, said hear-
ing aid device being adapted to selectively trans-
mit certain frequencies within the audible range
to & greater extent than other frequencies.

Another.object of this invention is to provide

.a hearing aid device with transducers of a type
having an internal impedance that is reactive
in nature and can be made to have frequency
selective characteristics by providing certain re-
lationships between the internal impedance of
the transducer and the impedance or admit-
tance to which it is connected.

A further object of this invention is to provide'

2 hearing aid device for selectively accentuating
the frequencies to which a particular hard of
hearing user is less sensitive than normal, said
- hearing aid device being provided with a micro-

phone or sound record pick-up device of a type

having an internal impedance that is reactive
in nature so that it can be made to have a fre-
quency selective characteristic by providing cer-
tain - relationships between the internal im-

crystal reproducing devices and condenser type
reproducer devices.

One of the greatest advantages of this inven-
tion is that it controls the frequency response
of the instrument with an absolute minimum of
parts. This is of great consequence in com-
mercial application when it is realized that a

- hearing aid which is to meet popular accept-
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pedance of the microphone or the pick-up device -

and the impedance or admittance to which it is
connected.

Still another object of this invention is to
provide a hearing aid device for selectively ac-
centuating the frequencies to which a particular
hard of hearing user is less sensitive than nor-
mal, said hearing aid device having & repro-
ducer of the telephone or bone conduction type,
the internal impedance of which is reactive in

35

40

nature so that the reproducing device may be -

made t6 have frequency selective characteristics
by providing certain relationships between the
internal impedance thereof and the imdepance
or admittance to which it is connected.

45

Other and further objects and features c;f this )

invention will be apparent to those skilled in the
art to which it relates from the following speci-
fication and the claims.. = -

This invention relates to a frequency selective ¢

ance must welght less than 7 oz. and not be
much larger than a package of cigarettes or a
spectacle case. It is easily seen that there is
no extra space for an assortment of chokes,
condensers, or other components to be used for
frequency control.

Referring to the drawmgs briefly, Fig. 1 111us-
trates schematically, a transducer having a
capacitative impedance; Fig. 2 illustrates a gen-
eral case of & transducer having a capacitative
impedance being associated with a load circuit
having inductance, capacitance and resistance;
Fig. 3 shows two electrically equivalent circuits
for the purpose of facilitating the explanation
of this Invention; Fig. 4 illustrates schematically
a form of this invention in which a series cir-
cuit is connected across the terminals of the
transducer; Fig. 5 illustrates a form of this in-
vention in- which the load impedance is con-
nected to the transducer by means of a trans-
former; Fig. 6 represents a circuit electrically
equivalent to the circuit of Fig. 5; Fig. 7 is an
embodiment of this invention in which the
transducer having g capacitative reéactance forms
the load: Fig. 8 illustrates a form of this inven-
tion similar to that shown in Fig. 7 except that
in this case the impedance of the source is repre-
sented by elements connected in parallel; Fig. 9
illustrates & form of this invention showing a
transducer that is transformer cpupled to a
source and vacuum tube amplifier, and Fig. 10
iltustrates a circuit embodying this invention, said
circuit being elecirically equivalent to- that of
Fig. 9 and Fig. 11 shows a complete circuit

‘wherein the capacitative reactance of my piezo-

electric transducer forms an essential part of the

impedance unit which determines the frequency

selection characteristics of the system.
Referring to Fig. 1 of the drawings in detail,

- reference numeral {0 designates a capacitative

coupling system for transducers of the type hav-" -

ing an internal impedance which is. predomi-
nantly reactive in pature, such as, piezo-electric
microphones, piezo-electric pick-ups, condenser

microphones, condenser pick-ups, piezo-electric,

reactance and I! refers to a source of current

“supply of the pulsating type which may be an

alternating current, an undulating direct current
and the like of frequency f, having frequency

" characteristics corresponding to those of sound

66

and the like. The elements 10 and {1 together
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refer to a transducer, such as, a microphone or
pick-up having a capacitative reactance.

