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peuple spoke ialo the mechanism and the resulting
light modulation was cuaverted back into sougd by -
the EIU. The response of the cell was such that
the individual voices were easily understandable
aad identifiable. Tonal quality was Yimilar to

that of the conventional telephone set.

The HEAR mechanism was fabricated and
initially tested by placing the absorption cell near
the ear and detecting the output. The laser diode,
blased at 10 mW, was 100% modulated by the audio
generator and the light signal was applied to the
Hear cell. The tone was casily audible. Final
HEAR horn testing its continuing.

The Ring mechanism described in Section ¢
was fabricated and tested with the EIU, After
four seconds of a 16 mW cw light signal, the ring
signal began and continued until the light pulee
turned off, The ring produced an audio output of
75 4B at a distance of | meter {rom the mechanism,
as required.

6. CONCLUSIONS/FUTURE OF THE CONCEPT

The results of the current study indicate that
sn all optical telephone set is technical feasible,
The implemeantatior methods and subsequent
designs were chosen after an intensive literature
survey of past research and brainstorming
sessions for new idecas. The techaiques selected
were determined primarily on a risk/performance
basis where the lowest risk approach having the
greatest chance of success was chosen. Itis
obvious that much work still needs to-be done both
{n optimizing the performance and manufacturing
cost parameters of those functions investigated
{n this study as well as other functions such as
hook ewitch, sidetone and dialing. The associated
technologies required already exist with low loes
optical fibers and high power laser diodes com-
maercially available. The authors are hopeful
that the all op.ical telephone first envisioned by
Alexander Graham Bell over 100 years ago, will
sooa become a reality.
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case, bandwidth was not a majur conceyn and vps
traded off [ur increascd response over 2 narrow
band. The RING horn is similar in design.to the
HEAR horn but the larger diameters are due to
the different load impcdance. The input radius
is 0.05 cm and the output radius is 15,0 cm,
The overall length is 17 cm. The cell volume
10 5.0 x 10°% ¢cm*” and the equalizer tube
diameter and.lengths are 0.02 cm and 20em
respectively, The predicted acoustic output is
showa in Figure 4.1, The predicted geak
tesponse | meter {rom the horn is 75dB with
2.5 mW of light and increases to 92dB with

18 mW of light,

The second approzch investigated utilized
the optical ring signal o triggar the release of
mechanically stored energy which was then con-
verted into acoustic energy to alert the user of
an incoming call, TRe reicased mechanical
energy i¢ restored at the conclusion of the call
through the action of the rook switeh which,
when depressed, can be used to compress a
spring, twist a torsion bar, 9r displace &
weight, etc. The actual production of sound
can be accomplished with a bell type device,

a bdellows/vibraiing reed, etc.

The initial investigation concentrated on
the trigger mechanism. When irradiated, the

" trigger released a predetermined amount of

machanical energy into the sound producing
device, The designed mechaniem incor-
porated a bimetallic strip; when heated by
optical energy, the strip bends [rom its nor-

‘mal position releasing the mechanical energy.

Alter the light pulse ends, only a few seconds
is required for the strip to cool to ambient

and return o its iaitial latching position.
Thua, each light pulse can trigger a ring eycle.

rotates, causing a set of bells W be struck,

© producing a sound much like that of a con-

ventional phone. Although the feawibility design
impkementaied was constructed of metal, ringers
can be (abricated of plastics and ceramics. For
this program, it wae decided to build and test the
ringer shown in Figure 4.2, primarily because it
was eagier and faster o build, as well as lower
risk than the RING horn described previously.
The experimental results are described in the
lollowing section. .

s. EXPERIMENTAL RESULTS

Aa slectronic interface unit (EJU} was coa-
structed to test the three components. Three
Optical Information Systems, 20mW laser diodes
were incorporated in the EIU along with their
associated signal circuitry and power suczolies.
The lager diodes were biased at 20 mW for the
RING and 10 mW for the TALK aod HEAR. The
optical telephone eids tone feedback signal was
generated electronically, A 3000em, 4 [iber
optical link was used for jnterconeection ia
testing the components.

The TALK signal levels were measured as
3 function of input frequency. The measurement
breadboard is shown in Figure 5.1, A helium
aeon laser was coupled o the input {iber through
a 20X microscope objective. Aa optical power
metey was used to detect the light variatioas;
the output of the meter was (ed to an oscilloscope
for measurement. Aa audio oscillator provided
the sound frequency input which was aormalized
to 904B at each {requency. Data was takea under
three conditions: the cell placed {lat on the
beanch, placed over a 7 cubic inch volume, aad
finally a mechanical voice filter (a standard
telephoae mouthpiece) was placed over the mem-
branec, The measured voitage as a fuaction of

The Harris RINC mechanism, incorporating inpul sound {requency is showa ia Figures 5.2,

the bimetallic trigger, is shown in Figure 4. 2.
Mechaanical energy is stored by means of a spring
geared o a low torque governor, The bimetailic
trigger in its normal off position latches the
governor. When a ring signal is sent, the light
output {rom the f(iber is focused by two lenses onto
a blackened bimetal strip which deflects as it
heats up, relcasing the governor. The drum
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5.3, and 5. 4 for these three cases. These
experimental resulits are of the same form as
the theoretical prediction shown ia Figure 2.1,
The response, observed when the diashragm was
backed by 2 reasonable volume, has » reries of
resonances with the primary peak at about

2375 Hx. Tests were then rua ia whizh differeat
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Further manipulatiun yields the !nnller funstioa,
H‘i
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" where: L figure of merit for the gas; air = 1,

Gg. dispersion function for a sphere
volume approximation of the cell.
¢ = 20068 -2¢

o * k)

Integration of l-Ze'A cos ¢ + e28 gver
~Zn in equation 3 (the term of which arises from
oscillations due to resonances of travelling waves
{n the tube) results in an average or 8 smoothed
response, < Hy>1t

’ -4 __4
<He> = Gml (9.! leoz cm ) .
rner

2 ,z exp [(-r5/ry) ¢} |Cu} 2

. k Jsl 211 - o748}

The output intensity ie the product of Hy,
with the following function, D,.
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" telephone user.

Yhere:
Ry, 880 gm/sec cm?, a constaat to
noemalize Hy,.

Yo specific heat ratio of gae.
P 1 RMS optical power, mW,

op

P°, atmospheric pressure, dynea/cmz.

I 2x 1074 dynenlcmz. .

A computer predicted plot of the Harris
HEAR mechanism response compared to the
K-N photophone appears in Figure 3, 4.

4, RING FUNCTION

Ag in the case of the HEAR function, the
technical challenge of the RING implementation
lies in the need to obtain a noticeable acoustic
output from the telephone set at a level of
approximately 75dB sound pressure level (SPL)
at 1 meter with only an optical input from the
fiber link. However, the RING function, unlike
the HEAR, does not convey detailed communi-
cations, but serves only to alert the telephone
user to an incoming call. There are two
posesible means for producing the required
sound; direct conversion of the optical RING
signal to acoustical energy as ia the HEAR
function and the use of the optical ring sigoal to
trigger the release of stored mechaaical esergy
iato a predetermined acoustic signal, loud and
aoticeable enough to attract the attention of the
Both spproaches were iavesti-
gated,

The direct conversioa of optical to
acoustical energy can be obtained, as in the
HEAR function, by the photo-acoustic effect.
The prablem is the same as that of the HEAR
funct’'on, except for the value of the load im-
pedence, The HEAR couples iato a {ixed volume
load, whereas, to be useable in a manner com-
parable to existing systems, the RING muast
couple into free space. Using the HEAR com.
puter programs, a design for s RING hora which
optimized the sound output for a load impedance
of 3 massless air piston was derived. la this
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Rlcinman-Nelgan, approaches indjcated that the
latter appruach had a 10dDB higher conversion
efficiency. Because of this and the proven
nature of the Kleininan-Nelson approach, it was
decided to incorporate this technique in the
Harris design.

The Harris HEAR mechanism design con-
sists of an cxponential horn similar wo that of
Kleinman-Nelson approach. The Harris design
wag computer optimized and resulted in a
mechaniam with 10% less overall length and an
jncrecase of approximately 3 dD in output over
the desired bandwidth as compared to the
Kleinman-Nelson approach. Air was chosen as
the internal gaseous medium for ease of fabri-
cation, although it has been shown, that other
internal gases can increase sensitivity, How-
ever, this requires added complexity of a
diaphragm for gas confinement.

It was decided to fabricate the hora by
machining 2 two piece aluminum mandril on a
lathe, electroplating copper on the outside of the
maadril and, subsequently, etching the alumiaum
ia a hot sulphuric acid bath., The resulting lorm
is a rigid copper haorn whose inside dimensions
are the same as the outside dimensions of the
aluminum manadril. [nertance tube equalizers,
photo-acoustic cell and ear-piece coupler can
then be attached.

Following the nomenclature of Kleinmaa-

Neloon (K-N),, the equivaleat circuit of the photo-.

phone is shown in Figure 3.3, The solution of
the circuit shown reduces to:

2 2
2& - % 2 ben .
sy n rll er

exp }{-vo fryie]

-
L]

lgti) + hiiy exp (Zjnl + j 4 - a)] 2
Z, 23
,D-L LN
I TvD
8 Pe Pl P2 Pl :V:

Figere 3. ). K3 -Naisou £q Gretuse

‘C ‘C
-~ - ‘.
[ 7
(—z - _" l'
Ze g

Z. 2 = -j—"bﬁ—- . characteristic impedance
' minrey, 2 :

of a lossless tube.
m¢t = gt jn, lossless solutions.
a = (In(ry/ryh/1, exponential taper constant,
1, length of horn, cm.
Pg. pressure at ear-piece coupler, dynellcmz.

ze. acoustic impedance of ear coupler,
gmisec cm*,

z., dcoustic i fedance of source volume,
gm/sec em®,

*Sy, velocity flow of photo-acoustic source,

cc/sec,
Zl‘ 2+ equalizer impedances, gm/sec em*.
TVD, thermoviscous damping, gm/sec cm4.
b, density of medium, gm/cc.
¢, velocity of souad, em/sec.
n, 2 iaput and outpit radii of the horn, cm.
fo. boundary layer radius, em,
n, complex term of propagatioa constant.
k s w/c, rad/em,

g, 8. frequency dependent functions for boun-
dary layer approximation.
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:— Optical Fiber

waves incident on the membrane cause it W
vibrate resulting in changes in the coupling o
efficiency betwcen the two fibers. The amount
of coupling, and therefore the magmtude of the
intensity variations, dependl on the Amphtude
of the diaphragm vibrations.

The TALK mechanism model is a
homogeneous circular membrane driven by a
constant pressure across the surface with no
damping forces. Solution of the wave equation
of this system for the amplitude of the mem-
brane displacement, y, results in:

. Y’ - P [ Jotkr) ) ‘
kT \ Jo(ka)
where: . ..

Jo(kr), Bessel function of order zero,

P, drive pressure, dynes/em?.

T, membrane tensioa, dyne-lcmz

k =t oy o/T, rad/cm.

s, area density, gm/cmz.

a, cell radius, cm®,

w. frequeacy, rad/sec.

2, the radius at which the displacement is
measured, cm

This equation was used to generate plots of mem-
brane displacement at the center of the cell, where
the fiber ends were placed, as a fuaction of
frequency, Since the fiber ends, one {ixed and one
moving with the membrane, are at the ceater, the
plots represent instantaneous [iber coupling

and thus, light amplitude. A typical plot is shown
in Figure 2.1. As mentioned previously, in order
to reproduce ideally the individual voice charac-
teristics of the user, the response of the TALK
mechanism shruld be (lat across the voice band
from 300 wo 3390 Hz. One way to accomplish this
is to et the membrane parameters such that the
first resonance is above the band of interest,

The other option is to generate rescaances across
the (requency band, especially at the high
{requency end where overtones typically give

Absorptive Fibers

Star Coupler

Figure 3.1. Edelman Azproach
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vuices their individuality,

The Harris design (or the talk mechanism
is shown in Figure 2.2. A disk of 12.7 micron
thick mylar was stretched acroeas a $cm ring and
fixed at the edges. The irput {(ber was attached
to the mounting rine and to the center of the mem-
branc by a small drop of epuxy. The ouiput fiber
waps mounted inside 2 hypodermic needle cut and
pulished [lat at both ends. The 50um core input
and output fibers were aligned o maximize the
coupling efficiency of the light in the static mode,
and then the needle attached to the ring mount by
epoxy to hold the fiber stationary,

3. HEAR FUNCTION

The passive HEAR mechanism must
convert light into sound with a bandwidth of
300-3300 Hz and a sound pressure level at the ear
of at least 81 dB. Two design approaches were
considered. In the first, the Edeiman, approach
shown in Figure 3.1, the optical energy i»
absorbed as heat in optical fibers having = high
Youngs modufus, low specific heat and a large
coefficient of thermal expansion, The {ibers
expand and contract under tension as a fuaction
of the modulated optical input and drive a dia-
phragm element which is impedanced matched for
the desired voice bandwidth, Input modulated
light is thus converted into sound pressure waves
by the moving diaphragm.

The second approach, the Kieinman-Nelson,
approach showa in Figure 3.2, consists of a small
photo-acoustic cell, which coaverts the light
modulation into sound waves, and an acoustic
impedance matching system. The last impedance
matching element is an exponentially tapered hora
which couples sound to the ear. The photo-
acoustic interaction occurs between the light and
a emall quantity of suspended carbonized cotton.
As the input light intensity varies with the HEAR
signal, the cotioa aad surrouanding gas heat and
cool and thus expand and coatract producing an
acoustic pressure wave. The impedance
matching system maximizes the acoustic energy
transmitted to the ear. Calculations made of the

- Diaphragm
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[

Copmacons! iy re \\\\\\
Oprical Fibar \\l
f

Tt 1L Kirman Hetae eegn

A Y. ~
X \‘\\“' RONNIG

U




oty .. ’
ALL OPTIGAL TEGEPIIONE DEVELOPMENT

("x’" . . . . Foc_ﬂ"/z-. S‘QP l;fl I?{,Z" Los Hhﬂé"t‘s Cn

x .
;::e: : B.GC. Grossman, S. R. Adhav, L.M. Ralston, and R. K. Morse,
,:“:‘ﬂ Harris Corporation, N. Feldman, CECOM
s )
*‘_::t‘ 1. INTRODUCTION to demonstrate feasibility. We realize these
A : - efforts are primitive, but, fully expect that the
' - . The optical fiber, as a2 medium for com- refinement process and optimization will follow
-y . munications, has been successf{ully replacing rapidly.
:.:0: \ ) metallic cable trunks. It is presently serving the
e ; - communication industry ia both high capacity and 2, TALK FUNCTION
"!!“ low capacity links. Thus far, with {ew exceptions,
":l:' the highest volume users of tranamissions lines, The function of the TALK mechanism is to
:g . ¢ subscribers, have beea neglected. convert spoken words into moduiated light. Thie
IS light i coupled by optical fiber to an electronic
i) When Mr. Feldman discussed his "Al} switchboard and then reconvertsd ino sound at a
'l.“ Optical Telephone” at ICC-81 in Denver, Colorado HEAR mechanism. The frecuency response of
,'4‘ ’ in June 1981, it was a step toward correcting this the TALK mechanism rnust be reasonably flat
A\ ’ aeglect. He described an instrument served by over the voice band, 300 tn 3300 Hez, and typical
:"‘ ' optical fibers, simple, and inexpensive, requiring voice levels must generate sufficieat optical
!.':" ao electrical power. His conceptual system con- rmodulation to be detected and reconverted to
'::l'. tained six components, two of which, earphone and sound with a sufficient signal to noise ratio, as
B b ringer, seemed to present some measure of in a conventional teiephone set,
barrier to successful implementation. A govern-
g ment contract was awarded to Harris Corporation, Two basic modulation mettiods, phase
‘:' " . Melbourne, Florida, in November 1981, to demon- modulation and amplitude moduiation, were
:.' - strate the feasibility of the concept. The barrier coasidered for the talk mechanism. Phase
.0"‘ items would get special attention ia the execution modulation of light by pressure waves recently
(3 . of this coatract. . has been explored and optimired using optical
%) L {ibers lor uaderwater sensor applicauons, The
el In this paper, we willd escribe the work major disadvantaze of this ricthod is that com-
! pursued and accomplished by Harris. Three of the plicated interferometric techniques are usually
YV ' six compoaents, hear {earphone), talk, and ring, required to demodulate the phare eacoded in-
) R will be addressed. The expended effort has con- formatioa. It was decided, thercfore, because of
Ha ' sisted of a judicious mix of computer modeling, their easier implementation, t concentrate on
\.: .od brainstorming, engineeriag, and model shop work. amplitude modulatica techaiques, There are
b {n,) . . Our efforts will be described, our results docu- aumerous passive amplitude modulatioa tech-
E = ! mented, and our designs discussed. aiques, including sound dependent fiber mis-
LA - ) aligament, frustrated ol interoai reflection,
It should be noted that one barrier com- microbeading !2ss modulation, etc. The approach
p o ) poaeat, the optical to sound coaverter, was selected by harris for the TALK functioa was the
f addressed 100 years ago by Alexander Graham first represented as loss modulation by variable
] Bell. Though several experimenters nave worked optical coupling between two end-to-end coraxia'ly
- . on it since, we belicve that this is the firet work aligned fibers. [n thir.techaigque, one of tae iibers
> directsd at itz use in a complete telephone instru- is fixed in position, while the other is attached to
..2’ s ment. What is reported here is a first cut effort the ceater of a thin membrane diaphragm. Scuad
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L0 SNTRCDUITICN AND MANAGEMENT EUMMARY

This Fina! Technical EReport for the Opto-Acoustic Telaphone
Ztudyvy details work performed bty tha QCptical Systems [Lecartment of
Harri1s Corporation, GC3D. under centract Mo, DAABQ?7-82-C-J011 for
U. 3. Army CECOM, Ft. Monmouth, New Jersey. The objective of the
study was to determine the technical feasibility of developing
and producing a telephone subset for voice, in which all
conversions at and within the subset are directly between optic
and acoustic energy. An addit:-nal objective wzas that the subset
ceontain no electronic ar electrical interface circuits. The
scope inciuded demonstration of the feasibility of three
telepince set functions; Hear, Talk and Ring. Harris has met

thez= objectives.
Key program tasks were:

1. Conduct a complete literature survey of applicable
technology.

2. Perform engineering feasibility tradeoff{ and systems
analyses for possibie Talk, Hear and Ring concepts.

3. Design, breadboard and fabricate an experimental
teasibility system with full duplex capability.

q. Tast, optimize and characterize the resultant systemn.

Demonstrate the experimental breadboard system at CECOM.

(&)

6. Deiiver final Engineering Report, including

recommendations for future work.

1-2
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Seliverable 1tems 1ncluded:

i. Ei1ght monthliy technical! 2nd financia! progress repzris =nd

one engineering final report.

2. Residual breadboard components purcnased on the program.

Following an intensive literature survey and performance
2nalysis tradeoff, a conceptual implementation was chosen for
each of the Hear, Talk and Ring functions. This was followed by
anaivtical modeling which culminated in computer pregrams written
to predict the theoretical performance ' of the exrerimental
breadboard hardware. The devices were designed and fabricated
and an Electronic Interface Unit (EIU) was built for evazluating
the devices together with a full duplex fiber optic voice link.
The link and Electronic Interface Unit were designed and built
specifically to interconnect a standard aslectrical talephone set

with its all-optical counterpart.

A link distance of one hundred feet was chosen for
convenience and to demonstrate the concept. The breadbeoard
components developed are shown in Figure 1.1. Table M
summarizes their measured performance and capabilities, and

compares them with a3 standard electrical telephone set.

The breadboard system provided adequate voice communication
over the test link with the standard electrical telephone set .
As shown in Table 1.1, however , the Hear and Talk periormances

werae iower than those of a standard telephone set. Analvsis
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Photograph of Harris Optical Telephone Experimental Breadboard
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COMPARISON BETWEEEN HARRIS BREADBOARD OPTICAL
TELEPHONE SET AND STANDARD TELEPHONE SET

PARAMETER HARRIS BREADBOARD

OPTICAL TELEPHONE SET

STANDARD
TELEPHONE SET

2N 2 ..

Acoustic/electrical
conversions

Transducer Acoustic/Optical
types Conversions

4

Required
electrical
power at
telephone set

None reguired, Requires electrical
completely passive power for all
functions

4

E<y

Construction
Materials

Although breadboard
contains some metal
parts, plastics and
ceramics can easily
be substituted.

Reguires metal
parts particularly
since electrical
conductors are
needed.

Compatibility Can connect directly Requires optoelec-

with Optical with fiber optic links, tronic interface

Links no interface unit for fiberoptic
required. useage

"

v

whet?

Measured 300-1500 Hsz Measured 300-3300H:z
with 735 dB output. with 81 dB output.
Output level and Exceeds

frequency response requirements for
sufficient for average user.
understandability.

Requires optimization.

Hea Response

Measured 300-3300Hz
with sufficient
modulation for
acoceptable signal
to noise ratio.
Good quality.

Measured 300-2000 Hsz,
sufficient modulation
for acceptable signal
to noise ratio,
requires optimization
for better quality

Talk Response

E S B I

Measured 75 dB at
1 meter distance.

Measured 80 dB output

at { meter distance

with mechanical
ring/horn implementation
feasible

Ring Response

S
ol

=B
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shows that performance levels comparable to a standard set are

achtevable with further device optimization. This optimization

was not possible on the current study but could be accomplished

on future development efforts. The work done bv Harris
demonstrates feasibility of the all-optical telephone and
provides a baseline for future work. A conceptual drawing of a

complete all-optical telephone set is shown in Figure 1. 2.

The remainder of this report is organized in the following
manner . Section 2, Design Analysis, discusses basic theory

behind the design of each of the various telephone mechanisms,

technical tradeocffs involved between different concepts,
theoretical/computer analvses of each function, and Electronic
Interface Unit (EIU) and system design. Experime;tal results are
presented in Section 3.0. Section 4.0 includes conclusions and
recommendations. Appendices A through E detail the results of
the literature survey, and contain the electronic interface unit

schematics, computer programs, and pertinent papers.
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FOLDED EXPONENTIAL HEAR HORN

ABSORPTION CELL

EFFICIENT MINIATURE
FIBER OPTIC
TALK MICROPHONE

FIBER OPTIC CORD

FIBER OPTIC TRUNK

N CABLE
- ‘-
(&= (g~
_~y . P '
\ \ I
TOUCH TONE S AC
DIAL MECHANISM
LOW LOSS
DICHROIC
, COUPLER AND
S a— HOOKSWITCH

EFFICIENT RING HORN
TRANSDUCER

Figure 1.2 Engineering concept of the optical telephone of the
future. Cutaway view shows all plastic-ceramic construction
_with no metal parts. Improvements incluae dichroic
coupler and hook switch utilizing two trunk fibers and a
completely passive Ring - feasible with present day

technology.
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- SECTION II

ﬁ DESIGN ANALYSIS
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2.9 DESISN ANALYZIS

In this szact:ion we discuss the component and s7stem desian
tradeocfis 2nd znaivses
2.1 BASELINE APPROACH

During the design phase of this study. a literature survev
was conducted and engineering tradeoffs made tc select, for ezch
functional element to be demonstrated. the approach with the
highest likelithood of success . The results of the iiterature
search are (isted in Appendix A.

Talk Function - The Talk function was the most straight
forward to 1mpliement. since there are a number of potential
methods for modulating light in a fiber link. As discussed in
the introduction, a prime design consideratien wzs that the
system be passive, (1.e., contain no electronics) . Two

fundamental alternatives, phase modulation and amplitude
modulation. werae considered. Phase modulation has greater
sensitivity, but 1S more complexn, since 1t invoives an

interferometric fiber configurztion. Amplitude modulation.

although less sensitive, is sufficient and easily implemented in

several wayvs. Some of these are outlined below:

1) Microbending loss modulation - light rays are directed

by microbending of the fiber from the core to the

lossier cladding where they are attenuated.

2 Fustrated Internal Reflection (FIR) - transmission loss

2-2
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N is modulated by varying the evanescent field coupling
a across a gap with a pressure wave.

3) Fiber coupling medulation - modulation is achieved by
B
C% varying the lateral, longitudinal or angular al:gnment
w !

of the fiber link. Optic:c:l elements, such as lenses,

& graded neutral density filters or gratings may be used
o to enhance sensitivity, linearity or other performance
hR

parameters.

g The following table summarizes the various Talk function
5} amplitude modulation schemes.
oL
o3 TABLE 2.1 TALK FUNCTION TRADEOFFS
:f MODULATION TYPE SENSITIVITY COMPLEXITY TECHNICAL RISK
i Microbending loss low moderate moderate
Fiber Coupling low/medium low 1ow

E; Frustrated Internal high medium/high medium/high

) Reflection
E Fiber coupling loss modulation was chosen as the baseline
:ﬁ approach because it has lower risk and, within the scope and
- effort allowed on this program, it represented the surest way to
t? demonstrate feasibility. To further reduce complexity and
. increase reliability, a diaphragm coupled fiber S@NSsSOr was
;ﬁ selected for implementation with no additional optical elements
$2 Sensitivity is determined by parametric characteristics of the
A diaphragm, such as tensi1on, density and diameter, and by fiber
& diameter, numerical aperture and fiber gap.
N9
Car
W
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Hear

investication 1dentifiead two probable alternatives for the Hear

furiction, both using the Same fundamental enaray Zcnversion
. . . I .
Trocess in 2 concept develcoped by EZelman l.ght frem an
optical fiber is coupnled to 2n absorptive fiber network that
expands and contracts efficiently at audio freguencies 1n

proportion

acousticallv matched to a diaphragm to produce sound outzout and
mus t have a large Young's modulus, high coefficent of thermal

expansion and low specific heat. This enables modulated licht tc

be absorbed

fiber~-diaphragm structure to expand and cecntract at audio

frequencies

this approach.

The second method, shown in Figure 2.2, first presented bv
Kleinman and Nelson of Bell Labs “, utilizes a small optically

absorptive chamber filled with carbonized fiber 1n which sound is

generated

Sound 1is coupled from the small absorptive chamber tec the ear by
an a2xponentially tapered horn acting as an impedance matching

transformer .

Secause |t

Ring Function - For the Ring function two approaches were

considered.

> I ‘\' X g r*“?'l‘a.. :’. "

Function - The ii1terature surveyvy and the :ni1t:

by the local gas/fiber expansion and contractiion.

3
is theoretically and experimentaily more developed

tatala ann Soa il ARR ALLu s i g b ekt ahe & dad Aok dlan Sl fheit Sar dias - ddavnih ok R okl ad el o) :a-v--wxi:vv-v*!'i‘xrwv'T

w
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™

to the energy absorbed. These absorptive fibers

in the fibers and converted to heat, causing tlie

Figure 2.1 shows a representative implementation of

Harris selected the Kileinman-Nelson approzach,

'

-The first .nvolves coupling of a smaii absorptive

2-4
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rasonant ¢ham: ts an impedance matched horn to croduce the

regquired ¢ .ad cutput of 7% dB at 2 | meter distance.

o ==

The second approach involves the rslezass o f stxred

I

ma2chanical energy by a optically triggered bimetallic latch which
then couples the mechaniczal energy to a sound nroducing device.
The energy storage can be effected by depressinag the switch hook
to compress a spring, twist a torsieon bar, displace a we1ight, or

soma other mechanism. and could be released to strike a beil.

bBilow 2ir by a beliows to vibrate 2 reed. etc.

The lattear ring approach was chosen because the reguired

By

desian and fabrication effort was better accommodated within the

EEAs

program cost and schedule constraints. The resonant horn

approach however, was analyzed and designed for future evaluation

=

and possible i1mplementation.

System Configuration - The overall system configuration
! was chosen for ease of layout, low complexity, operaticnal
simplicity and functionality. It used a laser diode for each of
N
}i the three functional elements and incorporated a 109 focot, four
s. fiber link. A fiber was used for each functional element with
+3
) the extra fiber for the Talk return signal to the photodiode
:% electronics. The Electronic Interface Unit (EIU), which serves
the function of the switchboard, generated an audio sidetone from
"
B
}j the nhotodiode and directed the signal to the Hear mechanism via
{§ the optical link. The EIU also incorporated circuitry for laser
&' diode protectron against electrical power transients. Injection
i
L
-
2-7
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%
' Laser Diocde (I1LD) vendors were surveved and the highest 2va2ailable
ﬁ ZW output power ILD's were used.
oy
4
- 2.2 TALX DESIGCHN
A The apprcach chosen by Harris for the Talk mechanism was
o ioss modulation by variable optical coupling between two
s
end-to-end axially aligned fibers. In this technigue. one fiber
-(,3 is attached to the center of a thin, taut diaphragm whiie an-
- other fiber is mechanically fixed. Sound waves striking . the
o
qu diaphragm cause 1t to vibrate, changing the optical coup!ling
o between the two fiber ends. The degree of coupling, hence the
L
> light intensity variations, is a function of acoustic pressure
B variations.
s Free Membrane - For a thin stretched membrane the equation
P
B of motion without driving forces is:
2 2 2
; (2.1) - A Vr y where:
8 t2
! c = ./ [ - is the velocity of wave propagation
"‘ (14 in the membrane, cm/s
T = tension, d‘_n'us/cm2
- 0 = area density, grams/cmz
2 2
-l
% vf= ‘92+1_6‘_+ 1 8
-1’ : _2
ar r ar 2 86
1‘-‘ ‘
g": 72, Laplacian operator in polar coordinates.
'l r
»
<8 The circularly symmetric gsolutions for a membrane rigidly
-
s
tes 2-8
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constrained at its diameter are of the general]l form:
(2.2) y = AJO(kr), where:

A = amplitude determined by 1nitial conditions

T TR TR TR N TR T T R T A R

J = Bessel function of the first kind and zero order

o}

w = frequency, radians/sec
k = w/c, propogation constant, rad/cm.

r, radial coordinate, cm.

At the radius of the membrane (at r=a), the deflection

18

zero, therefore only those discrete k values offer solutions for

which ka is a null of the Bessel function.

Forced Vibrations - For a membrane driven by

sinusoidally varving pressure, PeJWt, the particular part of

equation must be incliuded, namely:

2 .
(2.3 -QL = CZ vrz‘y+i._eJWt
at2 ‘ g
If we assume the steady state solution of the form
(2.4 vy = velW!
then
2 2 =P
(2.5) VEyY + kKY = 'o—c'z
r
. =P
- T

The solution then becomes the sum of the general and

particular solutions:

(2 .6) Y = AJo(kt)-P/(sz)

Applying the boundary condition that Y=0 when r=a gives:
2.7 A = P/(szdo(ka))

The amplitude of the vibrations, Y, becomes:

2-9
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n',!‘g g:

4.4

" 3 - P Jo(kr)

K 2 2. ¥ = F -1

Y - K Jo(ka)

B

-3

04 - .

e ﬁ whila the t:me varying solution :s

i:‘ f2 60 v = ye]'nlt

Vo

4; §; Tha freguency resconse cf the fiber microrhone was evaiztad

Vil

ot using 2 Bessel function approximation algorithm to solve the

O

. L o | .

LA problem of a diaphragm driven by pressure waves. The amplitude

e

L A A

Dot W at the center {r=0) was calculated by 2 computer program listed

l' ;’;

)

i ) in Appendix B using Egquation 2.8. To generate a Ero: :-and
response from 300 to 3300 Hz. two alternatives were inve: :3Jated.

In ane, the fundamental resonance of the diap> i1gm was increased

n:

3& to above 3000 Hz:; this resulted in redu:=d sensitivity. in the

{i . other technique, selected for our *readboard, a number of inband

;ﬁ :{ resonances were allowed for an overall nigh average response
]

7 g across the bandwidth as shown in the computed response in Figure

-
[N
w

oS

Coupling Loss Modulation - Critical alignment was

X

4
T

Wlol'
>
)

necessary to achieve optimum coupling loss and optical bias for

"
§
; AM modulation. Proper optical biasing occurs when the modulation
R 48
YR response is maximized by the appropriate vertical! offset. whiie
'
*!e!;
[ low distortion is maintained. A large vertical offset will
: [ induce too much loss, while insufficient ocffset will cause

]
{
:- 5 distortion in the mechanical to optical modulation transfer
Vo %)
“ function. Figure 2.4, a curve of the coupling efficiency vs.
f: ;% fiber displacement, illustrates this tradeoff . In this idealized
R -
:y. . model , uniform light distribution is assumed inside the 50
s 3

f mnicrometerdiameter of the fiber . The curve shows a sharp break

Wil
3 .
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well 3ag maximum sSlope near the center. Optimum bias. therefore

i as c¢close to the centered position as sossible without causing
the signal to cross the slope discontinuityvy at zero. and thus
creazting undesirable distortions. A possible operating point is
shown at 10 microns offset, with a2 10 micron peak to peak fiber

wscillation resulting 'n a coupling efficiency modulation from 62

to 87%.

Offsets in the lateral and horizontal directions were
optimized carefully. Small shifts due to epoxry or diaphragm
aging made an occasional readjustment necessarvy. Initial tests

were performed with a 100 micron diameter fiber. but enhanced
sensitivity was achieved by reducing the Talk sensor fiber core

diameter to S0 microns.
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The Hezar Design 15 2 rai:nement cf the choto3cousty:
t2chniague first tonceived by Alarander Sraham Se.! 1N 2L
Practicai thecretical deveiopment of the technigues. however. wWas

done nearly 100 vears later by Kleinman and Nelison of Bell Labs
in 19727 . Their concept was further optimized in the Harris
design and their predicted response will be compared with the

Harris Hear Design.

The photoacoustic effect criginates when light intaracts
with matter i1n an acoustically active medium. Light illuminating
3 material is absorbed to some degree and ra:ses the temperature
of the substance to a level which depends en its absorption

coefficient, and the thermal conduction, convection and radiation

processes present . In our case, the absorber was 2 matrisx of
carbonized cotton fibers suspended in air . This combination mavy
be regarded as a “pseudo gas." To model the photo acoustic
ef fect in the pseudogas, several essential simplifying

assumptions were made:

) Under optical powers of 4 to & milliwatts, the average
temperatures f the gas and the solid absorber zre
equivalent.

2 Gas absorption and desorption processes have higher time
constants compared to the highest frequency of 1nterest.

3 The soiid absorber and gas vibrate in phase.

The cotton absorber is housed in a ¢ceil whose dimensions are

2-14
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) y small ccmpared to the smallest acoustic wavelength of interest so
1] -
’?' i that the acoustic pressure is constant throughout the vV >.iume
a
. - - . .
W tapproximately 10 ce ). The sound output of the cell 18 coucled
LY . . . " . .
TS £ the small end 91 a long tapered acoustic rube. The cutput of
o: oI
& . ‘
N the tube is then connected to the chamber formed by the human ear
1
YA and the telephone earpiece. The tube convearts sound from 2 hi1gh
»‘[
-~ pressure, low flow condition to a low pressure. high flow
1
SRS | _
"' condition. The tube, therefore, acts as an acoustic 1mpadaince
m transformer co2nverting the high impedance of the small abscrber
x: s ]
R
volume to the low impedance of the larger ear velume . The
Sy :
. - . . : .
:’. :3 Kl@inman-Nelson schematic representation is shown in fizJire 2.5,
| Inertance equalizers are necessarv to resoNate with t he
s &
A/ :\ o
‘ 4 cipacitive nature of the volumes for a br::_..nd resconse.

-
3
L2
L

The foilowing variables are used in the design equations:

-

- 3 Sound Flow Source, cc/sec 5
*a P Sound Pressure in the ear, dynes/cm
z Acousti impedance, see equations 2.25 and 2 32
gm/cm sSec

! 21.2 Acoustui impedance of equalizers. see equation 2.33
« gm/cm sec
‘.: T Transfer matrix_or temperature
VEERE I Intensity, W/cm a
‘; ;-:{ Ro Normalizing constant for H , 880 gm/sec c¢cn
.: = Ga Utilization factor for light absorption
( ';m Figure of merit for gas; air = 1, xenon = 2
K % S Dispersion function of cell
;; ¥ Pw Optical power input, ergs/sec
¥ L Length of horn, cm
:: ‘v Ll 2 Equalizer inertance, c_:m/mn4
l: N rl' Input radius of horn, cm
. r, Cutput radius of horn, cm
k a Horn flare constant
o ﬁ} é Density, gm/cc
::_ ) c Velocity of sound. cm/sec
Y n Complex nDropagation constant
:c @’ w Angular frequency. rad/sec
: k Wave propagation constant, w/c, rad/cm
Eck) Frequency dependent soiutions., See Egquation 2.30
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Frequency dependent solutions, See Egquation 2.31.
Phase Term. See Eguation Z.39.

Phase of hik)/gCk)

Specific heat ratio

Volume. cc¢

Eoundary lavyer radius of lcssless tube. cm.

The matrinx equattion of the two port network mav be written

(2.130) P T
1 =Ty By Ty 5
1o S
(2.1 :1 = 'I‘21 P2 + T22 52
we denote the equalizers by matrices [EGG and [EGﬂ ., the

1l coupling matrix,. [C] ig:

(2 12»  C.-= [E 01] : [r] : [E QZ]

The solution of the cirougrt 1s

C C
213 E' s oy v 22, G2
E Zc ZE zc3E

Using the eaqual:zer matrices of the form:

TR

The solution of the circuit reduces to.

«2.1%» S Z
-—L-:—D.]_]‘F —2.+——T—]-2+T '|+ Z] ]+—ZL+12—2]+'ZL

P —

E 7 ZE ZEZC 21 ze ZE Zc zc

The intensity, 1, has the general form
(2.16) 1=(R _2c_ 2cy-»ri/2¢v p )z)lP‘JZH
o a o o w
where 2
P’

G 2 2
(2.17) sz—s-l._‘ ‘_ﬁf_rflel

3

Hw contains all the acoustic properties of the absorbing
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Y
d
% g
“'4"'-
! )
X 7
u
4 ]
! . . ;
* |EJLUM . TAe vaiUme V. the c¢couciing matrix (2. and 2il Zezznience ii
- Ty
.
W *n frezusncy Tharefaors { reuzes to AR
- - - =
vl Do IS R G ° = H Byl
E '~ ) .E‘-
3 .
lﬂ and | 5 s
- - . i P re
He = 1.29 x 106 6 2 16, |2 g
A 2
] SL
‘; How the scund pressure level (3FL: ca2n ke eupressed as .-,
"-"‘
2 SN
¢2.20) 3PL4B:=10lo0g(1/P s o
- ref S
, o
- ~ g,
- . - . . LAl
=-1 285+1Gicgf “+idiocaH Y
Tow Tw
{ assuming the light utilizaricn faz2ter, & =i ”ﬁ
a "
-3 2 "f
and 2 . 15 2x.0 dvnes/cm’ . mA
raf : el
] ; ‘
‘ ¥
L)
fizure 2.6 shows the variation in the resistive and
o
‘ - . . . -
reactive components of the input impadance for conicai,. B}
. . . C . . . 2 . - SN
nvperbolic and exponential fiare horns with *the szme cutoff -3
\ .
3 - . -
fregquency he contcal flare has the lcwest distortion . : the
A iowest cutoff slope indicating insufficient band limi-. ag. The
Avperbol1ic horn has the fastest slope for the -est slope cutotff oA
iy
but the highest distortion due to nonline -ities when the 21T 1S
msvinge i1n the region of lowest f] -e growth. For these reasons. ‘3
u‘
. . . - . . LI
an exponential taper 1is us=-< wideliy in musical instruments and o
)
M}
was used 1n the Harri~- optical telephone Hear mechan:ism is the
D¢
- b-l
impedance matching transiormer . ﬁ«
n\-\‘\
M .\1.
! l"".
N Uti1lizing the exponential horn solution whica assumes the y
boundary laver apoproximation for sound propagation (eguilvaient
{ .
‘ N
tube radius for a lossgless tube:. and necglects thermoviscous If
A
“od
L]
damping except 1n the exponents, resuits 1n. ;*1
-
!
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frequency.
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(2. 21) IE.E_IZ - (3 _1_7__6cn ) exp §( r.olrl).:} HZ

lg(k) + h(k) exp (2jnL+ ja- A

2 . 2 exp {(-ro /r]) £}
where P = g_ dcn
I'S‘E“l (n o rz’k) gk’ 1L +(h (k) /g(k))exp(2jnL+ja-4
(2 .22) L
{
B
(2.2 g(k)= <1+ Zl + Zl )(ZZ - iz "1) ‘
' e ¢/ \* E

4 z 22 Zp ‘
and hik)=fir L+ ZL ) pe 22 22 5
e g -’-E Zg ;

»*
(2.24) g(k)=-h(k)

(2.25) 2,5 = _JL@z_ b
mirrrl 2 \

(2.26) mt+ = q+jn
(kz _az)l/z

(z.28> @ =1n(ry/ry)/L

(2.27) n

ol P

(2.29) rg=z2 Y% ¢)172 ¥4 Kirchhoff constant for air, 0.565 cm/sec!/2

(2.30)
£(k) 20 \1/2 2nk2 - atk? - 2qa (an - @2 - 2n2))
k a (k2 + 3n2)

- - I

"

o

(2.31)
2

1/2 '
. [ 8 k2 ~a'g ] y
k) = ( ri ) (dz ) [k + 3n :

The impedances zE and Z. are given as:

$2.32) Z = -Jy_P.Q_ s 1C= -I]LPQ_
WVE WVC

The ideal equalization inertances have an impedance of

TG 0 e

€(2.33) 2 a_juL Z, a-jwl

1 ! 2 2
¢
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where L, .54 L; are the inertances of a lossless tube y
radius. a, of. y
= ) :

z2.34> Ly o= —eL o+ a0 o4
1ra2 4a d

IL&;: ; »
Ry

where the second term describes end effects .

. The dispersion function, G, gives the frequency dependence .¢
y ]
58 due to thermal conduction in the pseudogas. Gw is a function that :
5
depends on the size and shape of the volume, VC_
e
4 (2.35) / hi-1 ]
b Gw = 1 - 3 \ wcotzw a

s"'; EJ
-t
h"# Mo

where

(2.36) Y= (1.j) [lawT | 1/2 ' W
2

\J
\J
and
2 L
€2.37) - _Ya H
150 )
o
where Tis the thermal relaxation time for a sphere of
3
volume V_ and radius a. \

c

K XX X3

Existance of g(k) gives rise to oscillations due to f
resonances of waves travelling back and forth in the horn. Since ()
!

the only damping in the horn model is the thermoviscous damping §

in the tube, it follows that the reflection coefficient, %:

'2 h(k)/gtk), mus t have a magnitude of unity and that the P¢
LY oscillations must have the maximum possible peak to peak E;
E; variations. The following term describes the oscillations in Hw, t:

o -
| )
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h(k) 2 28 "
l]+ 00 exp(zjnL+jA-A)l = (1-2 "%cost+e” )
where
:3°'Q—ZHI+A-ZCP
(2.40) & = R
Now the fregue. 'y response. Hw, can be expressed as:
141
2
2 |2 -6 2 2
Huy = Gm2 é [{ﬂ’) ].29)2(10 é&n o) ](E) exp{(-ro/rl)g} LG“’IZ
' 80<, S lg(k)l 2 (1-2e™8cos +e-24)
whera the factecr (6c/6rc°)2 !5 3 ¢convenient term used when

two dififerent gases are in the horn.

-4 2A

Averaging the term 1-2e cosd + e” over 2m is follows

rasults in the "smecothed" or 2verage freguency response.

(2.42) e ) _ -1
5;7 (I-ZeAcos $ +e ZA) dé

o

-24 -1
e

(- )

The outcome 1s the smecothed response.(Hw?

2o <Hp> = GmZ 9.lx210'24 cm? (E_) exp {(-15/r)) &} 'Gwl 2
: 2r, 500l 210 - =251
A BASIC computer program was si:tten to calculate and plet
these functions. Full docums.-z2tion is given in Appendix C. The
plot of (HQ% €::: not show the peak-to-peak viriations in the
respor.:: but it significantly reduces the computation time. Alr
was -ntosen as the gas medium in the horn although other gases
potentially have batter output response efficiency. Gases other
than air, however, require a more complicated horn design
incorporating - a diaphragm to prevent their leakage to the

2-22
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itmosphare. Their use. therefore would reduce the eimplicity and

reliability =f the horn, althouzhn possidbly wzuid 1ncrezse the

output level . Horn destiagn was optimized with the ccompurer by
vary:ng the nhorn parametricalliy to ~btain ths reiative resconsas
shown in Figure 2.7 Comparative egqualized horn rarameters are

shown in Tablie 2 .2Z.

Utilizing another gas such as xenon could theoretically give
10 4B improvement mainly due to an incresased figure o2f mari1t., Cm,
for the absorbing medium and enhanced acoustic coupiliing ot the
sound wave 2t the zZas-air interface. The figure ¢f merit, Gm may

bFe written as:

1\
(2.44) G 1 -7 AT
m T-7,T O1n p

where the partial derivative is unity for an ideal gas and 7 is
the specific heat ratio for the gas and % is that of air. A
diaphragm is required for gas confinement. The term (5¢/5°c°)2

in egquation 2.41 further enhances Hw by effecting a Dbetter
acoustiec match when using 2 gas such as genon with a higher
acoustic impedance, éc. to that compared to air, Q}co‘ Thea

comparison between the computed xenon horn response and air horn

response is shown in Figure 2.8.
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Figure 2.7 Comparison of computer generated plots showing the
average response of the Kleinman-Nelson Photophone
and average and peak responses of the Harris Hear
horn with parameters shown in Table 2.2.
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COMPARITIVE HORN PARAMETERS

Harris Design

Air Horn
. -3
gas density (gm/ce) 1.23x10
q
¢ (cm/sec) 3.494x19
] 1
m
L fem) 70
r. (cm) 0.032
r2 (cm? 0.77
VE (ce? é
JC (cec) 2.5x10
Predicted Sound
Pressura Lavel
with 2.8mW (dB) 84
Bandwidth (Hz) 300 - 3300
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Figure 2.8 Graph of predicted average responses of Xenon Hear horn
compared to Harris Air Hear horn with parameters shown
in Table 2.2.
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2.4 RING DESIGN

Two different design concents were analvzed: a2 resonant Ring
horn coupled to an absorption cell. and 2 Rinag mechanism
consisting of an optically triggered bimetal latch releasing

stored mechanical energy.

The first concept, the resonant horn. utilized an approach
similar to the Hear horn except that the acoustic coupling was
into a2 free space load rather than into the écc volume of the
ear . For free space coupling, the mouth of the horn was
considered to be an ideal massless air piston mounted in an
infinite baffle. This analogy is accurate, assuming neglible
phase variations across the air piston . The acoustic impedance
of a rigid air piston is:

(2.45) A aRl(Zkr7)+j X,(2kr,?

A 2 2
where
(2.46> R= ﬁ2— * Ry (2xrp)  and X = —ig— Ky (2xry)
~ Tr, 1 2 mr, 1 2
Impedance functions, R1(2kr2) and K1(2kr2), have been
tabulated in tabless‘ By replacing the acoustic impedance zE by
Z in equation 2.21{, the SPL at the air piston load is calculated

A

for the horn by following the computation discussed in Section

2.3 to its completion.