The transducer, for the case of a capacitative
impedance, may be represented as shown in Fig.
1. Cw is the internal capacity of the device and
Cqo is the open circuit voltage of frequency f. In
practice the capacity Cm will have associated
with it a certain amount of resistance since the
power factor of such devices is usually of the
order of ten percent as compared to zero for a
perfect condenser. Hence, for purposes of il-
lustrative computation the internal impedance
is considered a pure reactance. The computa-
tions can be suitably altered to fit any given
power factor if greater accuracy is deemed neces-
sary. When the transducer is actuated by
energy from an acoustical system and is deliver-
ing energy to an electrical system eo is the open
circuit output voltage of the transducer.

For the general case of a transducer acting
as @ source of signal voltage it is assumed that
all three elements, that is, inductance L, ca-
pacitance C and resistance R, designated by ref-
erence numerals 12, 13 and {4 are connected
across the output terminals of the transducer
10—I1 as shown in Fig. 2. These elements 2,
13 and 14 also include any inductance, capaci-
tance, or resistance due to the input circuit of the
associated load circuit which may or may not
be a vacuum tube {5. While in the equations
and results to follow the elements L, C, R, are
assumed to be all in shunt across the transducer
terminals, the present invention is not to be con-
strued as limited to this arrangement since any
elements in series with the shunt elements can
by suitable transformations be replaced by an
equivalent shunt impedance. The two circuits
a and b of Fig. 3 are therefore electrically equiv-
alent. 'The shunt circuit of R and L is elec-
trically equivalent to the series circuit of r and I’
where

_ RIw: __ R
"TRI e 1+ @E/Lw)?

R (Lw)

L‘=R2+(Lw)’=1+1(;%>’

It should be noted in the results to follow that
the internal reactance of the transducer plays
a very important part as one of the actual circuit
elements of the frequency discriminating net-
work.

For the circuit and notation of Fig. 2 I obtain:

—J
Zcu:l—-wCM

, . .
Ych=g—Jb=R}—J(m=wc) =y
=
0= Zou+Zrer

e=‘i‘Z ___eZicr €
VLR Z ot Zrcr 1 +ZeuYircr

e 1
e 1+ZcuYrce

1
=T C 1 7
I+ 5y " FLCu oCuE

R

60

75

2,308,930

for L, C, R in shunt. The absolute value of
1='z|
€ |
5 €l 1
%eo o 1+.C 1 \? 1 \? @
VO+&-320) + o)
Let
1
10 wyz=m

then the resonant frequency of the circuit com-
prising these circuit elements '

1
f"=2f\/LC'y

tg ! 1
‘ey; _\/ [1.;_—6%[‘- (le!/f)’]z'*‘[%%H:I2

3)

PR
"Toxy/LC
and

30 1

I S
'30] \/[ (flfo)2— 1]’ [Xcu]‘
G J TLR
" BEquation 1 is a general equation and for any
35 value of Yicr the ratio :
e
[+

may be determined.

From these equations the action of the cir-
cuit is known. For the casés in which all three
elements L, C, R are not present the above equa-
tions are easily modified.

Thus when R only is present Equation 2 re-
- duces to

45
of 1
| . eol ’J 1+ (w ClxR.)a (5)

When inductance and resistance are present

L1 P S —
e B

When inductance only is present

&)

40

65

e e
ol I—QulP 1= Uulf? @

When. capacity and resistance are przsent

' 1
T CARCO N
When capaplty oialy is present '
&= 1 C\} e
“YR) Yo

70 mor this case there is no frequency discrimina-
tion, only a reduction in the value_ of

4
€0

65
9
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- From Equation 5 for the case of the capaci--

tative transducer working into a resistance load
-1
Xc‘()’

Vi G

R — o, L%l=1

4
€9 (10

When

and using this as a reference the corresponding
loss in decibels for some value R is

N=—20 logi VIF (Xcu/B)? @

thus at the frequency for which Xcum=R the
loss is three decibels.

For a specified value of Cu the frequency re-
sponse at the low end of the audible range will
depend upon the value of R. In order to at-
tenuate low frequencies the value of R is made
small compared to the reactance of Cu. Thus
if Cx=.0015 ufd and R==.1 Meg. then

XCM

~—R——=10.6

Xc,u> _
(——R 2=112

at one hundred cycles. Hence
N=—20 log1V113=—20.5 db.