RMS pressure can be expressed as

€2.47) SPL/20
Pref 10

Pload

Surface velocity amplitude at the mouth of the horn is given

as:
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R AWl

B
] <2 a3y Yo = Proaq/6©
RS
ﬁ baing anaiogous to 1 = V/R amps.
¢
v Pressure. as a funzti~on of distance. variss as
L% )
' "}‘ krpl P
I t2.43> F (2)= r2- "locad
{
! 22 1
4 At a distance of 1 meter., the ring outout lavel of an

=a,

=7 3

average telephone is 73 dB. Taking Z, the distance. as 109 cm,

the SPL is then

- - -

2 -
(2.50) SPL=i0log(P(¢100)> /P “

{ EE ref
e
L]
. " These egguations were added to the Hear Horn computer
3 3
K
‘ gb program, and a hoern was optimized with an ideal, lossless
A sg equalizer tube. A representative plot of a horn capable of
b
Iy .
y producing &8 dB at 1900 Hz appears in Figure 2.9.
: ﬁﬁ
The second ring concept analyzed was the optically triggered

\ bimetal Jatch. The bimetal latch operates on the principie that

light illuminating a bimetal strip (two metals of dissimilar

e
2
-

R ! thermal expansion coefficient bonded together) is absorbed
IR
: ” causing a temperature ri1se that generates a differential
¢ &5
ot y
K A expansion causing the strip to detflect.
K
¢ &
3 C\ There are several heat loss processes that must be
s . considered in any analysis: losses by radiation, conduction,
! "
AN
i convection and energy/work processes. The radiation and
;- conduction losses were calculated for the following assumed
DS
A parameters.
k (4 A
< A surface area, 0.1 cm X
? T, steady sfate surface temperature, 310 K
4 b
N T7 air temperature,.300 K

T e
K

%3
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80 Peak Ring Response

X Eﬁ 70
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§§ Pressure
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- (dB)
‘ ﬁl 40 Parameters for Harris Air Ring Horn

Horn input radius is 0.05 cm
Horn output radius is 2 cm
Cell volume is 5 X 1077 cc
Ear volume is 6 cc

Equalizer tube length is 20 cm and radius is 0.02 cm

e

30

! 201 Optical input power is 18 mW in cell 1
. Horn length is 15 cm .
: Bg Distance from mouth of horn is 1 meter J
10
. 0 . N . .
: ﬁ? 1500 1580 1660 1750 1840 1940 2040 2130 2260 2380 2500

Log Frequency (Hz)
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Figure 2;9 Predicted Harris Ring horn response
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€ surface emissivity of approximateiv 1

lighat adsorption ccetfficient of |
tncident optical powar of 20 mw

The equation f2r radiative losses 1s:
k] q

) Qi = ‘T, -7

1A

where Q/t 1s the watts of heat lost/sec

- ) , -8 2 .
= 3tephan-Boltzman constant, $.6¢7x10 Ww/m®-"%

The radiative heat loss 1is then 0.54 mW which 15 sma il

compared to the 20 mW expected i1nput optical power.

Heat ioss due to conduction of heat at the bDoundaries wezs
calculated using equation 2.52. We assumed the strip of bimetal
to be in a volume with the distance from the strip to the walis
52ing | cm and the parameters stown for equation 2.9S1i

€2.92) GsKA(Tl-Tz)/X

where

K. thermai conductivity for air, 2 35x17°% Jouiess-em-%K

£, bimetal to wall distance, | cm.

Heat loss for one siae of the surface. Q, was calculated to
be 0.249 nw. We assumed negligible heat ioss through the thin
edges and through a well designed support; the heat lost by
conduction from both sides was then 0.48 mW. Total heat lost by
conduction and radiation was approximately 1.1 nW. The remaining
power of {8.9 m\' (assuming nearly all the 20 mW incident power is

absorbed) i=* directad into energy/work conversion processes and

convection iosses.
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The mayori1ty 0f the losses occuUr 1 31r <o2nvectien which 1z
d1fifi1cult to calculate Therefore the experimental set-up, shown
ta Figure 2 10, was used ts determine the characteristics et an

opricaily triggered bimetalilc latch. A 59 mW helium neon laser.
with adjustable ocutout sower , suppired the optical enarav A

laser beam expander and cvlindrical lens were used to provide a

-
v’
po |
[
-

iiuminrnation on the bimetallic strip. The strip, 0.1

[ ]
o
ts
«n
=

Q 00¢ itnch of Polymetallurgical Corporation PMC 2i-87%
Simetal (surveved to have the highest Flexitivity constant. 1 .e.
mest SeNsSltive), was pairnted with a very thin coat ¢f Kodak Photo

Black paint on the high expansion side of the bimetal for

Jreatest response speed. When the bimetal was iliuminated with
23 nwW of light, a deflection of 0.006 inches was reached in 20
seconds . A deflection of 0.004 inches was considered to be the

minimum distance to reliably trip a2 sensitive latch.

Because 290 seconds is a relatively long time to activate a
ring, 32 thinner bimetal was tested with dimensions of 0.04¢0 X

9.625 » 0.00¢6 inch. An optical system was designed using a 10 nm

t3

plano-~convex lens and a3 22.2 mm cylinder lens to illuminate the
thinner bimetal with light from a 0.25% numerical aperture, 100
micrometer core tiber . The system was integrated with the
bimetal strip and a sensitive spring wound latch to drive a pair
of standard phone ring elements. The optical raytrace is shown

in Figure 2.1t The speed of response was improved to 5 seconds

for 0.004 1nch deflections.
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Ray Height (mm)

l! 5.0

- [ 22.2 mm FL.
- 10 mm F1 cylinder lens
) Planoconvex lens [ ]
® 2.5t
:E: bimetal strip
0 24
:_ 100
- Distance (mm)
] From Fiber End
I
2.5}
» w‘ _
% L
i |

l 5.0

- Figure 2.11 Computer ray trace of Ring optics. Light eminates from 50pm
cone. Fiber source at origin with a numerical aperture of
0.25 (£ 14.59). The vertical cross section of the amorphic
&ﬁ system focusing light 50 mm from the final lens resulting in
4 line illumination on the bimetal.
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hi 2.5 SYSTEM AND ELECTROMIC INTERFACE UNIT DE3ISN
;E The system for testing the optizal talephone components was
aY

chosen for optimum simplicity and functionality. The link used
' four fibers in the configuration shown in Figure 2.12. One fiber
(9%
. was used for each of the functions, Hear, Talk and Ring with the
Y
A fourth fiber used for the Talk return signal. The f:i:ser
ﬂ initially chosen was a Corning SDr-100 graded i1ndex fiber with a
%1
o 0.33 numerical aperture (N.A.) and 3 100 micrometer core diameter
ﬁj with a 140 micrometer cladding diameter to mate with a similar
.Y

fiber pigtail supplied with the Injection Laser Diodes. However .,
Y '
FatLl
:. due to a2 iong iead time of the Corning fiber, a2 similar Seiceor
e fiber with a 0.23%5 NA was used. Because most laser d:i:ode
]

manufacturers terminate their devices into large NA fibers to
ﬂi increase the power captured by the fiber, a similar or larger NA
>
.

fiber used in the link will introduce negligible coupling loss
u from the ILD fiber pigtail to the trunk. The specified loss of
_§ the Siecor fiber was 4.5 dB/Km at 830 nm, the ILD wavelsngth.

Laser diodes selected for the link were Optical Information

L."‘
- Systems OSP-562 capable of 20 mW cw out of 2 100 micrometer 0.33
e NA, one meter long fiber pigtail. The laser diode wavelength is
.:.*;

830 nm and the typical current threshold is 250 mA; operation at
[5 350 mA vields 20 mW optical output . of the commercially
i

avajilable devices, these had the highest power out of the fiber

pigtazl. The ILD's had an internal photodiode which can be used

R



w
ry
Td

s 2o

A

AR

B

N

e

"

l'&

=

o .
AN

TH T eIy s ' =sw fanad Sl L _raeTree Y

for output power stza2bilization. Amp csnnecstsors. FOC Series model
numoers §0e-1:10-5012 (maie: and 905-120-50900 (female) were

seiected beacausa of their low cost and low i1oss 71 £-2.0 32).

Serv:ing as the electronic switchboard, the Eleztronic
Iinterface Unit (EIU) enabled a standard electrical telephone to
interconnect to the cptical telephone v:ia optical fibers. The
EIJ housed the laser diodes and associated circuits providing the
optical puwer for ths: system. Three laser diode control circuits
supplied power for each of the individuai functions. Additionai
circultry was developed to receive the Talk modulated signal.
The amplitude modulated Talk return light signal was detecied and
amplified by a photodiode circuit and the signal then routed to
the electrical earpiece at the switchboard phone set. A fraction
of the signal also was used to drive the ILD contrel to
electrically generate the sidetone for the Hear mechanism as
shown in the block diagram of Figure 2.12

The Ring electronic circuit was designed to produce a 249 W
cw optical level from the Ring laser diode. The Talk circuit was
biased such that the Talk ILD operated at 10 mW to enabie
transmission of a maximum optical ac component to the Talk
photodetector without clipping. The Hear circuit was biased such
that the Hear ILD output power swung from threshold to 20 mW when
the ILD was modulated by an audio signal. The eiectrical

microphone signal of the EIVU telephone is summed with the

received Talk signal and a portion was sent to the electrical
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2arplece.

(\f
: The ILD control circurtry block diagram :s zhown 1n Figure
g 2.13. The ILD audio input signal was applied to a summing
‘ amplifier which controllied a current source. The output of the
!! amplifier directed current to or away from the ILD as demanded by
the audio input signal. A current source limited the maximum
S§ allowable ILD current. The ILD's integral feedback photodiode
monitored the output power and applied a subtractive voltage to

iy

the summing amplifier. The output from the feedback amrolifier
E sensed anv optical power overload and a temperature sensor
detected any temperature overload. These signals were sent to
ﬁn
Qj . the overload current source which incorporated a sensor to
o monitor the ILD current for any over current conditions. The
El overload current source shuts down the ILD by shunting current
g away from the ILD and directing it to the limiting current sink.
A parts list and schematic appears in Appendix D. The EIU was
! aligned by adjusting the bias on the ILD's such that t he
) modulated light output would clip symmetrically when driven by a
ii sinusoidal! current . A graph of ILD output Dower versus d&rive
% current in Figure 2 14 shows that the slope of the output power
» above threshold is slightly curved which increases the effective
%ﬁ gain of the current to l1ight transfer at higher cptical powers.
As a result, the bias point was aligned for 14 nmW ocutput rather

than 10 nmW as would be expected for

and

2utput

low spontaneous emission.
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Figure 2.14 ILD manufacturer's supplied data on
output power versus drive current for
Optical Information Systems laser
diode Model No. OSP-562
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3.0 EXPERIMENTAL RESULTS

A breizdboard wis constructed to prove the feasibility of the

all-optical telephone. In this section we describe the
construction of the key subsysfem, and experimental results,
including the Talk, Hear and Ring mechanisms. The experimental
reasults were obtained by directly interfacing the mechanisms to
the Electronic Interface Unit (EIU),; the fiber optic link was

included only in system testing.

3.1 TALK MECHANISM

The Harris Talk mechanism is shown in Figure 3.1. The
diaphragm was made of 0.5 mil mylar held under tension by a pair
of aluminum rings. A rubber "O" ring was used as the contact

surface between the mylar and one aluminum ring to maintain

tension in the mylar. Thae structure was then clamped together by
screaws on the side of the aluminum rings. Two fiber access holes
were nprovided in the top ring. One SO0 micrometer core fiber

(with cleaved end) was inserted through one of the holes and
epoxied to the diaphragm about a millimeter above the surface of
the diaphragm. Another SO micrometer core fiber was inserted and
epoxied into a small diameter, 1 inch long stainless steel tube.
The tube holds the sensing fiber rigid preventing unwanted
modulation of the fiber due to air currents. The tube assembly
was then mounted on a XYZ translation stage, inserted into the
remaining hole in the aluminum rings and the position was aligned

for optical coupling. As shown in the Talk ezperimental setip of
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¢! F:gure 3.2, coupling was monitored by focussing a3 | mW HelMe laser

tet
q
1) ut
’ into the modulating fiber and detectin the sens:ing fider owutinut
g 3 p
& . .
2 " on a Cocherent 212 power meter . Upon optim:zation, the twoe
I, J
(A N . . .
P sensing fiber ends were fusion spliced to 109 micrometer core
Qt'

.

! fibers.
N 1D

} e The response of a standard telephone earpiece, driven by 1

A 'F

ﬂ o swept tracking oscillator, was recorded on 2 Hewlett Packard

i g audio spectrum analyzer using a sound pressure level meter with a

ol L

* 6cc coupling volume. As shown 1in Figure 3.3, the response 1is

:' ").'f

4' ﬁ; flat within 2 dB from 400 to 3300 Hz and is 3 dB lower at 300 Hz.

;; . The earpiece was then used to drive the optical microphone at low

Xy r

SRS

j - signal levels. A coupling volune of é6ce ensured that the

k- ’

13

', i earpiece driving response would remain unchanged. The response

i of the Talk mechanism driven by the electrical earpiece, is shown

0 4

B'_& is Figure 3. 4. Figure 3.5 shows low frequency improvement of 2
S

M

%‘ dB when a 7.% cu in. volume was coupled below the mechanisnm.

Ny l Optimum response, as shown in Figure 3.6, was produced when a

W '

¢

M @ mouthpiece filter of a standard telephone mouthpiece was added.

N}

"] X

m - The fundamental resonance of the diaphragm generated a 15 dB peak

L {

rge E at 1200 Hz . Average response extended from 300 Hz to 2 KHz with

. ,

L

Y a small S5dB peak at 300 Hz due to the low frequency resonance

DY oo

&

& A added by the 7.9 cu inch volume. The fundamental resonance can

% % be attenuated by making the diaphragm lossier. This can be

N

W accomplished by constructing the diaphragm with other materials

ol

3}. ,

or a composite material such as mylar with a3 fiim of rubber for

P

damping. Other materials were tried, such as Cronar, which had
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Figure 3.5 Frequency response of Talk mechanism with a 7.5 cu in.
volume coupled below.
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Figure 3.6 Frequency response of Harris Talk function with a standard
handset mouthpiece filter and a 7.5 cu in. volume coupled below.

L P PR

.
“
OO (4

LR

i

Iy v\-{‘ f.r e ‘.fa v'“v( LIS PR RRLEY P L - . oo
NIRRT A < S O WY A A R e 2325005, R
> e LY " Vo .,

-.:)_\.:r\:;.'; y

A0
A ."‘: '.1".




v d T - MR Al Al s - duL dao Ake Al A, gl oon Bl dia g g 4 w a-aka L) - e

I:"
I-\I
LIS .

mu<h ixwer sansitiviiy oand Z3ran wWraz whicn hzd EX temoeratura
ﬁ dependesnt performance :nd psor dimensionzl stabrliinv
[t - . .
_‘:4 Lew level dis3I10rtlin MWM23SUT2MEN’S ol tha mICrsghonse  wara
)

rixnan EAR 330 HAz 13338 Hz and 2233 Hz Figures 3.7 thrzugn ER
! coempare tae distorticon croduced By the Talkx mechanism to the
Wb input residual distortion ot 22rpi1ece STeaker vzredominznt; =zngd
uf
A the SFL merter and SR ssetllarter (secondarv: Distortion

Suremsnts are summarized in Table 3.1 Totzal Narmonic

X |
2]
119
)

o
-

d:stortton measured 15 the sguare root ot the sum ¢f *the sguares
"':‘
U - v I -
S 2f th2 harmoni¢ a2mpiitudes.
ar

) TASLE 2.

-1

CTAL HAARMONIC DISTORTICN

h PRCODUCZD EY TALK MECHANIZM

<

u.‘,.

W rrejusncy input Residual Talk Cutput Actuaal

I' tHz Distortion (%) Distortion (%: Disterticn (%

-
s
2!
(9]
()
[
o
o
e
[¥%]
[}
I'y)
[t 2
[ )
()
o>
-3

e
[
[&]
(]
<
[s]
-
L¥Y)
[t
G
(=) )
3
()

]
]

The data shows that the

(8]

utout has very low distortion if

A aniaW]
A

driven at levels below clipping, which is the averzge voice level

that most people would taik with 1ntos the mouthpiaca.

.
.

M2

T AV
e

I AT




rad
-

4

. — |

L%

4
7

G
el

8, s lephone 0 onhon e

00 D o™t 5

Distortion of Electrical Earpiece Speaker Driven at 500 Hz.

O Tck | lelaphone . Pber(\(,( M.LnI\L@,\e
COO H! )ln\‘c‘ 70&9 Dlsbﬁlor\ /Ozlg,()z
H[cropkonf Du‘pm'- /'Z/;,']

Combined Distortion of Talk Mechanism and Earpiece Speaker with Speaker
Driven at 500 Hz.

Figure- 3.7 Single tone distortion measurements at 500 Hz
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3.2 HEAR MECHANISM

The Harris Hear mech- ism was fabricated by machining an

aluminum mandril wi*th a c¢circular cress-secticn and the prascr:bed

egxponential tacer discussed in Section 2. 3. The aluminum mandr:!
was chemically cleaned and 0.12% inch thick copper was
electroformed over the surface of the aluminum. The aluminum was
then etched away to form the horn cavity. Due to the very slow

etching rate experienced, the horn was cut into several pieces
near the source end . The finished horn pieces had slightly
flared ends internally because of the nature of the etching
process. When the horn was assembled, therefore, there were
small discontinuities in the exponential curve at the joints

which may affect the ideal horn performance.

Cotton fiber was carbonized in a ceramic c¢crucible in a SOOOC

oven in an atmosphere of flowing nitrogen for S minutes. The
cotton was placed in absorption cells with volumes ranging from
0.5 to 2.3 x 10—3cc. The cleaved end of 3 100 micrometer core
optical fiber was inserted into a2 small diameter stainless steei
tube and placed into the fiber access hole in the absorption
chamber . Position of the fiber/tube assembly was optimized with
the horn in place and epoxied to an inertance equalizer tube and
cell. The equafizer tube increases the horn response at high

frequencies and thereby flattens the band response. Optimization

was necessary to obtain the best light utilization factor.

Because of the high cell impedance, epoXxy was used to preveant
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minute leaks in the assembly which could produce shunt scoust:c

capacitance across the source and diminish the output.

~

The cell/equalizer tube combination which Jave the best

-4

response was a & ® 19 ce caell coupled to a .23%cm diameter.

[}

1.6cm long input equalizer tube. As seen in Figure 3.10, the
peak response of the horn was 78 to 79 dB at 500 and 700 Hz whilie
the average response is 75 dB from 300 to 1500 Hz for an input
optical signal level of 9.77 nW rms. Design calculations

indicate that a drive level of 2.8 mW would give an average

output of 83 dB. This suggests that an improvement of 8 dB may
be possible. The notch response at ? KHz is probably an anomaly
of the exponential horn fabrication. Such 2 response could

result from a volume in series with a tube (series capacitance
and inductance) in series with the sound path. The small
enclosed volume coupled between the first and second horn
segments due to flared ends of the segments may form such a
gseries network. The notch has sufficient depth and amplitude to
degrade the rasponse near the 3300 Hz cutoff by rapid roll off.
With further effort and experience., we are confident that the
exper imental response can be improved to nearly the same output

as the theoretical calculations predict.

Single tone low and high level harmonic distortion was
measured for the EIU and horn combination at several frequencies.
Results are shown in Figures 3.11 to 3.15. Total harmonic

distortion, shown in Table 3.2, includes distortion products

Jenerated bv the osciilater and the SPL merter noeniineartty.
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Figure 3.12 .Low and high level Hear horn single tone distortion
measurements at 500 Hz.
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Figure 3.13 Low and high level Hear horn single tone distortion

measurements at 1000 Hz
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Figure 3.14 Low and high level Hear horn single tone distortion
measurements at 2000 Hz
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TABLE 3.2

TOTAL HARMONIC DISTORTION

PRODUCED BY HEAR MECHANMIEZEM

Frequency (Hz?» High Level Low Level
Distortion (%) Distortion (%)
390 5.04 0.007
$00 1.00 0.001¢
1009 0.3 0.003
23909 5.02 0.00¢
3300 0.01 9.003
A computer generated horn response using 2 cell volums= -
0.9 1 10"3 cc, and equalizer of 0.035cm diametszr and 1.6cm long,
as used in the experiment, is shown in Tigure 3.14§. The granh

shows that the output with the breadboard components would be 2
dB lower than the ideal response at low frequencies a2nd has a 3
dB bandwidth of 300 to 1700 Hz. While the predicted response
with the breadboard components is poorer than the predicted
response with the optimum components as in the Harris design, the
experimental frequency response, was increased by I dB at 3000 H:

over the response produced with the optimum components.

Comparative efficiencies between the opto-acoustic hern

output and that of 2 gtandard military phone were made MIL
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Figure 3.16 Computed response with experimental
components compared with computed
response with ideal design components
for the Hear horn.
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3! Standard 188 indicates that 2 military ezrpiece coupled 1o 2 d:z¢
B
hi 2ar volume with an electrical 1nput lavel of -32 4dEm produces an
[Ty
:' . cutput lavel of 20 48 . The optical telerchone croduces 7 4E
:: 'h::
SR acoustic power output with 6 8 dBm input cptical power. The
)
b4
. ! total di1fference in efficiency of 43.8 43 means that the opticsl
i Hear 1s 24,000 times less efficient than the standard
1
E S
:J ﬂ: electrical/acoustic conversion. Another comparisen ¢can be made
3‘ "‘.\ .
g to a chotodiode transformer coupled speaker agproach by
oIS 6 ‘
) {E Xleinman-Nelson . This generated an 80 dE cutput from -:6.7 dZm
: X
)
% . optical input (17 microwatts for 81 dB) which is 31.46 times iess
VY
VRN efficient than the militarv phone.
ﬁ, The absolute efficiency (to a good approximation) may be
‘(. calculated by finding the intensity of sound at 75 dB as:
7 2
. ¢3.1) I=P(?7S5 dB)Y“/(&c)
B
1
.5 e =3.03% nW/cm2
RS
. where
‘P ;
» ! &=1.225x10" gm/cc
)
.'i 4
4 c=3.403x10 cm/sac
Y R
-
b .Hj} P(75 dB)=0. 0002xt0 /20
b
. e 2
g £ =1.125 dynes/cm
’i‘l: v‘.\
'] Multiplying the intensity by Krzz, (r,=0.77 cm), results in
L3 2
WY . .
MNERE a source strength of $.6 nwWw or -52.5 dBm, indicating an
>
{ﬁ‘f' eafficiency of 1.17 =& 10°% with an input of 6.8 dEm.
[\" ‘-":'
i
; ’ The Hear and Talk mechanisms were tested with the EIU/1link
. ?1‘:‘:;
i ) for subjective listening response. The Hear horn had a loew, but
>
g 5
", [+ %
A
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77 adaguate cutnut level when the ji1stensr nliaced nis or ner CX-%4
!Vt /
’ ﬁ close to the cutputl of the horn The sound guzlity of the vo:ce
.‘.*
e cutout Wi s good but slightivy nasal, noss1bly due t o the
4ﬂ
1) Y
:: L3N rasonzances 1in the hern. The oscill2ting response of the horn d:d
%4
.l not seem to degrade vocal transmission. The Talk misrophone with
'l
» ' . . .
N EIU was highly sensitive. The sound quality had 3 slight bass
4,
g N . L.
1 n‘_ ~haracter due to the low fregquency peaks at 300 Hz and 1209 Hz.
R
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Despite the peaks, both male and female voices were recocgnizable
e and intelligible.
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3.3 RING MECHANIsSM

A diagram of

3.17.

and te

ringer.

TTrETTOTOr

A bimetal

sted for

Average

the 75 dB output

the be

lack

standa

o mm——"

the assembled Ring mechanism is shown in Figure
latch triggered ringer was designed. fabricated
-ound output level at i meter distance from the

sound output was 80 dB. This was greater than

level for a standard dial telephone set although

Ils emploved were the same. This difference was due to the

of an enclosure covering the bells as there is in the

rd phone set. Optical power required for activating the

bimetal latch

mechanical

to allow the

sustai

was 15 mW with A response time of 4 seconds. The
energy storage required 4.5 turns of the spring windup

mechanism to ring down in 150 seconds . The

ning force required to latch the mechanism was measured to

be ]less than

gauge

used.

.1 gm, below the resolution of the spring testing

The present Ring mechanism requires mechanical energy to be

stored

hookswitch

A more

by actions of the user of the phone such as depressing the
when the telephone is raised or lowered on :1ts cradle.
desirable concept for the Ring would be the

photo~acoustically generated ring as described in Section 2.4 of

this report.
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3. 4 SYSTEM TESTING .
Svystem iavout and power budget 1s shown 1n r:gur= 3.18.

photographs of the individual components :n Figures 3 1% to 3 I1I.
The system was integrated with the 1080 foot optical iink 3and
tested Losses 'averaged 1.4 4B per connector and 6 dB at the

Talk mechanism due to %0 vs. 100 micrometer fiber mismatch. The

0
ol

fusion splices introduced negligible loss (approximately 0. 1
The available power was 15.2 mW at the Ringer, 0.95 mnW at the

input to the photodiode and 3.2 mW rms into the absorgption cell.

The system is operated by turning the EIU on, connecting the
100 metar link, if necessary, plugging in the EIU rphone set,
raising: the phone receiver and depressing the Ring ILD button.
Wnen the receiving user answers, the Ring ILD is shut of £ by
depressing the EIU phone set hookswitch once. Next . the Talk and
Hear ILD's should be turned on by depressing the ILD buttons.
Conversation is terminated by placing the phone receiver on its

hookswitch.
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FIGuRE 3.20 Photograph of Hear Mechanism
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t} FIGURE 3.22 Photograph of E\ectronic 1nterface unit
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SECTION IV

SUMMARY, CONCLUSION AND RECOMMENDATIONS
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3 0 SUMMARY . CONCLUSIONS AND RECOMMENDATIONS FQOR FUTWURE

DEVELOPMENT

The results of this study verify the technical feasiblity of
the opto-acoustic telephone concept . After an intensive
literature survey of nast research and brainstorming sessions for
new ideas, those design and implementation techniques were
selected. that provided the lowest risk for this program.
Although system performance was slightly below the thecretically
predicted level. significant improvement is possible in all three
functions with some additional effort. The associated technology
required for the desired capabilities and performance already
exist, including low loss optical fibers and high power lasaear

diodes .

Clearly, much work remains to be done in optimizing the
performance parameters and manufacturability of the Talk, Hear,
and Ring functions, and in implementing other functions such 3s
hookswitch, optically generated sidetone at the receiver and

dialing. Development and refinement for possible military
applications is required in the 2reas of:

1) Device optimization

2) Link improvement

P Switchboard functions and interfacing.

Device optimization - For device optimizgation, the
individual opto-acoustic transducers should be optimized with

increased emphasis on performance, manufacturability and 1low
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division multiplexing
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and 0.83 micrometer

-

Further

required

Harris on other

1mpliemented
Refine Hear

fregquency

improve Ring

el 2ol Sar Sal salari ol op | TR ERN T PV TIW TN N e QN W

reguiraments, particularly tor milstary

as security, ruggedness and rel:abiiitvy must

improvements 1n the device operating features

such as:

and Talk transducers to 1ncrease their
response and output levels.
transducers by the implementation of the

Harris Ring Horn design.

Reduce

zomponents and
constraints of

Implement dialing pulse

modulating

required number of dial

generation of

reeds or

pickup.

Add passive side

optical

the physical volume of

light with a

splitter directing

the optical telephone

incorporate them within the si1ze
the standard telephone handset.
generation by
chopping wheel to send the
pulses or touch tone

the proper pairs of tones by vibrating

grooves coupled by a suitable mechanical

tone generation by using a low loss

light from Talk mechanism

to the Hear mechanism.

from 4

laser diodes <£re

G .-

vty J LW, W5 COAM A ¢
! "?-?‘31"ft'°‘~".:' SR M e *.t‘*.l"-o L ".0 U0

improvements

to

fiber

cin reduce the number of link fibers

2. This can be accomplished using wavelength
optical coupler technology developed by
optic programs. Dual window fiber for 1.3

wavelengths and the corresponding high power

commercially available. In this approach, one
4-3
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wivelength could be used for tha Talk and a different wavelength g

for the Hear . A dichroic snplitter will direct the two

wavelengths (traveling on a single fi1ber:r to the Talk and Hez=r

Functions when the hookswitch is raised and cembine the tws for

e e

g increased power to the Ring mechanism when it i1s lowered. A Talk
'
' return fiber would be used to <complete this 2 fiber link. An t
(0
-~ s
' 2ngineering conceapticn drawing of a complete optical telephons v

is shown in Figure 4.1.

= Switchboard functions and interfacing of tha optical ;
Q
E{ telephone 1s required for functionai. demonstration of the svstem. f
VY :
it should be posstible to hook the interface to any node in the
r{l
:4,' present military or Bell phone network. Some of the switchboard '
e
. functions the interface unit should provide are off hook, on hook !
]
ﬁ acknowledge, line busy monitoring, misdialing, receiver in

permanent off hook position and touch tone or dial reccgnition.

a

The wide bandwidth of the optical transmission line aliows scme

—a

ot these supervisory signals, now operating in the voice band in

some cases. to operate in the more desireable out of voice band :

-

Aiae

frequencies. implementation of the interfacing signal

requirements will result in intelligent two way communication

,

»
X

batween the optical phone and ex:isting telephone networks.

o2

% The optical telephone can form an integral part of a d

§ reliable communication system in a military environment . X
[}

| Although more work is required to fulfill the necessary '
1

g performance requirements, Harris has demonstrated that the ‘

ﬁ» ‘
t

E
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Z"
i A\ FOLDED EXPONENTIAL HEAR HORN

"»1 ‘\\t/ .
q F ABSORPTION CELL
.(.: EFFICIENT MINIATURE

FIBER OPTIC
TALK MICROPHONE

FIBER OPTIC CORD

FIBER OPTIC TRUNK

CABLE
. 7
- -
o 4
H TOUCH TONE l (c
DIAL MECHANISM /4
$ LOW LOSS
) DICHROIC
COUPLER AND
L HOOKSWITCH
. EFFICIENT RING HORN
F% . TRANSDUCER

Figure 4.1 Engineering concept of the optical telephone of the
A future. Cutaway view shows all plastic-ceramic
_construction with no metal parts - feasible with
present day technology.
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APPENDIX B

ELECTRONIC INTERFACE UNIT PARTS LIST

A1l capacitors are in uf unless otherwise noted.

A1l resistors are in K ohm 1/4 watt unless otherwise noted.

Component No

R1, R2
R3
R4, R11, RI13 Pot

R19

R33, R31

R32, R60 Pot

R36, R37, R48, R50

R34, R47

R42, R43, R44, R35, Pot
R38,

R39

R49

R51

R40

R41

R66 Pot

R64, R65, R58

R52

R53, R56

R54

R55

R59

R57

R60, R63

R62, R61

R70

Value Quan

tity (each)

750 ohm
620 ohm
20

100 ohm, 5 W

33 ohm, 1 W
1 ohm, 1 W

500 ohm
100 ohm

1.5

1T Mohm
68 ohm Handset Con. Diag.
50 ohm

6.8
62 pf
N
.01
.05
120, 30 V
18, 30 V
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Component No.

€31, Cs6

€32

c33.

€34, C35, C36, C41, C42,
€43, C45-C49, C51-C55

€37, C38, C39, C40, C44, C50
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Apperdix C continued,
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Appendix C continued,
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APPENDIX C
%
$§ TALK FUNCTION COMPUTER PROGRAM VARIABLES SET
a In order of Appearance:
D1 - cell membrane diameter (cm)
n D2 - membrane density (gm/cc)
ﬁ? T - membrare thickness (mil)
T2 - membrane tension (dynes/cm¢)
P - drive pressure (dynes/cm2)
! N - Bessel function order
R - radius of membrane amplitude position (cm)
N1 - step counter
o F1 - minimum frequency (hz)
&{ L1 - log F1
F2 - maximum frequency (hz)
L2 - log F2
gg S - area density (gm/cm2)
' C - acoustic velocity (cm/sec)
I - counter
| ﬁg F3 - linear frequency step
% L3 - log frequency step
Y(200)- amplitude array
. F(200)- frequency array
L& L - counter
4 W - angular frequency (rad/sec)
K - propagation constant '
& X5 -  Ka
ii X6 - Kr
z - arguement for Bessel function program
J1 - J, (Ka)
&
- J2 - Jg (Kr)
u F6 - frequency at minimum amplitude
Y6 - minimum amplitude
. F7 - frequency at maximum amplitude
Y7 - maximum amplitude
X1 - min X axis
o X2 - max X axis
[ X3 - X axis scale factor
' X4 - min X scale
_ X5 - max X scale
ﬁi Y1 - min Y axis
% Y2 - max Y axis
Y3 - Y axis scale factor
A Y4 - min Y scale
Q§ Y5 - max Y scale
' F9 - plotting frequency
. I - counter
A FND(X) Bessel approximation routine
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Appendix D continued,
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Appendix D continued,
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Appendix N continued,
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APPENDIX D

acoustic wave propagation constant, (rad/m)

%]
§S HEAR AND RING HORN COMPUTER PROGRAM VARIABLES SET
A In order of Appearance:
i‘ A$(50) - Dimension of alphanumeric in DATA statements
. C(10) - Dimension of scratph pad variables
Wi o0 23 - Plotting Routine Variable
S K5 - User Input for DATA selection
? X(161) - Dimension of complex impedance of circular piston DATA
. R(161) - Dimension of real impedance of circular piston DATA
" @ R1 - horn input radius, R (cm)
} ' R2 - horn output radius, &2 (cm)
y ) L - horn length, L (cm)
g & V2 - ear volume, V (cc)
bt (X Vi - cell volume, 5 (cc)
' F1 - plotting f min (Hz)
o F2 - plotting f max (Hz)
e ¢ L4 - length of input equalizer tube, (cm)
e R4 - radius of input equalizer tube (cm)
N 17 - complex part ouput equlization (gm/sec-cm?)
g ES P5 - optical power input (ergs/sec)
) K9 - READ variable (2KR) for X(161) + R (161)
’ L1 - inertance of input equalizer
p, A5 - flare constant
S Q - g, a gas constant
18 G1(Z3) - Define function calling variable
3. FNG - plotting routine
i Po - Atmosphere pressure (dyne/cm?)
Z5 -~ Average or peak plotting variable
D4 - plotting step variable
o P1, 2 - log F1,F2
AR F5 - log frequency variable
;2 F3 - Tlinear frequency variable (Hz)
) - linear angular frequency, (rad/sec)

=
in

% complex part of lossless propogation solution, n
R
2 o Ig’;’g’g - Real + Imaginary part of impedance for input equalizer, output equalizer,
¥ ! P cell volume, output load (ear volume or free space)
ﬁ ) X1 - Operating argument for piston reactance function data
« I'e FNRQ - Piston reactance data handling subroutine
2l El -
o R5 - radius of boundary layer approximation, rg
D9 - A
[, O AtjB -~ complex number (dividend) routine. '
;; o CtjD - complex number (divisor) for dividing & multiplying routine.
FNDPQ -~ complex number dividing subroutine
L FNM@ - complex number multiplying subroutine
> }g D5 + jD6 - returned complex number from complex dividing subroutine
2. M5 + jM6 - th?r?Tg complex number from compliex multiplying subroutine
. M7 - g(k
> 0\ FNPD - phase of g(k) computation subroutine
T P7 - Phase of g(k)
, R3 - radius of sphere volume, Vg
- Tl - Thermal relaxation time constant for volume Vg
v E + jF -7
3 L NS - (‘M
YRR
4L
k 0-7
e L N e P b e S S e e
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O N7 - Gyl =4

IE& A9 - 1-2e™® .cos ¥+ e22 "
H5 - Hw :ﬁ\’

H6 - <Hy b,

m I5 - Intensity, I n
s1 - SPL (dB) ~;

P9 - pressure at output of horn (dynes/cm2), Pg

Y ug - volume flow of piston output - Uo
g8 Z4 - measurement distance from months of horn (metres) ]
P6 - pressure P (100), pressure at 1 meter normal to source
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The photophone— an optical telephone receiver

D. A. Kleinman and D. F. Nelson

Bell Laboratories. Murray Hill, New Jersey 67974
(Received 15 December 1975, revised 28 February 1976)

A thevretical discussion 1s given of opucal telephone receivers employing the optoacousuc effect, which are
here called photophones, for use 1n an optical-fiber telephone subscnber loap. The basic recaiver consists of
an absorption cell, a responsc-equalizing desace such as a gas column or diaphragm, a tapered acoustic tube
acting as a transformer. and an earpiece umilar to a conventional telephone earpiece tncluding a response-
equahzing device. These photophones are designed to give a flat (3-dB) response to ntensity modulated
light over the telephone voice band 300-3300 Hz. The optoscoustic effect is treated om the basis of a
pseudo-gas model for solid ahsorbers in the form of a fine mesh disbusrsed in 2 gas. We find that the
sensitivity (the opltical power modulation required 10 produce a sound pressure level SPL = 81 dB in a

closed volume of 6 cm ,

filled and xenon-filled photophones. respectively.

Subject Classification: {3385 76,[{43]85.40,(43185.60.{43]35.65.

LIST OF SYMBOLS

radius (cell, gas column, tubes, dia-
phragm)

area

tength (gas column, tubes); radius of load
ring

sound speed

as subscript denotes cell

specific heats at constant pressure, con-
stant volume

matrix [C], see Eq. (3)

d see Eq. (38)

E_ as subscript denotes earpiece

IS/ frequency (Hz); resonant frequency
z(k) see Eq. (19)

Ga.Gu, G sce Eqs. (38), (55), (54)

k(k) see Eq. (19)

H, response function, see Eq. (8)

(HY smoothed response function, see Eq. (31)
b sound intensity, see Eq. (5)

k =w/c

{ length (acoustic tube, port)

L inertance (g cm™), see Appendix A
m,,n see Eqgs. (B19)

? pressure (dyn cm™?)

Po =1,013x10* (dyn cm™?) atm pressure
PP, P, optical power (erg sec™), see Eq. (1)
q = “112/2_’:

7 see Eq. (B18)

r(x), 7, ry sce Eq. (B16)

R resistance (g sec™ cm™)

s flow (cm?® sec”!)

sz sound flow source, see Eq, (37)

S entropy

t time, thickness

INTRODUCTION

An optical telephone capable of performing the nor-
mal functions of transmitting, receiving, dialing, and
ringing, using only power supphied through optical fi-

bers from the central office,

would be useful in order

to reduce the usc of copper wires win the telephine sub-
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representing the earpiece pressed against the car) is 2.8 and 0.9 mW for the air-

absolute temperature (K), transformer

transformer matrix, see Eq. (B9)

see Eqs. (B7)

volume (cm?)

as subscript denotes cell wall

wall reflectivity

distance along tube

reactance (g sec™! em™)

see Eq. (50)

distributed admittance (cm? sec g™")

=p/s impedance (g sec”! em™)

characteristic impedance of tube, see Eq.
(B10)

characteristic impedances, see Eq. (20)

distributed impedance (g sec”’ cm™)

impedance

exponential taper, see Eq. (B16)

optical absorption coefficient; acoustic
propagation constant

=C,/C, (¥, refers to air)

Kirchhoff's constant Eq. (B15)

see Eq. (B22)

viscosity coefficient (dyn sec cm™?)

thermal conductivily (erg sec™ em™ °K™")

=n/p (cm® sec™!)

= yx/pC, (cm? sec™!)

see Eq. (B21)

density (g cm™)

relaxation time (sec)

=f/f

see Eq. (28)

see Eq. (44)

see Eq. (28)

= 2f angular {requency (rad sec™)

scriber loop. This paper is concerned with onlv one nf

these functions,
optical receiver which we call the photophor:
originally coined by Alexander Graham Boll!
Although old in concept.

receiving, and with only one typu of
Qe

in lont.

tive phatophone has never hiee:

developed for comniunication purposes, and therotore

the performance and desipn theny of thes
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had to be worked out {rom basic principles, and are
presented here for the first time. The photoj.hone can
be equahized to give a flat (within 3-dB) frequency re-
sponse to puwer-modulated hight over the telephone
band 300-3300 Hz. It can provide the average sound
pressure level at the ear of 81 dB above the threshola
of hearing with very small input optical powers of 2 few
milliwatts or less. Recent telephone nctwork surveys?
have shown that the sound pressure level at the ear has
a normal distribution with an average of 81 dB and a
standard deviation of 7,8 dB.

The photophone has its origins in experiments of
Alexander Graham Bell! in collaboration with Sumner
Tainter on the production of sound when interrupted
beams of sua light fall upon matter. Bel concluded
that “sonorousness” under such circumstances is a gen-
eral property of all matter whatever its physical state:
solid, liquid, or gas. He also succeeded in demon-
strating the “articulating photophone” which could audi-
bly reproduce words and sentences spoken into his light
modulating “photophonic transmitter.' The greatest
sonorousness was found to be produced by dark-colored
solids in a loose, porous, spongy condition, in particu-
far lampblack. Originally the term “photophone’ meant
Bell’s whole system of optical telephony, but here we
shall apply it just to receivers employing the “sono-
rousness” effect directly to produce sound (i.e., with-
out intermediate electrical means). Bell also demon-
strated an instrument for spectrum analysis in which
the lampblack photophone was substituted for the eye-
piece of a prism spectroscope. This device, which he
said was particularly suited for infrared analysis, he
called the “spectrophone.”

Today the “sonorousness” of matter in a modulated
beam of light is called the optoacoustic (or photoacous-
tic) effect and is widely used in the spectral analysis of
gases, vapors, and solids. . The modemn spectrophone’
differs from Bell’s in that the gas or solid to be ana-
lyzed is the working substance of the photophone where-
as Bell employed lampblack in his photophone and
placed the gas sample in a separate absorption cell,
Also, the sound produced in the photophone is detected
by a microphone and electronically amplified. Recently
Kreuzer! has estimated that fractional concentrations
as low as 10" may be measurable with the optoacous-
tic effect when higher-power tunable infrared sources
become available., Harshbarger and Robin® have ap-
plied the spectrophone to the study of several phpto-
chemical processes, and Rosencwaig® has reported
spectrophone studies of various inorganic and organic
solids including biological materials.

All of the relaxation mechanisins which transfer en-
ergy from the excited electronic and vibrational states
of molecules (o the translational motion are fast com-
pared with audio frequencies, Therefore at audio fre-
quencies a modulated light beam is equivalent to o mod-
ulated =ource of heat, a fact fully appreciated by Bell at
the time of ins carly experiments, Obviously a nindu-
lated heat source can be vbtained by meuans other than
the absorption of light, and we mention one such device
here. Arnold and Crandall’ have discussed u device
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called the “thermophone” 1 which sound is produced
when a modulated clectric current 1s passed through a
thin conducting foil or wire. They proposed that the
acoustic output of the thermophone can be culculated
from first principles to high accuracy and therefore at
could be used as a precision ahsolute sound source,
Wente® has performed careful measurements on the
thermophone and obtained close agreement with theory.

In the case of absorption of light in a gas the mecha-
nism of sound production is clear and can be accurately
calculated from lirst principles just as in the thermo-
phone. In the case of a solid absorber, however, more
complicated mechanisms could be involved including,
as suggested by Bell, adsorption and desorption of gas
in the solid. Rosencwaig® has recently concluded from
his experiments that the adsorbed gas plays no major
role. Fortunately our discussion does not require de-
tailed knowledge of the mechanisms involved, and we
believe it applies quite well to both gaseous absorbers
and tenuous solid absorbers disbursed in a gas. In any
case the acoustic principles presented here do not de-
pend on the absolute strength of the optoacoustic effect.

The photophone is presented descriptively in Sec. I,
which explains the nature and function of all of the es-
sential parts and outlines the analytical theory on the
basis of a general equivalent circuit, leading to the def-
inition of a response function. The presentation be-
comes analytical in Sec. I where the simplest equiva-
lent circuit, necessarily somewhat hypothetical, is
solved and optimized, leading to calculations of the re-
sponse as a function of frequency. The presentation
will become technical in a second paper® where the ny-
pothetical aspects of the equivalent circuit are removed
in favor of the actual properties of real materials ard
devices, leading to realistic calculations of the re-
sponse and specific physical designs. The optoacoustic
effect is treated in Sec, IlI. The main text is sup-
ported by four appendixes containing resource material
essential to this work. A summary of results is pre-’
sented in Sec. 1V,

QOur purpose in this discussion and that of the secoad
paper® will not be to advocate the photophone, but only
to give a sound technical appraisal of its capabilities.

I. GENERAL DESCRIPTION OF THE PHOTOPHONE

The basic parts of the photophone receiver are shown
in Fig. 1. The input signal is an intensily modulated
light beam conducted by an optical fiber into the absorp-
tion cell. For simplicity the fiber is shown as simply
terminating inside the cell. This will result is sigmfi-
cant reflection back down the fiber, so it would be ad-
vantageous to provide an optical termination for the n-
ber (not shown) to reduce this reflection to 4 minimum,
The light is absorbed in the ce!l either by a special
gaseous absorber or by a special solid absorber in

thermal contact with an immersing gas,; the absorber
in cither case must be strongly absorbing at the wave-
longth of light being used, Sound s produced i the coild

by the optoucoustic effect and passes out of the cell s

he small end of a tapered acoustic tube. The cedl has

1 verv small volume Va of the order 1070 ¢on? et ere-
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The transformer-coupled photophone consisting of

FIG. 1.
the absorption cell, tapered acoustic tube, and earpiece. Not
showa are the equalizers at the input and output of the tube.

fore a very high acoustic impedance. Between the cell
and the tube there must be some device (not shown) pro-
viding acoustic inertance for the purpose of equalizing
the rcsponse across the desired band 300-3300 Hz. As
sound is transmitted from the small end to the large
end of the tapered acoustic tube it undergoes an imped-
ance transformation from high (i. e., high pressure,
low flow} to low impedance (i.e., low pressure, high
flow). Thus the tube acts as a transformer. Typical
values for its small radius, large radius, and length
are 0.04. 0.9, and 85 cm, respectively. The tube
coula pe coflea or folaed SO as to fit inside the handset.
The sound is delivercd to the earpiece at an impedance
close to that of the volume Vg formed when the earpiece
is pressed against the ear. The earpiece is very simi-
lar in shape aund size to a conventional telephone re-
ceiver, ' Since it is customary to test telephone re-
ceivers'' with a closed volume of 6 cm?, we adopt the
value Vg =6 cm® throughout the present work., The ear-
piece may .uclude a device (not shown) to provide
acoustic inertance to aid 1n frequency-response equal-
tzation. The nature of these equalizers will be thor-
oughly discussed in a succeeding paper.? The cell with
equalizer, tapered acoustic tube, and carpiece with
equalizer are the basic parts of the photophone, This
design can be optimized to provide the desired sound
level in the carpiece vquulized across the band. with the
minimum optical power input to the cell, At the cost

of cunsiderably mmcereascd optical powver the cell and
carptece can be directly coupled instead of coupled
through a transtormer; we shal! refer to this case as

the dircct-vouplea (DC) phutophone and the case shown
J Aceniet v A Vet RO Aia €+ . A

- - . s e e o AT —_
Tt L0 . L h CREREAY Ak
2, l.{«l-'lm.l,'l-'l.nlsl -.n.A . P ¥ Onvn‘!‘!-\ \

1cal telephione recever 1484

in Fig. 1 as the transformer-coupled (TC) photophone.
The DC photophone will be discussed in the succeeding
paper.® It allows a useful comparison with the TC
photophone.