At a frequency of two thousand cycles there will
be practically no loss—the loss gradually de-
creasing as the frequency is increased. This
gives a characteristic suitable for use with hear-
ing aids in which it is desired to attenuate the
low frequencies in order to compensate for cer-
tain types of partial deafness in which the hear-
ing loss is small at the lower frequencies and in-
creases at the higher end of the spectrum. For
s, given value of Cxu it is possible by choosing the
proper value of R to obtain a frequency response
curve which complements the hearing loss curve
of a partially deaf person. Curves can be plotted
showing the loss at any frequency corresponding
to a particular value of R for a fized value of
Cu. : :

Equation 6 corresponds to the case of induct-
ance and resistance connected across the output
terminals of the transducer. In this equation

Fu=YxyLCyu

and is the resonant frequency of the inductance

and

e 1

3

and internal reactance of the transducer.

e 1

ol Xeu\? 6
" -G+ (5) ©®
The frequency fu may be given any required
value by choosing the proper value of L. 'When
e
0 suli=13|¢]

is a maximum and is equal to R/Xcum=RwL.
Thus at the frequency’ f—=fu there is a step-up
limited only by R and wL. If R/Lw=1 at the
frequency fu there is no step-up and

21

€

thereby eliminating the resonant peak. As the
frequency is decreased helow the resonant fre-
20 dquency (fu/f)? becomes larger likewise (Xcu/R)?2
becomes larger causing

16

[

€9,

to decrease as the frequency is lowered. Above
25 the resonant ffequency -

£
€9
gradually approaches unity. - A sharper cutoff at
30 the low frequency end of the spectrum can be
obtained when using L and R in parallél than
when using R only. .
- Bach of the various combinations of circuit
elements will manifest their own particular be-
35 havior as given by their corresponding equations
and the desired characteristic can be obtained
by selection from the various equations.
Fig. 4 shows the case for a series circuit of im-
pedance Zwr connected across the terminals of
40 the transducer. The following equations holds
for this case '

Zior=T+Jx
Zew=—J/eCyu
® e =
e 1

e 15 ZculZior an

50 Equation 11 is the general equation for the case
‘of a series impedance.
For the case of I, ¢, r in series

Zlcr= T+j(wl—;1‘c)
55 and .

1 J

rCar-+jadlCo =LK

HlCx— %"

ijCu :

- (w’le —%‘—’)’+ (mc,)f (w’le - C—;!)'+ (reCa)?

Let fu=%1l’1ﬁt';

1

V-

(e~

+ t
| [omr-2T+HZ]) ([omor-2] +rixenr

(12)

T/XCM




4

For the cases in which all three elements are
not present the general equation can be modified.
Thus for resistance and inductance only

e a0 7/ Xex

e ]

For resistance and capacity in series I obtain
the following:

3
(i) (/X Cﬂ)z] +[(f/fu)’+ (/ Xcu)’]

&= -
- r/Xca

[

" For inductance and capacity in series

el L S 1
€y —1__ 1 - —_— 1
(Flfa— PGP
1
I SR L o
. 1 (15)
TP —Gelfa)* gyl
When Pt
=G 7 =t 145 “2eVIC,
[
where &
_cCux
C1_0+ Cae
and .
e
€
is & maximum.
‘When
I=hZ|=

The transducer also may be connected to a
load by means of a transformer 16, as shown in
Fig. 5, in which case the windings of the trans-
former including their distributed capacity and
leakage inductance may be used as circuit ele-
ments in controlling the frequency response in
accordance with the general Equations 1 and
11. Any impedance connected to the secondary
will be equivalent to an impedance on the pri-
mary side as modifled by the turns ratio of the
transformer. Fig. 5 shows the circuit and Fig. 6
is the electrically equivalent circuit.

The elements of these circuits are as follows:

=Resistance of primary winding.
=Resistance of secondary winding.

It
re

s =Li1(1—k3) =leakage inductance referred to
primary.

I; =Primary inductance.

k =Co-efficient of coupling.

Z =Secondary load impedance.

m =Primary turns.

nz =Secondary turns.

C =Total capacity referred to primary

Cu=Internal capacity of transducer.
es —Open circuit voltage of transducer.

The present invention is not to be construed
as limited to the case of the transducer working
as & generator into a load circuit. The trans-
ducer may be the load and may be fed from a
source such that the voltage developed across
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the transducer is a function of frequencies. In
this case when the transducer is being actuated
by energy from the electrical system and is sup-

(13)

plying energy to an acoustical system the voltage
e referred to in the drawings, specification and
claims is the open circuit output voltage of the

a9

source of signal energy as seen from the trans-
ducer terminals. The impedance or admittance
in series with this voltage is that obtained when
looking back from the transducer terminals and
replacing all sources of EMF by impedances
equal to their internal impedance.