The equivalent circuit of the TC photophone is shown
in Fig. 2. The optoacoustic cffect is equivalent to a
current generator s, in parallel with the acoustic im-
pedance Z; of the cell, Acoustic impedances needed in
this paper are summarized in Appendix A. The quan-
tities p and s in Fig. 2 are complex amplitudes for sig-
nals of pressure and flow having the time dependence
€ '*'. The instantaneous optical power delivered to the
cell is

P(t)=Py+ Re(P_ e'*") ,

where P, is the average power and P, is the complex

" amplitude at angular frequency w=2af. We call I[Pl
the power modulation. Egquation (1) is the model for the
definition of all signal quantities in this paper., The
sound source s, is proportional to P, according to Eq.
(37). The tapered acoustic tube is shown as a step-
down transformer, but it is not an ideal transformer,
In particular it is lossy due to thermoviscous damping
(TVD) in the small end of the tube. Acoustic trans-
formers are summarized in Appendix B. At this point
we treat it as an unspecified two-port network repre-
sented by a matrix [T] in the equations

Pr=Tyup+ T35,

515 T P2+ T2 5 .

(1

(2)

Similarly the equalizers are represented by matrices
[EQ1] and [EQ2]. The overall coupling matrix is the
matrix product

(c]=(EQ1]- [T]- [EQ2],
and the solution of the circuit is

ik:c"+_c.11 La, ¢
be Zc 23 Z2c2s

(3)

(4)

We regard the sound intensity in the earpiece

1'—'([’(‘).3)":-:1“’3" (5)

as the output of the photophone. It is customarv anc
convenient to express this in sound-pressure-level
decibels' SPL(dB)

SPL(dB) = 10 log,o{//(2x 10™ dyn cm™)}], (6)

A
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FIG. 2. Equivalent circuit for the transformer-coupled
photophone.  The unspecified 2-port actwaore s bt b
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where 2> 107 dyn/cm’ 1s the nominal rins pressure at
the threshold of hearing. The prescnt average lev~
el in the telephone network® 1s SPL =681 dB, which
we will use 1n this study to make numerical compari-
sons. Another requirement, called equalization, is
that / should be flat (in 2 smoothed sense to be defined
later) within 3 dB over the desired band 300-3300 Hz.
It follows from Eq. (37) that [ has the general form

1=[RGGHyo =11 200 po)?) | PL P HL (7
where the response function H,
H,=|(pe/s)*(GL/RDIG)* (8)

contains all dependence on frequency, the properties
of the coupling matrix [C}, the acoustic properties of
the absorbing medium, and the cell volume V.. The
constant R, having the dimensions of an acoustic im-
pedance is included to make H_ dimensionless, The
value adopted here, to normalize H_ to a convenient

magnitude, is

R,=880 g/sec cm® . (9)
The quantity
(¥ = 1)*/2(¥5 05)* = 4. 04 10°1* (cm?/dyn)? (10)

is a constant (approximately) of the atmosphere. Im-
portant acoustic properties of air and xenon are listed
in Table I. The utilization factor for light absorption
G, is given by Eq. (38); it represents the fraetion of
light incident in the fiber which is actually absorbed in
the interior of the cell, In a properly designed cell it
should be very close to unity. The figure of merit for
the absorbing medium is G, defined by Eq. (55); it is a
thermodynamic property of the absorbing medium which
reduces to unity for a medium equivalent to air., The
dispersion function G, defined by Eq. (54) and given for
a spherical cell by Eq. (A15), contains the frequency
dependence due to thermal conduction in the cell, For
Ve>1x107 cm?®, |G,_|? lies in the range 0.5-1.0 and

TABLE 1. Acoustic properties of alr and xenon at 1 atm pres-
sure p,=1.013x10¢ dyn/cm?,

D. A. Kieinman and D. F Nelson: The photophone -an optical telephone receiver

' Al Xeaon

: (288,16°K, @98°K,

H Property Unit 1 atm) 1 atm)

i molecular weight 28, 966 131.30°

\ density p g/em’ 1.225x10"} $,397x107°

! sound speed ¢ cm’sec 3,403~ 10° 1.769 ¥ 10*

: specific heut C, erg’g K 1.006x10’ 1.582x10%"

i specific heat ratio 1.403 1.687

i viscosity 0 dyn sec/cm! 1.789x 104 2.246%10%¢

\ thermal conductivity = erg sec cm K 2,533~ 107 5.62x10%4

. Kirchholf constant v cmosec!’? 0.585 0.375

i veye/oC, cm'/sec 0, 2084 0.1098
wen’p em?’ sec 0.1461 4.162»107
-—

\:" o T N Y 4 (O o
NS Nt o X 2T O

*Data for air refer to the atandard atmosphere at sea [evel
from L. Beranek, “Acoustic I’rnperties of Gases,” in Ameri-
can Institute of Physics Handbook, 2nd ed. (McGraw-Hill,
New York, 1963), Chap. 3, pp. 3-59 to 3-70.

*Y. S. Touloukian and T. Makito, Thermophysical Properties
of Matler, Vol. 8 (Pleaum, New York, 1970), Numerical
Data 25a.

Handbook of Chemistry and Physics (CRC Press, Cleveland,
1974), 55th ed., edited by R. C. Weast, p. F-59.

Reference ¢, p. F-16.
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FIG. 3. Equivalent circuit analyzed ln Sec. II haviag hypo-

* thetical pure-lnertance equalizers.

increases monotonically with frequency.
Equations (7) and (8) reduce to
1=3.13x10*G4 | P |*H, , (1)
H,=1.29%10%G% |G, |? |(pa/s)|?, (12)

when use is made of Eqs. (9) and (10) and cgs units are
used throughout. For the presentation of our results
we find it convenient to define a standard optical-signal
power input to the absorbing medium

standard G,|P,| =2.8 mW=2.8x10* erg/sec . (13)

Referred to the standard input, H, can be expressed in
SPL(dB)

SPL(dB)=10log,o H +87.9 . (14)

Our discussion will now proceed in two phases: (a) in
the first phase (contained in this paper and which we
call analysis) we determine the simplest analytical
models for the equalizers EQ1, EQ2 which can provide
equalization, (b) in the second phase (contained in the
succeeding paper® and which we call realization) we de-
termine the specifications for actual physical devices
of simple structure which approximate the analytical
models determined in (a). In this paper it is estab-
lished what the optimum level of response is after
equalization. In the succeeding paper® the important
result is established that simple devices, such as a
column of air or a diaphragm of plastic, are capable of
providing both equalization and optimum level of re-
sponse,

H. ANALYSIS OF THE PHOTOPHONE

We consider the circuit of Fig. 3 in which EQI and
EQ2 are series impedances. The equalizer matrices
have the general form

1 2
[EQ]=[0 1]. (15)
The solution of the circuit Eq. (4) reduces to
Su =Iu(1,£t),.1n_
P Zc 25/ 2g2c
+Tu(l4—z-l)<l0£‘)0-7:2/l4£l). (16>
2¢ 2y z2g\  2¢

The transformer coefficiems T, are given i veneral
by Egs. (B9). We specialize to an exponentiallv-ta-
pered tube described by Eqs. (B16) and (B19) a1l cut.
off {requency
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fo= ac/27=200 Hz . (17)

This value was chosen to be well below the lower limit
300 Hz of our desired passband. We next introduce
two approximations which are reasonably well justified:
(a) the boundary layer approximation Eq. (B17) for the
sound propagation, and (b) the neglect of TVD except
in exponents.

With these assumptions Eq. (16) gives

sel \w mrek] 1g(k)+ h(k)exp(2ml+ iA=-a)* "’
with ‘ -
Z, z,\[z, m 'z
aw-(n3-2)ER-R)
(19)

(k)= (l+—1 4 —'-) (1+

Z _a),
2 Zon

Zg 2

Here n and m, given by Eqs. (B19) describe propaga-
tion in the lossless exponential tube, and the character-
istic impedances z,, z; are just those of a lossless tube

z,=(i/m)wp/xr}), j=1,2. (20)

TVD is represented in Eq. (18) by 7,, £(k), and a(k)
given by Eqs. (B18), (B21), and (B22), respectively.
The constants p, ¢, and 7, refer to the gas in the tube
which could be air, but it will be shown later than xenon
gives considerably higher response. The most impor-
tant effect of TVD is the attenuation factor in the nu-
merator of Eq. (18). The squared magnitude in the
denominator of Eq. (18) represents the interference of
waves traveling in opposite directions in the tube.

This interference sets up standing waves in the tube and
causes oscillations in the response as a function of fre-
quency. The peak-to-valley ratio of these oscillations
depends on the round-trip attenuation e** due to TVD;

if 2« 1, the oscillations are damped out. The oscil-
lations aiso depend on the round-trip reflection coef-

ficient (one reflection off each end) h(k)/g (k). Equa-
tions (12) and (18) now give
/pe \(9.1x107* cm*\(n\'
na3(25) ()3
2
exp|- (r/r) (W1 G, | (21)

Tz k)+ Ix(k)exp(2ml+ ia-a)? ’

No assumption has yet been made as to the form of z¢,
2,, 2z, Or Z,.

We base our analysis on the model in which 2z, 2z,
Z,, and Z, are all pure imaginary

zo=iypg/wVi , tg=ivpy/wVy

T T TN T T Oy G T T OR TN O T W TR P TN O T

where V¢, V4 are effective volumes defined by
Ve=(r/vc)(2np/8lnp)e Ve |
Ve=(r/v)Vs,

and g, ¥, and y, refer to the gases (possibly different)
in the cell, tube, and earpiece (air) respectively. For
generality we include in V% a thermodynamic factor
from Eq. (56) to take account of possible nonideal be-
-havior of the cell gas; otherwise zo, z, are just the or-
dinary approximation, Eq. (A10), for the adiabatic im-
pedance of a closed volume, The important effects of
thermal conduction are contained in the factor |G,I% in
Eq. (21). It now follows from Eqs. (19) that

k)= - g(k)*
ewit=[ (1o 2)+ (255 - (22%) 1 2)]

x [(l%:)'*(%f)"(%?)é%)](z )

This can be further simplified in appearance by defin-
ing resonant frequencies

(23)

Gr=(rpo/ VE LM, By=(vpo/ Vi L)'?, (25)
so that
142,/2c=1-(w/w)} . (26)

1*21/2. 1= (W/_;)l

The only dissipation in this model is TVD in the trans-
former. It follows that the reflection coefficient /i{&}/
£ (k) has magnitude unity and the oscillations in re-
sponse must have the maximum possible peak-to-valley
ratio. The oscillations in H, in Eq. (21) are described
by the function

|1+ (B/g) exp(2inl+ iA - A)| 2 =(1 = 2¢"4 cos® + £24)!

: (27)
where

glk)=|g|e*

®=2nl+4 -2y, (28)

Peaks correspond to cos® =1, valleys to cos® =~ 1; the
spacing of peaks is mainly determined by the rapidly
varying function of {requency 2nl. The average value
of Eq. (27) over one cycle of ¢, treating A as constant,
is

-IA)~I

e
2o L do¥(l - 2¢"%cosd+e ) =2(1-¢ (29)

z il z . (22) We can now write the response H, and the smoothed re-
‘-2 Ehath v-ivly, sponse (H,_) in the forms used for computation:
z J
H,= cz(—"ﬂ)'(ﬂi‘,"-';ﬂ“-‘) ('_')' expl(~ ro/r) ]I G, 1} o
\PoCo rira e/ 1g{k)¥1~2¢c ‘cos¢ NRRLY

(H.): G (ﬁ Co) (9 nlo") (%)’ Txul-r,,/r,)z_(k))[ el

rirs gL -
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FIG. 4. Response versus [requency for optimized equalized
photophone having pure-inertance equalizers. Curve (a) gives
. (scale on left) Eq. (30); () gives smoothed response Eq.
(31); (c) gives smoothed response for no equalization, assuming

+ parameters of Eq. (32); curve (d) gives response for same in-

put power of xenon photophone with parameters Eq. (33). SPL

scale refers to an input optical power modulation 2.8 mW.

Figure 4 curve (a) shows H, calculated for an opti-
mized, equalized air photophone (cell, tube, and ear-
piece gases all air or equivalent to air) with the follow-
ing specifications:

Gi-1, | G,|? for air in sphere,
j”zool fl’f)’sloo H’-: (32)
Vg=8, Ves2.5%10° cm®

7,=0.036, 7,=0.85, I=85cm.

We do not know a priori how close G} =1 can be
achieved for an absorbing gas or a solid suspended in
air (see Sec. II). The oscillations in &, are seen to be
very similar to those of a stethoscope.'* The smoothed
response (H,) is shown in curve (b). Our criterion of
equalization is that (4,) should be flat within 3 dB over
the band 300-3300 Hz; this requirement is satisfied as
shown by curve (b). We do not know if the oscillations
in H, would give the TC photophone an objectionable
tone quality. The peak-to-valley ratio of these oscilla-
tions can be reduced by making r, smaller, which would
increase A; we have not studied how far this can be
carried before it becomes impossible to equalize the
high-frequency end of the band in the present model.
this paper we assume it is sufficient just to equalize
(H,). With no equalization the smoothed response
(H,)xgq is shown in curve (c) of Fig. 4; this case cor-
responds 10 f;, fy -« in Eqs. (32). Much use will be
made of (H,)ugq in the realization of equalizer devices
using the method of equalization fuctors described in
the succeeding paper.’ The need for equalization is
very appatent from curve (c) since (H,) ygq 15 down at
3300 Hz by nearly 11 dB. The SPL(d3) scale in Fig. 4
is based un the standard input Eq. (13) and the relation
Eq. (14). We sce that curve (b) gives 81 dB at 1000 Hz,
the required output, which is the reason for our choos-

In
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ing Eq. (13) as the standard input, Note that cqualiza-
tion brings up the high-frequency response withoul sac-
rificing low-frequency response.

Figure 4 curve (d) shows 4, and (/1) calculated for
an optimized, equalized xenon photophone (xenon in cell
and tube, air in earpiece) with specifications:

Gi=2,
fy=200,
Ve=6,

7, =0.024,

We do_not know how close G =2 can be achieved in
practice. The improvement over the air photophone is
10 dB across the band; reduced TVD and increased im-
pedance pc both contribute to this improvement, as well
as an increased material figure of merit G, resulting
from the largest specific-heat ratio y possible. The
xenon in the tube and cell could be retained by a thin
plastic diaphragm at the junction of the tube and ear-
piece at the location shown by the dashed line in Fig. 1.
It will be shown in the succeeding paper® that this dia-
phragm could also serve as the earpiece equalizer EQ2.
For the xenon photophone an 81-dB-SPL output at 1000
Hz-could be achieved with an optical input

G.|P,| =0.89 mW (xenon) . (34)

This is the sensitivity of the xenon phbtophone; the air
photophone has the sensitivity Eq. (13).

In arriving at the specifications Eqs. (32) and (33) we
regarded Vz =8 cm’® and fy= 200 Hz as initially pre-
scribed. Then r,, r; were determined so as to maxi-
mize (H, )ygq at a specific frequency f, = 2000 Hz.
Finally V, and S, f: were determined tc achieve equal-
ization in (H,) within 3 dB over the band. We believe
the resulting design is very nearly optimum with regard
to response level for equalized responses. However, a
somewhat higher value of f,, which would reduce TVD,
would appear to be possible without giving up adequate
response down to 300 Hz, and a somewhat lower choice
of optimization frequency f, might give a little higher
level while still permitting equalization in the present
model. In optimizing 7,, r, we ignore the factor (1
~ e*4)! {n Eq. {31) which arises from the oscillations.
If this factor were included in the optimization pro-
cedure, a larger value of », would result, This would
enhance the oscillations. Since we do not want to “en-
courage” these oscillations, which we regard as unde-
sirable, by giving them weight in determining »,, r;, we
omit the factor, It then follows from Eq. (31) that », is
determined by minimizing the quantity r{ig(k)i%; from
Eq. (24) we obtain, with Z,<0,

ro=(kaV3/mM 2= (2/, Vi /M2,

Similarly 7, is obtained by muximizing » ;21 g(#)1"*
x exp{= (vg/7;)8.]); in practice this is almost independent
of V. so r; i3 actually determined by TVD

7y = hrgbm = (Y /2 (fa/mM YL

Finally V. and f, = f,=f were determined by triad using
the complete expression Eq. (31) until curve (b} of Fig,

| G,|? for xenon in sphere,
F1=f3=3100 Hz,
Ve=6.0x10™ cm?,

73=1.27, l=56 cm.

(33)

(35)

(36)
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4 was obtained and the procedure terminated. The
same procedure wasfollowed forthe xenon case, curve (d).

Because of the way of choosing r,, earpiece equaliza~
tion was not as important as cell equalization; in fact,
equalization can be achieved with Z, alone, setting Z,
=0 in Fig. 3. Thus EQ2 is optional in the model being
analyzed, but this is not necessarily true when realistic
physical models of EQl are considered.

. PRODUCTION OF SOUND

In this section it will be shown that the sound source
s, in Fig. 2 has the general form

sg(w)=[(vo=1)/%00) GAG¥GLPu » (37)

where G, is a utilization factor for the input light, G, ~
is a material figure of merit depending on the thermo-
dynamic properties of the absorbing medium, and G,
is a dispersion function depending on the dissipation in
the cell,

To estimate G, assume that all the light incident in
the fiber is coupled out of the fiber into the interior of
the cell by means of a suitable optical termination {not
shown in Fig. 1); then the useful fraction of this light
for the production of sound is

Gu=(e*=1)(e® =), (38)

where 8 is the absorption coefficient of the absorbing
medium, w is the wall reflectivity, and d is the mean
distance between reflections off the wall. For practical
purposes we take d=(6V./7)!/?, the diameter of a
sphere of volume Vq. If gd>»> 1, we have G, ~1 but the
thermal relaxation time becomes very short, as will be
shown later, which causes G, to be small at low fre-
quencies. Therefore 8d > 1 is an undesirable condition,
If Bd<«< 1, it is essential at the same time to have high
reflectivity 1 - w << 1; then Eq. (38) reduces to

Gan{1+{(1-1w)/pd]}". (39)

By proper design it should be possible to achieve G, =~ 1,
From Eq. (39), which should hold in any practical case,
we obtain a lower limit on 8

B>(1 - w)/d (40)

by requiring G,>0.5. The restriction, Eq. (40), is
difficult to satisfy with gaseous absorbers in the visible
region of the spectrum, but presents no problem for a
solid absorber suspended in air, When 8d< 1, the spa-
tial distribution of the heat source in the cell is approxi-
mately uniform.

We proceed with a general analysis of the optoacoustic
process in the absorption cell on the basis of a simpli-
fied model and obtain expressions for the sound source
s, and acoustic impedance 2. of the cell. In this model
the absorbing medium is assumed to be a gas obeying
some general equation of state

p=plp, T . (41)

For generality we do not assume here that Eq. (41) 1s
the ideal gas law, although for simglicity all of the nu-
merical calculations presented in this paper are based
on that assumption. The walls of the c¢ell are a heat
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sink which is maintained at the constant temperature
T,. Within the cell T(F, ) varies with position r and
time f, but the pressure p(f) is spatially constant be-
cause the cell is much smaller than the wavelength of
sound over the {requency range of interest, Imagine a
massless piston at the opening of the cell into the tube
which defines a time-dependent cell volume V{¢), The
conservation of matter in V{{) gives the relation

- % Ve o(r,)dr=0, (42)

The equation for thermal diffusion'® with a uniform heat
source is

—KVT+pC,T=(Ca/Ve)P\t) + xb

(43)
(T=T,_=constant on wall) ,
where
x=—(3 1np/8 lnT), (44)

has the value y =1 for an ideal gas. Equation (43) is
discussed and justified in Appendix C.

We believe the model is realistic for the case of a
gaseous absorber in which the absorption does not in-
volve dissociation or other type of chemical reaction,
In this case Eq. (41) would be the ideal gas law. How-
ever, we believe the model may also apply to a wider
range of situations to which the ideal gas law would not
apply including gaseous absorbers that involve chemi-
cal reactions and tenuous solid absorbers disbursed in
a gas. For example, when a fine mesh of cotton fibers
is carbonized and used as the absorber, the combina-
tion of cottom charcoal and the air in which it is im-
mersed may be regarded as a pscudo-gas. [t is clear
that an equilibrium equation of state likke Eq. (41) exists
for this pseudo-gas. It is also reasonable that this
pseudo-gas has an effective thermal conductivity « in
the presence of a small temperature gradient. In ap-
plying the pseudo-gas model to a solid, three essential
physical assumptions are involved: (a) under illunina-
tion by light (at levels of a few milliwatts) there is a
sufficiently small difference between the average tem-
perature of the gas and the temperature of the solid that
the departure from local equilibriun; is negligible, (b}
all important gas adsorption—-desorption processes are
rapid compared to the highest frequency of interest,
and (c) the solid and gas move together at the frequen-
cies of interest. These assumptions represent an ideal
which should be closely realizable in practice thi~ugh
the process of optimizing the ahsorbing medium The
breakdown of any of these assumptions will lead o a
reduction of sound production, The {ine-mesh suhd we
are considering here is similar to wool-like acousiic
insulating materials that have been extensively studied
theoretically and experimentally,'*** OQur model corre-
sponds tn the low-frequency domain in which the sohd
is strongly coupled to the gus. As the decouplins {re-
quency is approached from below there will be aedi-
tional dissipation due to viscosily which 1s not w 'ne

model. However, we believe there saoaid be no o=
lem in getting the decoupling frequetcs well above 3300
Hz.'® The assumption ot a uniform h it source 1~ not 4
serious limitation because ( will be capwny that ot fre-
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quencies high compared to the thermal relaxation rate
{the frequency range of interest), the details of the
heat-source distribution as well as the geometry of the
cell become unimportant,

Write V(/) in the form of Eq. (1):

W)= Vo + Re(V_ e |
4
V., = iSc/w > ( 5)
where s¢ is the flow out of the cell as shown in the cir-
cuit in Fig. 2. From Egs. (42) and (43) we can com-
pute s¢ with and without P(¢); the general solution can
be written in the form:

(46)

where s, is proportional to P, which defiries both s,
and z;. Because the variation of V{f) takes place at the
wall where p(F, t) = =P, it follows from Eq. (42) to first
order in sound amplitudes that

Sc=S; =pc/zc

sc=iwpl -[c p D dr

i [ (2) pe-(32) 7

where the integral is over the cell volume V.. We ne-
glect the spatial variation of the partial derivatives in
Eq. (47) to obtain :

(47)

sc ( A alnp ] T, (F)dr , (48)
where the partial derivatives are taken at p,, T,. This

approximation is valid if the fractional rise in absolute
temperature from the wall to the hottest spot in the in-
terior is small compared with unity

|7, 0)=-T,| < T,-. (49)
Let us write .
T=(-iwpC,/x)'3y , (s0)
T (7)) ={i(GoP,/wpC, V) + (x pe/PC)I G(Y) . (s1)

The thermal diffusion equation, Eq. (43), then becomes
simply

-v3G+G=1, G=0on walls . (32)

It now follows from Eqs. (46), (48), and (51) that the
sound source is

$ = (X/DC'T.) GAGu Pu » (53)
where the dispersion function
6.=ve [ ayra (34)
[~

gives the frequency dependence due to thermal conduc-
tion. From the thermodynamic relation, Eq. (C$), the
source can be written in the alternative form Eq. (37)
with

P _(l - y")(llnT)
N1y Nomp ),
the material figure of merit. For an ideal gas the par-

tial derivative in Eq. (55) is unity. For air Gy-=1.
Setting P_ -0 in Eqs. (46), (48), and (51) gives the im-

(55)
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pedance

The partial derivative is unity for an ideal gas; in this
case Eq. (56) agrees with Eq. (A12), No assumption
has been made about the shape of the wall, but it has
been assumed that the heat source is spatially uniform.
With this assumption the same function G, appears in
sy and z¢. For further discussion of G,, see Appendix
A. In general G, depends on the wall shape and cell
volume but always has the high- and low-frequency lim-
its given by Eqs. (A13) and (A14), respectively. The
function of interest here is | G,!® which is shown in Fig.
S for a sphere as a function of wr, where 7 is the re-
laxation time in Eq. (A16). For an air-filled sphere,
1G,1*>0.5 at all frequencies f= 300 Hz for a volume

Ve 21,1%x10" cm?.

(56)

We consider qualitatively the case in which the heat-
source distribution is highly nonuniform due to large
optical absorption 8d>> 1. We have already noted that
this is an undesirable situation because it causes G, to
be small at low {requencies. Physically this is due to
the rapid escape of the optically generated heat to the
wall, The thermal relaxation time 7 for this case can
be estimated from that for a sphere of radius a, Eq.
(A18), by replacing 2a - 8! to obtain

T~pC,/60xk8* (Bd>>1). (57

If we require wr >2 for the lowest frequency of interest.
(300 Hz), we obtain an upper limit for 8; combining
this with Eq. (40) gives the range

(1= w)/d<p<(5)'*(C, /)2 . (58)

For air the value of the nght side is 8.7 cm™; for w
=0.98, Vo=2,.5%10" cm?® the left side is 0,12 cm™,

For a sphere of radius g the static temperature T(r)

1.0 T T T T ™7 T LI BRI I
oe 1- (6/5wT) .
o6 L # (3/5WT) h
- .
0.4 -
3 r
0.2 - -1
s 4
..
23 0.1 j
Qo8 - -
- 4
0.06 | .
Qoe |-
! )
002 r .
001 (SR ST U U Y S E S SO W
0.1 02 04 06 081 2 4 6 & 0
WY —a
FIG. 6. Dispersion function |G| appenring la Eq. (¢} for a

sphere according to Eq. (AlS).
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determined by Eq. (43) is

To(r)= T, + (G Poat/6x V)1 - (r/a)] . (59)
It follows that the temperature rise AT is
AT =0.064 C Py/xVY¥?, ~ (60)

with equality holding for a sphere. For V,=2.5x10"
cm’, Eq. (60) gives a rise of 1. 9°K/mW, which com-
pletely justifies the assumption Eq. (49).

The absorption cell must contain some material which
will absorb the incident light energy, transform the en-
ergy to heat, and transfer the heat to an immersing gas.
The absorbing material can be the immersing gas itself,
or a solid substance suspended in the gas volume, or a
solid substance on the cell walls, In this section we
have given a general theory for the optoacoustic effect

“on the assumption that the absorbing medium is a gas,

or may be thought of as a gas, which is specified by its
local pressure and temperature throughout the cell and
has certain constant thermal properties. For example,
a fine mesh of carbonized cotton immersed in air may
be regarded as a pseudo-gas whose equation of state
includes gas adsorption-desorption processes. When
the amount of solid is very small, its only function is to
provide optical absorption and the pseudo-gas is then
acoustically very similar to the pure immersing gas.
This justifies assuming Gy =1 in Eq. (32) (air) and G}
=2'in Eq. (33) (xenon). The pseudo-gas concept en-
ables us to treat formally one type of solid absorber
without detailed knowledge of the physical mechanisms
involved. Several observers™® agree that the solids
producing the largest optoacoustic signals are car-
bonaceous materials (lampblack, soot, charcoal) in a
loose, porous, spongy condition. An important advan-
tage of these materials is their broadband absorption
with consequent usefulness for a large number of laser
wavelengths.