In other words eo and the impedance in series
with it ‘are to be determined by applying
Thevenin’s theorem. 'Thus, suppose a device
such as a piezo electrical crystal headphone 11
is fed from a source of impedance Zir as in
Fig. 7.

_ aZeyw . e__ 1
" ZiertZew’ @ 4 Zier (16)
1 + Ze M
For inductance, capacity, and resistance in se-
ries Equation 16 gives .
e__ 1 ' 1
60_ 1 - CM
rt-J wl———;é l—wz_lC'M_-l-T +JreCy
I+ —775Cx
let
wmn?=1/ICxu
then .
fﬂl = yZ"’\/l CM
e_ : 1
01— (flfa)+ <2 M | Xex
e B . (17D
V- <f/fM)2+93‘ Trerxer 7
For inductance and resistance in series
¢ 1
. ol VII— (f/fM)2P+[r/XcM]2 (18)
when f=/fx
el_ XCM wl
€y T 1‘
For inductance and capacitance in series
el 1
N s a9
when
f= 1+ =TT
where c
o ClM
CI c+ CM
=
€ -
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For a series inductance

‘z R
e 1—(flfa)? | (20)
and 5
4--
€9
when f=fx
For a series capacitance .
10
li =_1_C._ 1)
€9 M
14+ -
and there is no frequency discrimination.
For a series resistance 15
e ' 1
R . 22
el 14 (r/Xcu)? @2

For the case of the impedance of the source
being represented by elements in parallel as il-
lustrated by circuit {8 in Fig. 8, the following is
obtained.

20

e _ 1

S

From the various equations given it is possible
to select the proper coupling arrangement in or-
der to compensate for a given type of hearing
loss curve, Thus, in a hearing aid employing a
piezo-electric crystal microphone and a piezo-
electric crystal earpiece, the coupling arrange-
ments for the microphone and earpiece can be so
chosen as to provide a frequency selective system
of the proper characteristics for the particular
type of deafness involved. This is accomplished
with & minimum of extra equipment because the
internal impedance of the transducer, that is, the
piezo-electric crystal microphone and/or the pie-
zo-electric crystal earpiece, is used as one of the
circuit elements controlling the frequency re-
sponse. The terms microphone and earpiece or
headphone are used here in a broad sense in that
microphone is intended to include both the sound
pick-up type and the phonograph record pick-up.
Earpiece or headphone is intended to include
both the telephone type and the bone conduction
type.

As an example of the case of a transducer fed
from a source I have employed a crystal earpiece

€ 14 1 (23) o5 O headphone coupled to a vacuum tube amplifier
T ZcxYicr §5 by means of a transformer 19 as shown in
i Fig. 9.
For L, C, R all present Equation 23 gives &
: L 1 For this case
YLCR=R7—J(m—wC> 30 eo=;—l-4E
e — —
e°_1 4 1 - assuming an ideal trsnsformer, and the imped-
=11 /1 ance In series with eo will be
—_— J wC
wCyl R L 35
1 i)
il - (77) T
1+ 1 !
[&-&) =
Cu I R giving the equivalent circuit shown below in Fig.
5 :
@ | & uir? ] Xeu/R @4)

o TR T

For inductance and resistance in pg,rallel
e
A ’+

G+ (B2 |t + (B)
. (28)

XCM

For inductance and capacitance in parallel 55

[

1
’eﬂl_l_l_____l_
’ C— (Fulf)?

For resistance and capacitance in parallel

&=
1 Clox —Xeus__
\/{ (Crewy+ (X5 )}’ {(C/cu>2+(’—‘;—“)

27) 76
For capacitance only
e

(26)
60

1 85

1
14+9%
and there is no frequency discrimination. —

- (28) |
76

* 50.