We do not know whether the best gaseous abosrber
is better or worse than the best carbonaceous absorber.
If we assume that in either case 8 can be made to satis-
ty Eq. (58), the comparison comes down to the figure
of merit G, defined in Eq. (55). Taking (3InT/31Inp),
=~ 1 we obtain the following illustrative values for sev-
eral gases:

Gi~1.0, air,
2,0, Xe, Ar, etc.,
~0.87, CO,,
~0.12, CCIF,.

It is clear that gases having complex molecules (many
atoms) tend to have small G, because y~ 1 as the mo-
lecular size increases, Therefore it seems probable
that a small amount of carvonaceous matter suspended
in air, or preferably a monatomic gas, is a better ab-
sorbing medium than any gaseous absorber as compli-
cated as CCIF,. This is only a tentative conclusion be-
cause wé do not know how closely the pseudo-gas ap-
proaches the immersing gas in its acoustic properties
or even how well the pseudn-gas model applies, De-
spite the above considerations it is of interest to learn

(61)
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whether suitable gaseous abosrbers exist {or use with
visible light, A brief discussion of this is given in Ap-
pendix D.

V. SUMMARY

We have described the functional parts and basic
principles of operation of optical telephone receivers
employing the optoacoustic effect. The general theory
of sound production by this effect has been presented on
the basis of a model in which a dispersed solid absorb-
er is treated as a pseudo-gas. This model avoids the
need for detailed knowledge of the optoacoustic process
in solid absorbers.

There are five functional parts of the transformer-
coupled (TC) photophone, three of which are shown in
Fig. 1: an absorption cell where sound is produced at *
high impedance by the absorption of intensity-modulated
light, a tapered acoustic tube which transforms the
sound to the impedance of the earpiece volume, and an
earpiece which when pressed against the ear encloses a
volume 6 cm®, The pars not shown are devices, called
equalizers, at the input and output of the tube to equal-
ize the frequency response across the telephone band
300-3300 Hz. An important result of the analysis to be
presented in a second paper' is that equalization can be
achieved by simple means. Figure 4(a) shows the re-
sponse for optimized cell, tube, and purely inertiali
equalizers; the SPL scale refers to an optical modula-
tion of |P,] =2.8 mW, Figure 4(d) shows the improved
response for a xenon-filled cell and tube,

A convenient measure of sensitivity for equalized op-
tical receivers is the optical power modulation required
to produce SPL =81 dB in the earpiece volume of 6§ cm’.
(When this quantity is small, the receiver is very sen-
sitive.) We find the sensitivities 2,8 and 0,89 mW for
the air and xenon photophones, respectively. These
are independent of the average optical power, At pres-
ent laser diodes'’ can emit as much as 25 mW of con-
tinuous optical power into an optical fiber and so qualify
as sources of the optical carrier wave if a reasonable
percentage moduiation can be achieved, The tapered
acoustic tube performs an essential function in bringing
the photophone sensitivity within the capability of diode
lasers.

We believe the xenon photophone represents the best
receiver that can be achieved using the optoacoustic el-
fect. Its use will require gas-tight construction in~
cluding a diaphragm equalizer in the earpiece which
will thus serve a dual function. When bought in quan-
tities the xenon required for one photophone (whose gas
volume is 32 cm®) presently costs about $0.25. Thus,
the higher performance of the xenon photophone may be
obtained at only a modest increase in cost.
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APPENDIX A. ACOUSTIC IMPEDANCES

It is convenient to employ the analogy*’ in which
acoustic volume flow (s, ecm?sec™) is analogous to elec-
tric current, acoustic pressure (p, dyn cm*?) is analo-
gous to electric potential, and acoustic impedance (z .
«p/s, g sec”! cm™) is analogous to electrical imped-
ance. In this Appendix we present a concise resumé
of the impedance formulas required in this work.
Throughout we assume the time dependence e”‘“* for all
signals so that impedances have the general form Z=R
+(i/wC) - iwL for lumped resistance R, capacitance C,
and inertance L.

A circular tube (duct, conduit) of radius a at low fre-
quency ka<< 1 is a transmission line with series dis-
tributed impedance Z(x) and shunt distributed admit-
tance Y(x), where*?

- iwp 2\ 5(n e o)™
z,( xa’ )[“(r,)J.,(r,e' ) e'¢ )] ! (A1)
- fwra® Ay =1\ Jyr, e"’'Y) iese
Ys( pc? )[1-( 7, )-fn(f.e"; U )]'
(A2)
with
r,=(w/u)'%a, 7, =(yw/v)'% . (A3)

The Bessel functions arise from the viscous and ther-
mal boundary layers at the duct wall. In the boundary
layer approximation, r,, r,>>1 ’

- jwp _i e, ]-I
O R
. 2
-iwna 2(y-1) /¢ ]
y..( oc? )[1+ ” il TR BN (AS)
In Egs. (AS) and (A8) we may replace
a - 2(area)/(perimeter) (A6)
for tubes of noncircular cross section. For a finite

tube there is a contribution to the inertance L from the
spreading of the flow at each end; for a tube of length !
and area A with wide flanges (flow spreads into 27 solid
angle to infinite)*?

L=(pl/A)+2(p/4a), (A7)

where the second term is for 2 flanges. In the narrow
tube limit, r,, r,«< 1

Z~(wp/na®)[(8/7}) - (4i/B)s...]
Y=(wra*/pe®){-iv+((y-1)r}/8]+...}
valid only for circular tubes,

(A8)
(A9)

For a large enclosed volume V the impedance is ap-
proximately

2= iypy/wV, (A10)

corresponding to the adiabatic compression of the gas.
In the limit «' -0 Eq. (A10) breaks down and

t—g Py wV (A11)
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where G, depends on the size and shape of V. The of-

fect of a nonideal gas is shown in Eq. (56). It is shown
in Appendix C that

R perg (A13)
in agreement with Eq. {A10). The low-{requency re-
sponse can be used to define the thermal relaxation
time 7 .

Gy =twr. (A14)
For a sphere of radius a
21w - 3
G,=1~3[(¢ cothy - 1)/p?) (A1S)
Ce=(1-9(15wr/2)'/3
with
T=pC,a%/15x=ya*/15v . (A16)
The limiting forms of Eq. (A1S) are
Curazi 1-(3/0)+ (3/0") 4 - .. (A17)
Guoims (#*/15) = (204/315) + ... (a18)
[Cul* =1 - (6/5wT)M 24 (3/5wT)+ - .. (A19)

When the first two terms of Eq. (A17) give an adequate
approximation, it is valid to write 7 for any shape in
the form

t2(9/15) (v/v)(volume/area)® . (A20)

The three-term approxunation Eq. (A19) is shown in
Fig. 5 along with the exact | G_|? for a sphere. The

impedance Eq. (A12) in the high-frequency limit re-
duces to

2 ——={iypy/wV)(1 - i5)

wre>l

(A21)
8=3(y-1){(30w7)!/?, ‘

APPENDIX B: ACOUSTIC TRANSFORMERS

An acoustic transformer is a duct whose cross sec-
tional area A varies with distance x along the duct
(tapered tube, horn). Such a tube can be treated as a
transmission line with variable impedance Z(x) and ad-
mittance Y(x) per unit length

p'Edp/ds=-2s ,
s'sds/dx==-Yp .

Thermoviscous damping (TVD) is included in Z and Y.
Eliminating s or p gives the horn equation

P =(In2)p’ -ZYp=0, (B2)

s =(lnY)s'-2V¥s=0. (B3)
We shall assume that Eqs. (A1) and (A2) remain vilid
for a varying radius @ =»{x). This is confirmed b re-
cent theoretical investigations of thermoviscous damp-

ing in tapered tubes.® The lossless case (thermovis-
cous effects neulected) corrosponds 1o the fivst terns

(B1)

corresponding to 1sothermil compression. In general of Fgs. (A4) and (A3). which 2ive the usual furm of the
2 for a volume V filled with jdeal gas 154 horn equation®
z2:(ivpe #VIy-{y-10 |7, (A12) PeinAYp’ k¥p-0, (B4)
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where k= w/c.

In general a transformer may be specified by a 2x2
matrix [T} in the equation

CHE G

with sign conventions snown 1n Fig, 2, It can be
shown® from Eq. (B1) that (7] satisfies the reciprocity
relation

de{T)=T, Ty - T3 Ty =1, (BS)

for arbitrary 2(x), Y(x). Let us take x=0 at the input
{p1,s3), x=1at the output (p,, s5); let p(x), denote a
linearly independent pair of solutions of Eq. (B2); de-
fine

u=(lnp), v=(lnp)) (B7)
and define the characteristic impedance
#(x) = = Z(x)/ulx) .

Then T, can be expressed as follows®'

Tu=M
Xexp(- fo' u(x) dx)

(B8)

Tpa=(1- Mz,
Tu=N/z,
Ta=(1=N)(2,/2,)

Ma[u, exp(fo‘ (u-v) dx) - v.](u, -7,

N= [u.(v,/u,) exp( fol (w=v) dx) - v.](u.- v,.)" .

We assume p(x), has been so chosen that Re{z(x)]>0;
then if an impedance z; is put across the output, the in-
put impedance will be p,/s, = z,.

For the uniform tube of constant radius a Eqs. (B7)
and (B8) reduce to

us=(g8,

(B9)

v=-if,

(B10)
B=(-2ZY)'/8, z(x)sz.-(Z/Y)"'
For the lossless case this further reduces to
B~k z,-pc/nat (B11)

In general g and z, are complex; for the case of air the
real and imaginary parts can be read from the graphs
given by Benade.®® If the tube has length b, Eqs. (B9)
reduce to
(7)= cospd , =izg slnab]x T (B12)
. L{~4/24) 8ingb, cospgb
This is equivalent to the pi circuit (sertes impedance Z
shunted fore and aft by impedance X) with®*
Z =~ i2,8ingd, X=izgcom ;80 . (B13)

In the boundary layer {or '‘wide tube') approximation
(r,, 7, > 1) Eqs. (A4) and (AS5) give the asymptotic ex-
pansion

B“{] dy'/nu”')e"“o---] R

where

(B14)
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(‘a_\.‘i.\“ N Hy T

aw=(2)E )”'[%:—%] .

y =t (y = D/ M? (B15)

is called Kirchholl's constant, Rccent calculations®?
have shown that the fractional error in the 7 correc-
tion term in Eq. (B14) is about equal to the magnitude
of the correction term. Although Eq. (B14) was long
considered in substantial disagreement with experiment,
recent experiments®*~®" have adcquately confirmed it,
Weston®® has carried the asymptotic expansion of § up
to order (avw)? and verified it experimentally®’ for
tubes as small as @=0,0127 cm.

For the exponentially tapered tube
(B18)
a solution of Eq. (B2) is available®' only in the boundary

layer approximation [order (»v'w)™']; for this solution
Eqs. (B7) become

u(x)}= m.+(ﬂ)(i’:.)“' (TLN 2agm ) e L O

ox) ”, a¥2in

r(x)=7r,e", np=re*

(B17)
where

re=2y’(ac)'/? (B18)

characterizes the boundary layer, m, characterize the
lossless solutions™®
P WA

and g=pu'/?/2y’. For the case of interest here k= a,
7, > 7, we can write

my=—azin, n={k*- {B19)

ZRe(I' u(x) dx) x = 2al = (ry/r,) £(R)
° (B20)

L‘(u-v)dzaliA-A.

where

K= (za)"'[znk'

ak?-2gaan - at-2:?)

(B22)

A discussion of the exponentially tapered electric line
has been given by Burrows, ®'°

APPENDIX C. THERMODYNAMICS OF THE
OPTOACOUSTIC EFFECT

We give here a thermodynamic discussion which con-
firms the correctness of Eqs. (43) and (55). A detailed
derivation of Eq. {43) is given in Ref. 13. We ofter tne
following simpler derivation based on three siniple spe-
cial cases: (a) For a reversible adiabatic compression,
Eq. (43) reduces to

pCdT/3p)s=x ,
(v*T=0, P(1)=0),

which may be regarded as the definition of y; (b) for a
reversible constant-pressure hcating Eq. (42) reduccs to

(cn

oC,= VI 6Q/5T), ,
(V2T=0, p=0, G PU)=dQ/d1)

(c2)
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which is the definition of C,; (c) for constant pressure
Eq. (43) reduces to the standard equation {or thermal
diffusion. ' Frum the formulas®?

(8T /ap)s =(aV/238),

pC,=(T/V)(35/5T), (c3)
it follows that y can be written

x=pC,3V/5S),= -(T/p)(6p/5T), . (C4)
These arguments confirm Eqs. (43) and (44). Other
useful formulas involving x are

plC,~ C,)=x(3p/3T)y (cs)

(3p/9p)r=xY/[T(C,-C,)], (ce)
which follow from Eq. (C4) and the formulas®

p{C,- C,)=(T/V)(aVv/aT),(ap/aT), )

(87/aP), (3V/aT),+(aV/3p)y=0.

If thermal transport can be neglected, the sound
source and cell impedance can be calculated thermody-
namically. The quantity s,/G, P, in Eq. (37) corre-
sponds to (§V/6Q),. From Egs. (C3), (C4), and (C5)
we have

(8V/8Q),=(VoC,) (aV/aT),=(pC,) " (x/T)
= 1=y (aInT/31np)y , (c8)

which agrees with Eqs. (37) and (55) in the limit G, =1,
The quantity (iwzo)™' corresponds to (3V/3p)s which can"
be transformed as follows

(aV/8p)y = = (3S/3p)y(aV/0S),
= =(C,/C)(8T/3p), (3V/3T),
==(V/yp)(31np/3lnp)s . (C9)

This agrees with Eq. (58) in the limit G_=1, which con-
firms the high-frequency limit Eq. (A14).

APPENDIX D: GASEOUS ABSORBERS

A gaseous absorber must have an optical absorption
coefficient 8 in the range given by Eq. (58); for con-
creteness we write this in the approximate form

0.12 cm™<8<8.7 cm™ (D1)

obtained by assuming w=0,98, V.=2.5x10"* cm?®, and
pC,/x for air from Table I. Practical considerations
also require the gas to be chemically stable, noncor-
rosive, and nonpoisonous. Any temperature dependence
of the absorption strength must be mild enough to leave
B in the range Eq. (D1) from - 30°C to +40°C, the
range encountered by telephone sets. This will usually,
but not always, rule out vapors in equilibrium with a
condensed phase and gases whose boiling points fall
within the above range. Thus the boiling point should
prclferably be below - 30°C (-~ 22°F). In a general way
this requires low-molecular-weight compounds. The
range Eq. (D1) lies rather high for gases at standard
temperature and pressure and for absorption in the visi-
ble or near wfrared. The reason for this is that the
strong oscillator strength electronic absorption bands
fall typically below 3000 A wavelength while the strong

Nannan 0 UL Nelson: Fhe photophone-an optical telephone receiver 1493

oscillator strength vibrational-rotational transitions
fall typically above 20000 A wuvelength. Resonant ab-
sorptions between these limits are not common in gases
and those occurring usually have low oscillator
strengths,

Although we have not been able, as yet, to find a gas
satisfying all the requirements, one gas which comes
close is trifluoronitrosomethane (C FyNO), a blue gas
with a boiling point of = 31°C. This gas has a broad,
fairly strong absorption band extending from 5000 A to
7600 A with a peak absorption near 6900 A. The molar
absorptivity € is 15.9, 17.4, and 22.4 1 mol™ em™ at
the wavelengths 6328 A (HeNe laser line), 6471 A (Kr
laser line), and 6764 A (Kr laser line).®' These values
correspond to absorption coefficients gz In(/,/1)/! of
1.4, 1.5, and 1.9 cm™?, respectively, for atmospheric
pressure and 300 K, values that fall within Eq. (D1),

A problem with CF¢NO is its tendency by an excited-
molecule mechanism, following light absorption in the
band mentioned, to deposit on the walls of the vessel a
decomposition product. Since the energy absorbed in
this band is insufficient to cause dissociation of the
molecule, ®! it seems possible that a second gas could
be found to use in a mixture with CF,NO that would
quench the excitation at a rate fast compared to the ex-
cited-molecule reaction rate. The quenching would, of
course, convert the excitation energy to heat as de-
sired. The related perfluoroalkanes have similar
properties to CF4,NO,

A second gas worth consideration is nitrogen dioxide
(NO,) which has strong absorption®® from ~ 3200 to
~5000 A giving it a red-brown color. However, it
forms an equilibrium concentration of N;O, whose ab-
sorption exists at wavelengths shorter than ~ 3700 A,
Further, NO, has its boiling point at 21°C and its melt-
ing point at - 9°C. In spite of these disadvantages the
absorption of the saturated NO, vapor comes close to
remaining in the range Eq. (D1) throughout the tem-
perature range of = 30° to +40°C., For the wavelength
4580 A (cw Ar ion laser line) 8=9.9 cm™ for T=40°C,
and 8=0.090 for T=~30°C; for the wavelength 4880 A
{cw Ar ion laser line) 8=5.3 cm™ at T=40°C and 8
20,048 cm™ at T=~30°C. The abscrption measure-
ments®? that these strengths are based on were made
with a resolution of about 4 A. Spectral measurements
at high resolution® (reciprocal dispersion of 0.1 A/
mm) show the absorption throughout the “band” dis-
cussed above is actually a dense forest of very sharp
lines. Thus the absorption on some of these lines must
be several times the values given above while at other
wavelengths the absorption will vanish. Thus it is nec-
essary to establish that the laser line chosen for use
coincides with an absorption line. Other cw laser line
wavclengths in this region which may fall in coincidence
with an absorption line of NO, are 4545 A, 4658 A,

4727 A, 4765 A, 4965 A, 5017 A (all in Ar ion lasers),
4762 A, 4825 A'(both in Kr ion lasers), and 4416 A (in
2 HeCd laser).

Since at present only lasers whose emission car be
transmitted at ultralow loss in glass-fiber wavcuouiies
wnuld scem 1o be of interest, we will not give deturted
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consideration to infrared lasers such as the CO and CO,
lasers, However, it should be remarked that in the 5-
and 10-um wavelength regions characteristic of these
lasers there are many gases with strong vibrationai-
rotational absorption bands. We have been unable as
yet to {ind a gaseous absorber suitable for use with the
ga-Al-As heterostructure injection laser (~ 8§800~9000
).
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The photophone—physical design

D. A. Kleinman and D. F. Nelson

Bell Laboratories, Murray Hill, New Jersey 07974
(Received 15 September 1975; revised 28 February 1976)

The physical design of the response-equalizing components of the acoustic transformer<oupled photophone
is presented. Two possible equalizers for the absorption cell—a gas column and a loaded diaphragm-are

discussed; one equalizer for the earpiece, consisting of a diaphragm and screen, is also discussed. The
optimization, equalization, and physical realization of a direct-coupled photophone (cne not containing an
exponenliﬂly tapered tube acting as an acoustic transformer) is also presented. It is found that its response

is poorer than the transformer-coupled photophone by 25 dB.

Subject Classification: (43] 85.76. [43] 85.40, [43] 85.60.

LIST OF SYMBOLS

P a radius (cell, gas column, tubes, dia- s flow (cm?® sec™)
- phragm) s sound flow source, see Eq. {37), KN:1
. A area S entropy
. b length (gas column, tubes); radius of load t time, thickness
i ring T absolute temperature (X), transformer
B 2 Eo/12(1 - 03), E, = Young’s modulus, Ty, ..., T3, transformer matrix, see Eq. (B9), KN:!
g =Poisson’s ratio u,v see Eq. (B7), KN:1
¥ c sound speed v volume (cm?)
ﬁ C as subscript denotes cell w as subscript denotes cell wall
‘ G, ¢, specific heats at constant pressure, con- w wall reflectivity
' stant volume w(r) diaphragm displacement
Cuy - .., Cpp matrix [C], see Eq. (3), KN:I x distance along tube
ﬁ _ d see Eq. (38), KN:1I X reactance (g sec™ cm™)
i E _ as subscript denotes earpiece X (w) diaphragm reactance
. ! I frequency (Hz); resonant frequency y see Eq. (50), KN:I
- F diaphragm reactance function, see Eq. Y(x) distributed admittance (cm? sec g™*)
S (B6) z = p/s impedance (g sec™ cm™)
} g(k) see Eq. (19), KN:I 2 characteristic impedance of tube, see Eq.
! G.,Gu, G, see Egs. (38), (55), (54), KN:I (B10), KN:I
! : G,(w), G,(w) equalization factors, see Appendix A z,, 2, characteristic impedances, see Eq. {(29),
) h porosity, see Eq. (44) KN:I
; h(k) see Eq. (19), KN:I Z(x) distributed impedance (g see™ em™)
Qo H, response function, see Eq. (8), KN:1 4 impedance
E% i (H.) smoothed response function, see Eq. (31), @ exponential taper, see Eq. (B1€), KN:1
’ KN:1 8 optical absorption coefficient; acoustic
1 sound intensity, see Eq. (5), KN:I propagation coastant
! J diaphragm stress function, see Eq. (B12) Y =C,/Cy (y, refers to air)
% k =w/c r' Kirchhoff’s constant Eq. (B15), KN:!
1 length (acoustic tube, port) a see Eq. (B22), KN:1I
.. L inertance (g em™), see Appendtx A, € see Eq. (45)
e KN:I n viscosity coefficient (dyn sec cm™?)
v m diaphragm loading mass K thermal conductivity (erg sec™ cm™ K™)
! m,n see Eqs. (B19), KN:1 N =n/p {cm? sec™)
“- n number of tubes in porous leak v =yx/pC,(cm? sec™)
IOl I pressure (dyn cm™®) £ see Eq. (B21), KN:i
* bo =1.013%10%dyn cm™) atmospheric pres- p density (g cm™)
: sure Pe diaphragm density
::: P P, P, optical power (erg sec™), see Eq. (1), g Poisson’s ratio in Appendix B
K KN:1 T relaxation time (sec)
q =ul/2/2y 7 =f/f
- Q diaphragm loading parameter see Eq. ¢ see Eq. (28), KN:1
o {B8); heal in Apuend'u C., KN:1 X see Eq. (44), KN:1
7 see Eq. (B18), KN; ¢ see Eq. (281, kN : 1
v(x), », r, see Eq. (B16), KN ,l w =2nf angular frequency (sec™)
L- R resistance {g sec™ em™) Q see Eq, (B7)
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INTRODUCTION

In the preceding paper, ' which will be referred to as
KN:1, we presented the design principles of the photo-
phone, a telephone receiver which produces voice-band
sound in an earpiece directly from a power-modulated
light wave from an optical fiber via the optoacoustic ef-
fect, The optimization of the response of the photo-
phone for a given optical input was also presented,
This led to the absorption cell, that produces the sound,
being very small (~10~ cm®) and being coupled to the
earpiece volume by an acoustic transformer in the
form of an exponentially tapered tube, The resulting
design is referred to as a transformer-coupled (TC)
photophone, Consideration was also given to equaliza-
tion of the response, that is, making it flat versus fre-
quency to within 3 dBover the voice band 300-3300 Hz.
This was accomplished by adding equalizers between
the absorption cell and acoustic tube (EQ1) and between
the acoustic tube and the earpiece volume (EQ2). The
equalizers were represented in the analysis of KN:1I by
impedances of simple form—no specific physical real~
fzations for equalizers were considered there., We as-
sume the reader is acquainted with at least the Sum-
mary Section of KN: 1.

In this paper we go on to consider two further as-
pects of the photophone. First, in Sec. II we present
design criteria for specific physical equalizers that
approximate the performance of the idealized equal-
izers assumed.in the previous analysis. For EQ!l both
a gas column and a loaded diaphragm will be consid-
ered; for EQ2 a combination of a diaphragm and a
screen will be considered. Two Appendixes support the
physical design discussion.

The second aspect to be considered is a comparison
to a direct-coupled (DC) photophone, that is, a photo-
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FIG. 1. The cell with gas-column equalizer and equivalent
cireuit, .
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FIG. 2. Respoase of the air-column-equalized photophone with
no carpiece equalization, Curve (a) gives response for a pure

inertance equalizer, curve () gives Eq. (1) for the air column
and cell Eq. (6), curve (c) gives the smoothed response for no
equalization [see curve (c) of Fig. 4 of KN:IJ.

phone without the tapered tube acoustic transformer.

In Sec. IIl we present the optimization, the equalization,
and the physical design of the DC photophone. This
device, though simpler than the TC-photophone, has 2
poorer sensitivity than the latter by 25 dB. This dem-
onstrates the importance of the tapered tube,

. REALIZATION OF EQUALIZERS

The simplest physical model of an equalizer between
the cell and the input to the tapered tube (EQ1!) is a col-
umn of gas as shown in Fig. 1. The matrix for a gas
column was developed in Eq. (F12) of KN:1. It is equiv-
alent to that of the pi-circuit shown in Fig. 1 with X, 2
given by Eq. (B13) of KN:I. The gencral equivalent
circuit of the photophone is given in Fig, 2 of KN:I.

We shall treat the effect of equalizers on the basis of a
simplified circuit as shown in Fig. 1 in which the input
to the taper . tuve is regarded as the characteristic
impedarc. 2,. We call this-the method of cqualiz ztion
Jactors; a full discussion is given in .\ppendix A. The
response of the photophone has been defined in Eqs. {7
and (8) of KN:I; the frequency response function H,
contains structure due to standing wave resonances in
the tube which is of no interest here, so we shall work
with the smcothed response function (#,) introduced in
Eq. (31) of KN:I. According to our method the effect of
EQ! on the frequency response function (H,) is given by

(H.Y = (H ) ngaq Glw) , (1)

where (H_)ygq i8 the response function with no cgualiza-
tion, curve (c!of Fig, 4 of KM: I, and

Gylw) = [ (5, (EQ)/ s, (NEQY) ) (2)
is the cqirtizaizci fuoior ealeuiated from the circuit of
Fig. 1. W kq. (2) the volume flow < (EQ) is calcalated

for the circuit shewn, s‘,('\‘EQ.\ is caleutaied for . =0,
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FIG. 3. The cell with loaded-diaphragm equalizer and equiva-
lent circuit. Proportions agree with Eqs. (15) and (16).

X = and 2n air-filied cell of volume ¥;=2.5%x107* cm?
as called for in Eq. (32) of KN:1. Here we shall as-
sume an air-filled cell of volumeof theorder 1 10" em?,
the exact value to be determined so as to achieve equal-
ization. The optoacoustic effect produces the voiume
flow source s, in Fig. 1 given in general by Eq. (37) of
KN:1. Although s, depends on V. through the disper-
sion function 1G, |? (which results from the finite ther-
mal relaxation time of the absorption ceil), the change
in 1G_|® over the range of V. we need to consider is un-
important and will be neglected. Then s, is the same as
that in (H )ugq and cancels out of G,(w). Thus the sim-
ple circuit is only used to compute ratios, the absclute
response being determined by (H,)ygq. In practice we
further simplify the circuit by replacing z, - lz;1,
where from Eq. (20) of KN:1

2,~|2,| =cp/ari=1.02%10* g/sec cm*. (3)

It is shown in Appendix A that the error in using Eq. (3)
is unimportant.

The solution of the circuit of Fig. 1 is
S\ s (.2).A a2 £) 4
(51):9 (1 ’zc)#zc“x(z*xi'zc *X
=cospd - singb -« 4 (sinﬁb +i L cosﬂb) ,  (4)
2¢ 29 2¢

where 3, 2, are the propagation constant and character-
istic impedance of the zas column given by Eqs. (310)
of KN:1. The real and imaginary parts of 3 and 2, are
glven for uir in Figs. 6-9 ol Re{. 2. For z. we hive
agsumed the form Eq, (A22) of KN: I using 7 calculated

from Eq. (A17) of KN: I for a sphere of air of volume
Vco. This includes dissipation in the cell and therefore
is more general than Eq. (22) of KN : I used in the analyt-
ical model. However, it turned out that the effects of
the dissipation to be expected from air are unimportant,
The possibility exists that the presence of the solid ab-
sorber in the cell would significantly reduce the relaxa-
tion time 7 and make the dissipation more important.
Setting Z=0, X=w», V.=2.5%10"* ¢m’ and using Eq.

(3) we obtain from Eg. (4)

(s./s))wga=1+1.28x10" f2, £ in hertz. s)

We have computed G;(w) from Eqs. (2), (4), and (5)
for an optimized air column. The best equalization we
were able to obtain is shown in Fig. 2(b) corresponding
to the following specifications:

a=0.02, b=1.80cm, Vo=7.5x10"cm?. (6)

Comparing curves (a) and (b) we see that the air column
falls well short of the performance of an hypothetical
pure inertance in providing equalization. Nevertheless,
it does provide a worthwhile improvement in the high
end of the band, and can provide equzlization (flatness
within 3 dB) with the aid of about 1,5 dB from the ear-
piece equalizer, an amount easily realized. Curve (¢)
of Fig. 2 is {H. )yxzq, identical with curve (c) of Fig.
4 of KN:I. Comparing curves {b) and (c) shows
that the air column gives 6-dB improvement at 3300
Hz.

A diaphragm can give a higher performance thaa an
air column, and in addition can serve the second func-
tion of sealing the cell to keep out dirt and moisture or
retain a special gas in the cell. Figure 3 shows a pos-
sible physical configuration for a cell with EQ1 provided
by a diaphragm (clamped plate). The acoustic impe-
dance Z =iX,(w) of a flat-loaded diaphragm is reviewed
in Appendix B. The reactance X, (w) of a flat-loaded
diaphragm is given by Eq. (B6). The structure of such
a diaphragm and our notation is shown in Fig. 4. The
dimensionless reactance function F appearing in Eq.
(B6) is plotted in Fig. 5 for the case we have fouad to
be optimum,

The solution of the circuit of Fig. 3 is

DIAPHRAGM
LOAD RING MASS m

POLYSTYRENE

FIG. 4. Detnils of the ring-loaded dinphragm of Fig. 3. Alse
shown {3 the displacement for {requencies greater than 1300C
Hz whore the diaphragm ccacis isertially.
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2
FIG. 5. Reactance function F defined in Eq. (B6) for loaded
diaphragm with @ =35, 4/a=0,47. Also shown (dashed) is
10'x J(82) where J(Q) is the stress function appearing in
Eq. (B12) and Eq. (7).,

(30 - (- 550 659) o

where V' has been neglected, Eq. (All) of KN: I and
Eq. (3) have been used, and the cell has teen assumed
to be air filled. We define the resonant frequency @, by
the relation

1+ ( Vc/)'opo) alx‘(al) =0 . (8)
{In the design that we shall obtain Eq. (8) has only a
single solution in the desired band.] It follows from
Eqgs. (8), (B8), and (B7) that
ot o 1/2 )
el (9)
1

and

TABLE L. Deasity p,, flexural modulus B=E,/12(1—¢?), and
fatigue Iimit stress T, for various materials. Here B has
been calculated from Youong's raodulus E using 0=0. 33.
Values of T, in parenthesis have been estimated by taking 23
the rupture stress,

pig/cm® Bidyn/em’  T.ldyn/em’) ¢, <
Tefloa® 2.2 3.8x10" 2.3%10") 1.4 6.0x10"
PMMA® 1.2 2.4> 10" 1.4x20* 9.0 3.7x107
AL 7075-Té 2.8 6. 7x10"* 1.4x10°° 140 s.9x107
Statalss 446 1.9 1.8x10Mf 3.2+ 7 2.0x10"
Phos. bronze 8%* 8.8 9.2x10" 1.9x10' 2.8 1.24107
Polystyrene® il 3.3%10° (1.5%199 12.0 5.0x10°%

*D. F. Miner and J. B. Seastone, Handbook of Engincering
Materials, 15t. ed, (Wiley, New York, 1955), p. 3-208.
"Ref. a, p. 3-198.

*Ref. a, p. 2-233,

Rel. a, p. 2-237.

*Ref.
'Ref.
‘Ref,
MRef,

a,
a'

p. 2-140.
P. 2-132.
p. 2-334.
p. 3-2ls.
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where F and § are evaluated at w=w,. From Egs. (7)

T - )

Q/q=(w/@,)'? |

G,(w) can ncw be computed from Egs. (2), (5), and (11}
and a computer program which gives F(Q, @, b/a). The
general nature of F is discussed in Appendix B. We re-
gard f, =3100 Hz and r, =0.036 cm as prescribed ac-
cording to Eq. (32) of KN:I; still to be determined are
Ve, 0, @, b/a, and the diaphragm material.

st
s,

(11)

Table Llists selected values of p,, B, and €. for var-
ious materials that might be considered for the dia-
phragm, assuming in ¢, the volume V. =2.5%x10"* cm?®
as used in Eq. (32) of KN:I. The order of magnitude
of €, immediately rules out the unloaded diaphragm,
which, if made of any ordinary material, could not pro-
vide the required inertance without being too stuf.
Doming the diaphragm would increase the stiffness.
Thus the domed diaphragm used in telephone receivers
for many years** to avoid the antiresonances (Z— =) of
the flat diaphragm is inappropriate here. Thus it is
clear that heavy loading @ > 1 is required, which dic-
tates choosing a light material for the diaphragm, poly-
styrene, and aheavy material for the loading ring, gold.
For polystyrene Eqs. (9)-(11) become

a*/t=2.803¢, (12)

-F/%*=0.030 cm®/V, , (13)
3 2 4

! - @) 5T om0t eme v (3)

ol ea [1 (Q 7| +1.98x10% em™ Vi (= (14)

and Eq. (5) remains valid.

The best cqualization we could achieve by trial calcu-
lations and adjustments of the parameters {3, Q. b/« is
shown in Fig. 6 curve \a), which corresponds tc the
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F(Q) shown in Fig. 5, and the specifications

0=2.40, Q=35, b/a=0.47,
Ve=2.64x102cm?,
a*/t=16.1 cm .

The {requency band 300-3300 Hz is indicated in Fig. 5;
it will be seen that this band is approximately centered
between =0 and 3 =3. 387 where |F!—~«, Curves (b)
and (¢) of Fig. 6 are taken from Fig. 4 of KN:I; they
represent, respectively, the response with the optimum
pure inertance equalization and with no equalization.
Note that although equalization has been achieved in
curves (a), the level lies below curve (c) at low fre-
quencies less than 1000 Hz. This is because, as Fig.
% shows, the diaphragm ceases to act like an inertance
(F < 0) for f < 1000 Hz and becomes stiffness controlled
like a capacitance.

(15)

A possible set of specifications for the loaded dia-
phragm is the following:

a=0,127, t=1.00x10"*cm (polystyrene)
t'=1""=0.0109, 5=0.060 cm (gold)
m=8,6x10° g (gold).

Figure 4 shows the structure approximately to proper-
tion. Also shown is the displacement ro(») for frequen-
cies in the inertial range 1000< f < 3200 Hz. The ring
is segmentad to avoid stiffening the diaphragm, Figure
3 shows approximately wo proportion this dlaphragm in-
stalled at the base of a coaical absorption cell of volume
Ve=2.6¥10"7% ¢m® The cenical shape is dictated by the

(16)
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values of a and V.. The volume V', neglected in Eq.
(7), in the design shown is about 1 %107 ¢m’® corre-
sponding to an impedance z'~7x10* g/sec cm' about
seven times greater than |2,/ given by Eq. (3) at the
highest frequency of interest 3300 Hz, This justifies
neglecting V'

We have considered the concentration of tensile
stress in the diaphragm at the loading ring. The theory
of this stress is given in Appendix B. The maximum
permissible flow s,(w) is given by Eq. (B12) in terms
of a computer calculated function J and the fatigue limit
tensile stress 7, of the material. The function 10*xJ/
for the diaphragm Eq. (15) is plotted in Fig. 5. Tablel
lists values of 7,, some of which are measured values
from fatigue tests and others are estimated as one-
quarter the rupture stress. The fatigue stress relevant

-here is that for completely reversed stress indefinitely

cycled. We use Eq. (B12) to estimate the maximum op-
tical power G, | P, i which can safely be applied to the
diaphragm. In making this estimate we take s.~s; in
Fig. 3, G,~1, 1G,1~1 in Eq. (37) of KN:I, and obtain

2
GA!P,|<—H%W J(R,Q,b/a) ,
- (]

6(r, p

=(7x10" erg/sec)J . (17)

We see from Fig. 5 that the smallest values of J occur
at the low and high ends of the band where J ~0.07; thus

G,[P,| <5x10° erg/sec =50 mW . (18)

Figure 7 shows the earpiece with both a diaphragm
and screen (or grid). If a diaphragm is used either to
seal the end of the tube or to act as EQ?, the screen
would be needed to protect it from damage. I no dia-
phragm is used, the screen alone can act as EQ2. The
small volume V' between diaphragm and screen can be
neglected., Consider first the screen alone; the re-
quired value of L' is given by Eq. (25) of KN:1

L' =L =ypy/ Vst =6.23x10™ g con™ (19)

for a resonant frequency f,=3100 Hz. If the screen has
radius r,, thickness ¢, and porosity h (ratio of open tc
total area), the inertance according to Eq. (A8) of KN: 1
i3 approximately given by

L' = (pgt/arin) + (py/4r,) , (20)

where the first term is the inertance of the air in the
pores of the screen and the second term corrects for

the spreading of the flow into the volume V5. One pos-
sible design satisfying Eqs. (19) and (20) is
h=0.21, f{=0.1cm . (21)

The realization in this case is perfect, which is tu say
that it corresponds exactly to that assumed in the ana-
lytical model of Fig. 3 and Eq. (22) both in KN : 1.

Now assume that EQ2 is to be realized by a dia-
phragm, the screen L’ being negligible; this is casy to
arrange, e.g., by taking #1=0.8, 1=0.05 cm. We take
Ve=6 cm’and r,=0.85 ci: from Eq. {32) of KN: 1. [n
the circuit of Fig. 7 the sound trinsnmitted down the tube
is replaced by an equivalent pressure source p, in se-
ries with the impedancc " This procedure is justiiied
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Fo (R)

in Appendix A. The equalization factor is defined by

Gy(w) = | p£(EQ)/ps(NEQ)|? , (22)
and the overalt smoothed response is given by
(”..) =(H) Neq Gy(w) Gz(w) , (23)

~ where (4 )ygq is curve (c) of Fig. 6. We do not need
the value of p, to compute G,(w). As in Eq. (3) we shall

replace

23 = |2, =co/rri=18.4 g/sec cm* (24)
which is justified in Appendix A. Thus

(%L) a1+ 2+ 12,1 (25)

£Q Ly ’

where z; is given by Eq. (All) of KN:1. For Z we
write for generality

Z' =R+ (i), (26)

where R is the resistance of an optional small leak in
the center of the diaphragm, and Z =iX, is the diaphragm
impedance without a lcak. We define tae resonant fre-
quency w, just as in Eq. (8)

1+ ( V‘/ano) ng‘(;z) =0 H (27)
it tolldws that

at _QB/p)\"? (28)

t Wy ’

-F Tyobo[B\/2

e Pa(5) (29)

exactly as in Eqs. (9) and (10).
to Eq. {11) can be written

The equation analogous

bl . ______‘!___]z [ ]'r-z 2

Pzleq [l Lo (Warer) * 1e 1+(\X‘¢, 712 A

where (30)
¢=w/w=(2/q¥, W()=9F/F, (31)
A=R/lz| L =2F,Ve/cor} (32)
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For no equalization Z-0,

.
Px

G,y(w) can now be calculated from Egs. (30) and (33) and
computer evaluations of F(Q2, Q, b/a).

=1+i—:'rl{=1+(z.3axm" sec?)ft . (33)

NEQ

The values of ¢, for various materials are listed in
Table I assuming f,=3100 Hz, Vz=6 cm®, The order
of magnitude of €, is consistent with an unloaded dia-
phragm. The reactance function F,(Q) for the unloaded
diaphragm is given by Eq. (B9) and plotted in Fig. 8.
The dashed curve is Fy,(0) given by Eq. (B10) repre-
senting a freely moving piston of the same area and
mass (i.e., a pure inertance). We see that the dia-
phragm is similar to a piston only over certain narrow
ranges of Q near the intersections of F,(R2) and Foo(02).
Therefore we choose one of these intersections to cor-
respond to the desired resonant frequency f, near 3100
Hz

N=13.33, Fy=-178, ¢z=5.64*10"", (24)

Again we choose polystyrene for the diaphragm; it fol-
lows from Eqgs. (29) and (32) that

f,=2058 Hz, [=1.44, (35)
and Eq. (28) becomes
a®/t=519 cm. (36)

Since the diaphragm is mounted at the end of the tube,

0.85, (37)

Curve (d) of Fig. 6 shows the overall smoothed re-
sponse Eq. (23) for the two diaphragms characterized
by Eqs. (16) and (37). The three antiresonances in Fig.
8 lying below Q =13, 33 show up in (H,) as very sharp
holes in the response at frequencies 579, 1411, and
2569 Hz. These holes go to zero if there is no leak
(A= =) in the diaphragm; the case plotted corresponds
to A=10. Equalization is achieved apart from these
holes, and the earpiece diaphragm significantly raises
the level of response in the range 1000 > f < 3300 Hz.
We do not know if the holes would give the photophone
an objectionable tone quality, but we note that the offect
of such holes is probably inversely proportional to the
aumber of holes, and for many years the standard telc-
phone receiver® had a single antiresonance in the band.

as=r,= t=1.39%x107 cm (polystyrene).

l. DIRECT-COUPLED PHOTOPHONE

In order to determine the efficacy of the exponentially
tapered tube in the optimized transformer-coupied (TC)
photophone it is necessary to consider what is e best
response from an cqualized photopiione that does au.
contain such a tube, which we call a direct-coupled (DC)
photophone.® The optimized DC-photophone structure,
which will now be discussed, is shown in Fig. 9 along
with its equivalent circuit,

In our consideration of this circuit we will ignore '’
since this is not helpful for equalization, 3ince v+ o7,
we also ignore Vg, thus s. =s,, The solution of tho ci1e-
cuit is then

(pr/s1)eq =27

+ z;l)-l s

(38)
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. FIG. 9. The direct-coupled photoptone including the equalizer

EQ.

where 24 is given by Eq. (All) of KN:I and
Z=R-iwL=R-iw(L'+L") (39)

is the impedance of the porous leak and port. We de-
fine the resonant frequency @ and damping parameter
6 by

@=(rehg/LVg)/?
§=R/wL .

The response may be expressed in terms of H, accord-
ing to Eq (12) of KN :I with

(40)

8+ ¢? ]
wV; 4T+ (1 -g2)2
w'w/- . “n
The case of no equalization corresponds to 6=-=, The

cell is large so we can safely assume |G % =1; it is
also reasonable as in Eq. (32) of KN:Ito set G =1 for
an air photophcne. We have found the best equalized
response for the case (using 1, =6 cm?)

f=3705 Hz, 61,73, .
R=117.8 g/seccm®, L=4.36x10" gem™

(42)

The resulting H_, is plotted as curve (a) of Fig. 16. The
unequalized response 1s shown in curve (b), which var-
ies like /', We regard such an unequalized response
curve as completely unsatisfactory for use, Comparing
curves (a) aad (¢) shows that the equalized DC phouiv-
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phone i3 down {rom the equalized TC photophone by
about 25 dB; this means that the sound level of 81 dB
SPL [see detining Eq. (6) in KN: I can be produced with
the optical input (the sensitivity)

G,lP.} =51 mw. 43)

It should be possible to achieve a utilization factor G,
=1, This sensitivity of the DC photophone (§1 mW) is
to be compared to the 2.8-mW sensitivity of the TC
photophone (filled with air). This comparison proves
the importance of the acoustic tube transformer.

The question remains as to the actual physical nature
of the porous leak, its dimensions, the dimensions of
the port, and the feasibility of incorporationg these into
a telephone receiver. Consider 2 bundle of » parallel
tubes of length b <<k™! and radius a «b; neglecting end
effects we obtain for the impedance R — iwL’ of the bun-
dle, according to Eq. (A9) of KN: 1,

L' =(4/3n) (p/na®)b ,

R=(8/n)(pu/na') b uo
It follows that
a=(BuL/R)} /22
(45)

b=(92/2)(L*u/Rp)ne* ,
€=L'/L . )

The tubes are holes drilled in a plate of thickness b and
area A; define the porosily (cavity factor)

h=nna®/A ,
0<h<7/2V3=0.907.

The upper limit 7/2V3 corresponds to the close packing
of circles. Now assume that the port has area 4 and
length I; neglecting end effects we obtain from Eq. (A8)

(46)
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FIG. 10. RQespoase of C puotuphone, Curve () shows the

ecqualized DC pratophone specified by Fq. (42) and depicted

in Fig, 9, curte M) shows the unequalized responsc of the DC
photophone, curve ¢} shows the guee nertance cqualined re-
sponee of the TC photaphene for comparison (same a8 curve
(). Fig. 2).
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The area A can be achieved if the port extends all
around the circumference of the earpiece except for
structural ribs. The perforated plate is the “porous
leak” of Fig. 9.

This calculation establishes that the realization of
BQ is physically possible using elements of the approx-
imate size and proportion shown in Fig. 9. In practice
it would probably not be economical to use a drilled
plate because of the large value of 1, but the desired
acoustic properties could be obtained using one of the
standard acoustic insulating materials™? in the port.
Alternatively the porous leak could be a rigid composite
material that requires no drilling. Aa interesting ex-
ample of this latter type is afforded by the close pack-
ing of fibers. Consider a plate of area A and thickness
b formed by close packed circular fibers of radiug a
which adhere along their lines of contact. The tubes
which conduct sound in this case are the interstices be-
tween the fibers. Fcr this geometry Eq. (46) is re-
placed by

h=0.9931, hA/n=0.1613 a®, (51)

where the number of fibers is /2, the number of tubes
is n. An exact solution is known for viscosity limited
flow in triangular ducts®; in the approximation that the
tubes are considered as having an equilateral triangular
cross section we have

L'=1.43(0/hA)b ,
R =34,6(pu/HA% bu ,

which replace Eq. (44). Corresponding to Eqs. (49) we
now obtain

a=8.68(uL/R)'/?=0,0165 cm,
1=65.0LEu/KpYn =8.37%10%n cm,
5/1=0.701=0.0651,
A/l=2p/L=5,62 cm,

- P amn PN ELY I S e g

cu

(52)

e A

c—— -~
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@ of KN:1 A=4,72x10"% cm? , (53)
L =pl/A (47)  Again choosing /=2.2 cm as in Eq. (50) gives the spec-
ﬂ ( R follows that fications
= 1=(6n/h) (L%u/Rp)ne(l - ¢) . (48) {=2.2em,  5=0.143 cm, (54)
= 2 = ‘
We choose € =0.5 to maximize /; we then have A=12.4 cm’, n=2.63x10°
" -
g =(3uL/R)*=3.30x10" In this analysis we have assumed that L ', the iner-
@ a=(3uL/R) 3.30x10% cm , tance of the screen protecting the absorbing medium, is
1=(38/2h) (L1 /Rp)n =6,07%10"° (n/k) cm, negligible. Suppose this screen has radius a, thiciness
M b/t=3n/4 , (49) :;inand porosity h; then from Eq. (A8) of KN:I we ob-
A/l=2p/L=5.62 cm, ,
/t=20/L : cm . L' = (pt/hua®) + (p/4a) (55)
= xX
b A=3.41%10%(n/h) cm®, counting only one end effect instead of two. For illus-
) For practical reasons /! must be in the range 2-2.5 ¢cm trative purposes take
and b should not be less than about 0.1 cm; therefore a=1.0 t=0.1 5=0.8
we choose the following specifications for illustrative -ocm, £=0.1cm, 4=0.8,
Q purposes: L' =3,5%10% g em™, (56)
! !1=2.2cm, 5=0.2c¢m, Ve=1 cm%
T, A=12.4 cm?, (50)  then we have
& h=0.121, n=4.39x10*. |wL'"/2¢| WL Vo/ypy=0.1(f /3300) , (s7)

with f in hertz. This justifies our assumption s, =5,
for the band of interest 300-3300 Hz.

{1l. SUMMARY

In the preceding paper! (KN: 1) we presented the de-
sign principles and optimization of the equalized re-
sponse of photophones containing either air or xenon.
The equalizers considered in that paper were hypotheti-
cal ones represented only by impedances. One of the
purposes of this paper is to show that the equalizer im-
pedances found necessary in KN:I can be obtained from
practical physical components. Since most of the equal-
ization of the frequency respcnse must be accomplished
by an equalizer between the absorption cell and the ta-
pered tube, most of the calculations have concerned it;
the additional equalization needed from the equalizer
between the tapered tube and the earpiece can be ob-
tained from a simple tensionless plastic membrance in
conjunction with a screen.

The simplest physical equalizer at the absorption cell
is an air column shown in Fig. 1: when optimized this
gives the response shown by curve (b) of Fig. 2. These
calculations take into account thermoviscous damping in
the tube and air column. We have also considered dia-
phragm equalizers and arrived at specific diaphragm
designs. Figure 3 shows one possible design approxi-
mately to scale for a cell equipped with a polyst;rene
diaphragm loaded with a ring-shaped mass of heavy
metal, The averaged response obtainable with this dia-
phragm is shown by curve (a) of Fig. 6. With the addi-
tion of an optimized unloaded diaphragm in the earpiece
the overall response including equalizer rescnances is
that of curve {d) of Fig. 6.

We have alsc prescnted here an analysis of an equ.al-
ized direct-coupled (DC) photophonc in order to demoa-
strate the importance of the oronetic transformer in the
form of an exponentially tapered tube present in the pre-
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ferred design. The DC-photophone is shown in Fig. 9
and its equalized response is shown as curve (a) of Fig.
10. Its sensitivity of 51 mW compares unfavorably with
the sensitivities of the xenon and air transformer-cou-
pled (TC) photophones which are 0.89 and 2.8 mW, re-
spectively.

If optical subscriber loops are ever installed in the
telephone network, they will have to be compatible with
the existing telephone plant, The question is then
whether the present electrical signal power at the cen-
tral office is sufficient to meet the sensitivity require-
ment of any of these three versions of the photophone.
In a study to be published elsewhere!® we consider de~
sign requirements of optical loops including their inter-
facing with the preseat telephone plant. We show in this
study that the optical signal power available from an
electrical-optical interface at a central office could be
sufficient to meet the requirement of the xenon or air
TC photophones but not that of the DC photophone,
Losses in an optical fiber transmission medium will be
significant, however, and will prevent the use of the
TC photophone with fibers greater than a certain length,
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APPENDIX A: EQUALIZATION FACTORS

For the purpose of equalizer design we have uséd
simplified circuits shown in Figs. 1, 3, and 7 to com-
pute the smoothed response (H,) in the form

H) =(H ) yeq G: (w) Gy(w) , (a1)

where (H ) yzq i curve (b) of Fig. 10, and G,(w) and
G,(w) are independent equalization factors depending
only on the parameters of the simplified circuits. This
approximation is only appropriate for the smoothed re-
sponse, since the oscillations in ¥, depend on the cou-
pling between the cell and earpiece circuits through re-
flected waves in the tube. For large TVD the round-

trip amplitude attenuation factor is very small
et «l,

(A2)

where A is given in Eq. (B22) of KN: I; in this case Eq.
(B9) of KN: I gives the relations

Tu=2,Ty, Tyy=2,Ty, (A3)
and it follows from Eq. (B5) of KN: I that
h/sy=2,,
' (A1)

Pa=(b/Ty) = (2, T/ Tyy) sy .

Our calculations only retain TVD in the exponential fac-
tors; in this approximation v

2 =(i/m) (wp/nr?d) — pc/nr}

242 (i/n: ) (wp/nrd) pc/ard (A5)

(2)70/ T\ 22 ——<pe/mrd

T W T YWY rW TrWT

v

pedance z, and the output is equivalent to a pressure
source (p,/7,,) in series with an impedance z7. This
agrees with the circuits of Figs. 1, 3, and 7. Actually,
the values of the sources s,, p, =(p,/T,,) in these cir-
cuits are not relevant since the circuits are only used

to compute ratios; they are never used to compute the
ahsolute response which rests on curve (b) of Fig, 10,
For-this reason the further liberty was taken in the cal-
culations of G,{w), G,(w) of replacing z,~ |z,!, z3 = lz,1.

The presence of reflected waves in the tube does not
invalidate the simple circuits as long as they are only
used to compute (H,), not H,. For the circuit of Fig. 3
of KN:I we have shown in Eqs. (24) of KN: I that (H,)
does factor into the form Eq, (Al). The effect of re-

~ flected waves on (#,} is to increase it oy a factor

(1 - %) which does not depend on the terminations of
the tube, This applies rigorously only to reactive (pure .
imaginary) terminations; if EQ1 or EQ2 are dissipative
the effective values of A is increased by the end losses.
From Eq. (24) of KN:I we see that G,(w) is

o {(2) () - (-2
L0550 - )]

where v, is the volume assumed in curve (b) of Fig. 10,

Ve =2.5%10"° cm®., Essentially the same numerical re-
sults are obtamed t‘rom the simpler form

=) (ST ()]
= <
Gl(W) [(1 +Zc) +(1rrx) 1+ wri .
It is easy to show that Eq. (A6) agrees with the circuit
of Fig. 3 (neglecting V') and the general definition

G[(w)= ,S,(EQ)/S;(NEQ)P N (A8)

where s,(NEQ) is calculated for volume V.’ and Z =0.
Replacing 2, ~ |2,/ in the circuit gives Eq. (A7). Simi-
larly, it follows from Eq. 24 of KN:I that G,{w) for the
circuit of Fig. 3 of KN:1 is

s (E) (8 - (0 2)ER)

E LES"

[ G -G

Lt g1

(A6)

(A7)

(A9)

which agrees with the circuit of Fig. 7 (neglecting L’
and V') and the general definition

Gylw) = | ps(EQ)/ps(NEQ)|? | (A10)
where pz(NEQ) is calculated for Z =0. Again it is valid

to use the simpler form like Eq. (A7) of KN: I which
corresponds to replacing 23 ~ iz, 1.

We have given Eqs. (A6),..., (A10) to establish the
validity of the equalization factor method in a particular
case, the cirzuit of Fig. 3 of KN:I. However, we be-
lieve the method applies cqually well to more com-
plicated equalizer networks EQl, EQ2 in Fig. 2 of

Thus in the large TVD limit the input to the tube has iiwa- KW:I.
J. Acowust, Soc. Am., Vol. 60, Neo. 1, July 1976 E-22
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APPENDIX B: IMPEDANCE OF FLAT-LOADED
DIAPHRAGMS

Here we summarize the theory of the acoustic imped-
ance iX{w) of a circular elastic plate (diaphragm)
clamped without tension a- a radius a and carrying a
concentrated mass m in the form of a concentric ring
of radius b<a. The case m =0 or b=a correspond to
tl.e uniform diaphragm whose properties are well
known.®! The displacement w(r) satisfies the equa-
tion®?

BV w-tp,uwPw-p=0, (B1)

where p is the pressure difference, p, the plate density,
¢ the thickness, and B =E,/12(1 - 0?) specifies the elas-
tic constant of tne plate for flexure. The normal shear
force per unit length is®?

N==13Bvdw/dy) . (B2)

At =0 w(r) must be finite. At r= b there is a discon-
tinuity in N due to the acceleration of the load

AN =~ (muw2/28b) w(b) , (B3)
and at r =a the clamped edge satisfies
wla) = (dw/dr), =0 . (4)

There is no discontinuity at b in w, dw/dr, or V¥, We
are neglecting the rotation of the plate and of the load~
ing mass and assuming that the loading ring does not
stiffen the plate. Figure 4 shows how the loading ring
can be broken up into segments to avoid any stiffening
effect. The width ¢" of the ring will be considered neg-
ligible. The reactance X(w) is defined by

X(w) '~£ ( -[o ) 20rw(r) dr)-l . (B5)

We have evaluated X(w) using a computer program
based on expressing w(r) in terms of Bessel functions
with six unknown coefficients which are determined
from the six simultaneous linear equations representing
the boundary condition at » =a and » =b, The result can
be written for the reactance

X (w)=(12/na") (Bo,)! 2 F(Q,Q, b/a) , (B6)
where

Q=(p,at/t B}/ t'? | (B7)

Q=m/2abtp, , (B8)

and F is the computer calculated function. For the mni-
form diaphragm®* (@ =0 or b =a)

Fol) = n’[ (ﬂg; h:gz)"]l ) (89)

If the uniform diaphragm is free at the edge and moves
like a rigid piston (i.e., a pure inertance), the reac-
tance X = - (wp,!/5a?) is equivalent to

Fo(Q)= - 62 . (B10)

The general nature of F(Q2) may be seen in Fig. 8.
The modes of vibration of the uniform diaphragm cor-

respond to the zeros of Fy(Q), the lowest being at 3.196,

Of greater importance are the singularitics, or anti-
resonances, the first few being at 5.885, 9,190, 12,40,
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15,55, 18.67,.... For Q> 3.196, F,(R) is mostly in-
ertial (#(R) and may be considered to oscillate about

Eq. (B10) shown dashed, The smallest slope | (dF/dQ)|
occurs close to the intersections of Eqs. (B9) and (B10).
The general nature of F(Q, Q, b/a) is similar except the
lowest resonance is depressed and the antiresonances
are not uniformly spaced. Figure 5§ shows F(2, 35,0.47)
which has its lowest rescnance at 1,370 and first anti-
resonance at 3, 387. It follows that this diaphragm has
an inertial range (F < 0) over which w varies by a factor
(3.387/1.370)* =6.112, which may be compared with the
corresponding inertial range factor (5.885/3.1986)
=3.391 of the uniform diaphragm. This is one advan-
tage of loading, a larger inertial range; the other is that
large values of -~ F/Q* can be achieved in the slowly
varying region of F, which is the useful region for equal-
ization. The displacement w(r) in the inertial range is
sketched in Fig. 4.

The significance of choosing b/a =0, 47 lies in the fact
that the displacement w(r) of the uniform diaphragm at
the first antiresonance (5.885) has a node at »=0.47.
Therefore, if b/a=0.47 there is always an antireso-
nance at 5. 885 for any value of Q. As @ is increased
from zero the lowest resonance is depressed, thc low-
est antiresonance remains fixed, and the inertial-ranze-
frequency-factor increases. However, tnere is a limit
to this factor because at very high @ > 1 antiresonaaces
appear below 5.885; these can be continuously traced as
functions of @ back to higher antiresonances of he uni-
form plate. Nevertheless, 5/a =0.47 is the optimum
choice for achieving the maximum inertial range factor,

It is clear that a loading as high as @ =35 must cause
a concentration of stress in the diaphragm at r=6. To
estimate the maximum rating for the diaphragm ex-
pressed as the maximum permissible flow s, (w), we
assume failure will occur at the loading ring due to ex-
cessive tensile stress in the diapuragm. The tensile
stress varies linearly through the thickness of the dia-
phragm, being maximum in magnitude at the surfaces.
Th: maximum tensile stress at any radius r is givea
by®?

T=6!B|Viw- (1 - 0) (dw/rdv)| . (B11)

For nearly all materials of interest it is permissible to
take o =4; then the maximum flow can be written

sa(w) =(7a?7,/6(p BV 2).7(Q, Q, b/a)» (B12)

where J is a computer calculated function and 7,, is the
fatigue limit tensile stress of the diaphragm (complete~
ly reversed stress cycled indefinitely). Figure 5 shows
J(g, 35, 0.47)x10" plotted on the same scale as F. The
smallest value of J in the frequency range 300-3300 Hz
determines the rating of the diaphragm.
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Photophone performance

D. F. Nelson, K. W. Wecht, and D. A. Kleinman

Bell Laboratories, Murray Hill, New Jersey 07974
(Received 15 September 1975; revised 28 February 1976)

A photophone consisting of a light guiding fiber, an absorption cell containing charred cotton suspended in
air, an exponentially tapered tube, and a standard earpiece volume has been made and tested. The pressure
in the earpicce versus the frequency in the 300-3300-Hz telephone band for a given optical power input
agrees well with the theory of the preceding paper. We conclude that the charred cotton suspended in air
can be treated simply as light-absorbing air. Measurements were also made on a photophone which
included an air column equalizer to resonate with the absorption cell in order to flatten the frequency
response. The high-frequency (1500-3300 Hz) response was enlnnced as expected thought not quite as

much as predicted.
Subject Classification: {43]85.76, [43]35.40, [43]85.60.

INTRODUCTION

With optical-fiber communication systems being ex-
tensively studied! it is worthwhile to consider the pos-
sibility of direct production of sound from light which
is modulated at audio frequencies. By direct production
we mean a conversion process which does not involve
audio frequency electricity as an intermediary in the
process. With this motivation we have been led to con-
sider the generation of sound waves from the absorption
of 2 modulated light beam in a gas or in a tenuous sub-
stance distributed in a gas. We have found that this is
an old idea, first studied by A. G. Bell? in 1881, We -
follow his usage in calling it a photophone. Since his
study was only of an empirical nature, we have carried
out in the preceding papers® an extensive analytical
study of the design principies and optimization of a
photophone. That study led to a photophone structure
differing markedly from the simple structure studied by
Bell. The purnose of the work reported in this paper is
to test experimentally the main predictions of that study.

I. STRUCTURE

The photophone structure developed in the preceding
papers® consists of a glass fiber which guides intensity-
modulated light into a small absorption cell, a volume
representing the ear plus earpiece, and a tapered acous-
tic tube which acts as an acoustic transformer between
the absorption cell and the ear volume. It may also
comtain acoustic elements for resonating the absorption
cell and/or the ear volume so as to enhance the high-
frequency response. This is done to make the response
of the photophone as nearly flat as possible over the
normal telephone frequency range of 300-3300 Hz. A
schematic, cross-sectional drawing of the photophone
is shown in Fig. 1,

The characteristics of the light-guiding fiber are not
crucial to the photophone structure. The one used had
a germania doped silica core of 0.004 cm diameter and
a silica cladding with an outside diameter of 0.015 cm.
It had 2 numerical aperture of 9. 14 for coupling light
into a [lat end. A length of fiber of a few meters was
used. The output end was glued into an cntry hole to
the absorption ccll so as to avoid any air leaks.

The abscr'ion coll has a volume of 4.5%107 ¢m?

" and contains charred cotton fibers suspended in air.
The exact volume is not crucial when no attempt at
resonating the cell volume is made. The volume is
chosen within a range which is large enough to be in the
thermal high-frequency or adiabatic limit® and small
enough to have a large acoustic impedance. The acous-~
tic impedance must be large compared to the tapered
tube input impedance so that the former does not act as
a short circuit across the sound source. A charge of
approximately 15 ug of charred cotton fibers has been
found empirically to be optimum for this cell volume.
When distrituted throughout the volume, this charge
appears jus “arely opaque to the eye. Under this con-
dition substantially all the light entering the cell is ab-
sorbed by the charred cotton. It is produced by heating
at a temperature of about 500 °C for a minute or two in
an atmosphere of {lowing nitrogen. The absorption cell
is contained in an aluminum block of centimeier-size
dimensions. This size is believed adequate to carry
heat away from the absorption cell so that 2 constant
temperature cell wall, as assumed in the theory,? is
maintained.

Joining the absorption cell in Fig. 1 with the stan-
dard' 6-cm?® volume representing the ear plus earpiece
is an air-filled exponentially tapered tube which acts
as an acoustic transformer to convert the high pres-
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F1G. 1. Schematic cross~sectional view of the photophons
with aa electret microphonc attactcd foi .ucasuremer .
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sure, low volume flow, acoustic source of the absorp-
tion cell to the maximum pressure attainable in the
6-cm?® volume. The optimization procedure® determines
the cross-sectional area A of the exponentially tapered
tube to be

A=A,e%, O0sx=],

S ¢
A, =4.07%10"% em?, «=0.037 cm™, 7=85cm.

A circular cross section for the tube is best since the
perimeter to area ratio, which determines roughly the
thermoviscous damping losses to useful acoustic trans-
mission, is smallest. Ease of construction, however,
dictated the use of a square cross section tapered tube.
A numerically controlled milling machine produced two
aluminum pieces having exponential surfaces which,
when joined with two flat surface pieces, produced a
tube satisfying Eq. (1). The sides of the square are
0.064 cm at the input end and 1.54 cm at the output end.
Air leaks in the joints of the photophone assembly were
prevented either with a viscous grease or with thin Tef-
lon gaskets (7.6% 10" cm thick).

The design studies® indicate that the simplest meth-
od of resonating the absorption cell volume is to couple
it to the tapered tube via an air column. The inertial
character of the latter can be made to compensate for
the capacitive character of the cell volume at 3300 Hz
and so produce an acoustic resonance at that frequency.
The thermoviscous damping losses in the system make
the resonance quite broad. When these losses were in-
cluded in the calculation of the air column performance,
it was found® that an air column 1.8 cm long and 0.02
cm in diameter in conjunction with an absorption cell
volume of 7.5%10™ cm?® would be expected to produce
the best resonant enhancement in the high frequency
range. A proportionately smaller amount of charred
cotton is used in this cell in comparison with the amount
used in the absorption cell of Fig. 1. A schematic
diagram of the photophone with the air column equalizer
is shown in Fig. 2.
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FIG: 2, Schematic cross-sectiunal view of the photophone
with an electret microphune attached for meusurentent. This
version of the pholophone cortains an air column coupler to
rescnale with the ahsorption cell so us to enbance the re-
sponse of the high-frequency end of the normal telephone band
(300~340v ilew.

E-26

J. Azoust. Soc. Am., Vol. 60, No. 1, July 1976

StefdLat ._ .:_4',.; NSRS SRR RN v

.

A AT AT

o T T T W T

Lve

ARGON TON
LASER (514%54)
CALIBRATED LIGHT GUIDING
GLASS FIBER
ELECTRET  TAPERED LASS FI6E
MICROPHONE TUBE Y
A2 A
Vot Y_J
| LENS | POLARIZER
san’E ABSORPTION 1ELEC TROOPTIC
VOLUM ELL ! MODUL A
CALIBRATED DuLATOR
OPTICAL
DETECTOR
LOCK - IN FREQUENCY
PREAMPLIFIERI—] Lo ron OSCILLATOR XUNTER |

FIG. 3. Schematic arrangement of the optic, acoustic, and
electric components used in measuring the photoghone per-
formance.

A third structure studied was similar to Fig. 1 ex-
cept the tapered tube was a single piece plastic casting.
it was made by using the four-piece aluminum tube as a
mold in which to form a wax core. The core consisted
of a mixture of 80% by volume of a microcrystalline
wax® and 20% of polyisobutylene® having a molecular
weight of 40 000. The core was moided around a 0.025-
cm-diam reinforcing wire. A wax core of this type can
be cast in a straight housing or after warming can be
coiled inside the hand-held portion of a telephone set
before casting. After the casting resin’ has hardened,
the entire casting is heated to about 86 °C to melt out
the wax core.

i, TEST ARRANGEMENT

A schematic diagram of the arrangement used for
testing the photophone is shown in Fig. 3. Because the
absorber, charred cotton, is black, the Jaser wave-
length used for testing is of little consequence. The
5145-A line of an argon-ion laser was used because of
the laser’s availability. Its beam, adjusted to bz in the
lowest order transverse mode and in a state of com-
plete linear polarization, was directed by a mirror
through a modulator driven by an audio irequency oscii-
lator whose frequency was determined by a frequency
counter. The optical modulator was a commercial mod-
el® that uses an electrically biased quadratic electro -
optic effect to obtain in conjunction with the polarizer a
range of linear amplitude mecdulation. The intensity of
the output beam, which is the square of its amplitude,
can have a linear modulation range provided the tiasing
field on the modulating crystal is adjusted s that the
two polarization components of the beam emerging trom
the modulator have a 37 phase difference in the absence
of any modulation. Such an adjustment necessar:ly
produces an unmodulated component to the oulput beam.
This component, however, produces no significant ef-
fect on the measurements,

Following the polarizer a mirror can be inserted t
direct the modulated bean: into a cohibratad photos oo
detector.® This allows a measurement of the poser of

the light which s modulatea at the trequency ol - he
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audio oscitlator. With the insertable mirror removed,
the modulated beam is focused onto a cleaved end of the
light-guiding glass fiber by a 6.3% microscope objective
lens.

The sound at the output of the photophone was mea-
sured with an electret microphone!® which had a mea-
sured calibration of 1.1 dyn cm™¥mV through the fre-
quency range of interest. Its output was amplified 100
times by a low noise, junction field effect transistor in-
put preamplifier before being measured with a lock-in
detector.

Several tests were made on the system prior to mea-
suring the photophone performance. One was the mea-
surement of the transmission of the glass fiber including
coupling losses at the ends. This was done prior to
gluing the fiber into the absorption cell so that the out-
put could be directed into the calibrated optical detector
(Fig. 3) just as the input could be. With the moduiator
in place this transmission factor was found to be 0.5

. while with the optical modulator removed it was 0.9
showing that distortion of the wave front by the electro-
optic modulator lessened the coupling of the focused
beam into the fiber.

Because the charred cotton is an incompletely under-
stood component in the system, we have measured the
sound pressure versus the input modulated laser power.
To simplify this test the arrangement shown schemati~
cally in Fig. 4 was used. The absorption cell is con-
nected directly to a 2-cm® volume in which the pressure
variation is measured by the electret microphone. In
order to reach higher laser power levels in the cell the
electrooptic modulator was replaced by a chopping
wheel which produced a 750-Hz square wave optical sig-
nal of up to 15 mW in the absorption cell. The pressure
amplitude (one-half of the peak-to-peak signal) of the
resulting triangular pressure wave is plotted in Fig. 5
versus the average laser power.

We also plot in Fig. 5 the predicted behavior of the
pressure amplitude versus average power for a simple
air-heating model. The linear relationship plotted is

/ /
ABSORPTION =
IELL X7 /
/ /A
s / ELECTRET
/ MICROPHONE
2em?
VOLUME

FIG. 4. Schematic cross-sectional view of the arrangement
used to test the optu-ucoustic parfarmance of *he churrel-
cotton-suspended-in-air absorption cell.
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FIG. 5. Plot of the pressure amplitude (one half of the peak-
to-peak signal) of a triangular wave versus the average opti-
cal power in a square wave that reaches the absorptioa ceil.
The dashed curve is a plot of Eq. (5) which represents an air-
heating model.

derived as follows. From Eq. (All) of the first paper®
we have that the pressure p [not specialized to a single-
frequency component as in Eq. {(A11)] is related to the
volume flow s in a small volume V of gas by

dp/dt =ypes/V , 2

where y is the specific heat ratio and p, is the static gas
pressure. It was shown in the first pager® [Eq. (37)]
that the volume tlow s is related to the optical power P
which is converted to heat in the cell by

s=(y=-1)P/vp,y (3)

in the high-frequency or adiabatic limit. Equations (2)
and (3) combine to yield

dp/dt=(y-1)P/V . (4)

If the power P is in the form of a square wave of period
T with a peak-to-peak signal of 2P, then the resultant
triangular pressure wave p has a pecak-to-peak signal cof
2p, where

Pa=(r~1)TP,/4V . (5)

The plot of this equation in Fig. 5 is in cxcellent agree-
ment with the data for power levels below 2.0 mW de-
spite the fact that the actual absorpiun cell contains nov
just air but charred rotton suspended tirougheat the air.,
This justifies treating the absorption cell as containing
“light-absorbing air."” We have nat explorad tic oran
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oo of the nonlirearity evident in the data of Fig. 5 at high- 10 T T T T T T T
’ er power levels. sl i
H L' (1. PERFORMANCE -~ 2} _
Because of the nonlinearity present in Fig. 5 the pow- 5 1
. er absorbed in the cell was held to 1 mW for perfor- é- osk
s - mance-versus-frequency tests on the photophone. The -w
o~ aluminum walled photophone of Fig. 1 was lested in the § o2k
frequency range of 150 to 4000 Hz, a range somewhat in o
excess of the standard telephone range of 300—3300 Hz. g or
In Fig. 6 the pressure amplitude of the sound wave as 0051
e detected by the electret microphone is plotted versus
the modulation frequency in curve A. Curve B repre- 002 - - 7
N sents the predicted performance® with the tube reso- 0.04 1 N A . 1
;* : nances averaged out. No adjustable parameters are oo 200 500 1000 2000 4000
° used in this comparison which can be seen to be very MOOULATION FREQUENCY (Hz)
good. The predicted performance including the tube FIG. 7. Plot of pressure amplitude versus modulation fre-
e resonances is shown displaced for clarity as curve D; :;iuency for the structure of Fig. 2 for 1 mW of modulated op-
L:