[5-‘1— Gl | +[ 22

10. Hence Equation 22 applies a.nd

‘eal 1/1+(r/x¢;,,,)z ‘/ [( ]=

When
s
(@)

there will be & three decibel loss. By varying the
turn ratio na/n1 the required frequency character-
istic for any given value of rp can be obtained.’
In Fig. 11 I have shown a form of circuit ar--
rangement with which my invention may be em-
ployed conveniently. The piezo-electric erystal
microphone 0. includes the capacitative react-
ance 10 of Figs. 1, 2, 5 and 6 and the react-
ance of this crystal microphone or other pick-
up device bears certain relations to the induct-
ance, capacity and resistance of the other ele-
ments of the circuit, including the transformer
i16a, amplifier tube 15a, transformer {9a and re-
producer {71a, whereby the foregoing mathemati-
cal relations are satisfied and the circuit is made
to produce the. desired frequency selection. It
will be observed that I have shown .both the
microphone {8a and the headphone I1a as being
of the piezo-electric crystal type; this, however,
is not essential since the desired results may be
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obtained using only a piezo-electric crystal
microphone or pick-up or using only a biezo-
electric crystal reproducer or head-phone as
prought out in the foregoing mathematical
analyses. However, both microphone and re-
producer may be of the piezo-electric crystal
type if desired and further improved results may
be obtained by employing each of these for fre-
quency selection purposes as well as for their
normal functions.

While only one amplifying tube 15¢ has been
illustrated several tubes connected in cascade or
otherwise may be employed and these may be of

the multiple grid electrode or other high gain

type instead of the three electrode tube illus-
trated.

A plurality of reproducing devices, such as,
device iTa may be used simultaneously as for
class room work, churches or in similar public or
semi-public or private gatherings and in such
cases the reproducing devices also may be made
to have such characteristics so that when con-
nected to the amplifying device each will em-
phasize the particular frequencies desired by the
particular user. In this latter arrangement the
amplifier circuit should, of course, be constructed
to be able to feed several reproducing devices and
each reproducing device should be coupled to the
output of the amplifier through a separate trans-
former or other coupling device or circuit al-
though this is not necessary if the reproducers
are left connected to the amplifier at all times
or suitable impedance devices are substituted
when they are disconnected.

While I have described certain embodiments of

this invention in detail it is of course apparent

that modifications therein may be made without
departing from the spirit and scope thereof. I
do not therefore desire to limit this invention to
the exact details shown and described except in-
sofar as they are defined by the. claims.

What I claim is as follows:

1. In the translation for hearing aid purposes
of sound vibrations into a varying electrical cur-
rent employing a piezo-electric crystal -trans-
ducer having a substantially capacitative internal
impedance and further employing a load circuit
which has an impedance including a substantial
inductive component, said load circuit being con-
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ductively connected to said transducer, the meth-
od of non-uniformly translating and selectively
emphasizing a certain desired restricted region of
the audio spectrum different from the natural
frequency of said transducer which consists in
selecting the values of the respective components
of the impedance of said load circuit in such
manrer with reference to the said capacitative,
internal impedance of said transducer to which
it is conductively connected that the frequency
response characteristic curve of the conductivity
connected circuit comprising the said capacitative
internal impedance of said transducer and the
said impedance of said load circuit comprising
said inductive component, emphasizes a desired
restricted frequency region of the audio spectrum.

2. In a plezo-electric pick-up system, a piezo-
electric pick-up transducer element having a sub-

‘stantially capacitative internal impedance, & load

circuit conductively connected to said transducer
element and including a substantial lumped in-
ductive component, the values of the respective
components of the impedance of said load circuit
being so selected with reference to the said ca-
pacitative internal impedance of said transducer
element that the frequency response characteris-
tic curve of the conductively connected circuit
comprising the said capacitative internal imped-
ance of said transducer element and the said im-
pedance of said load circuit, emphasizes a desired
restricted frequency region of the audio spectrum.

/3. In a piezo-electric pick-up system, a piezo-
electric pick-up transducer element having a sub-
stantially capacitative internal impedance, a load
circuit conductively connected to said transducer
element and including as components capacitance
and lumped inductance connected in parallel, the
values of the respective components of the im-
pedance of said load circuit being so selected with
reference to the said capacitative internal im-
pedance of said transducer element that the fre-
quency response characteristic curve of the con-
ductively connected circuit comprising the said
capacitative internal impedance of sald trans-
ducer element and the said impedance of said
load circuit, emphasizes a desired restricted fre-
quency region of the audio spectrum.

 WILLIAM D. PENN.



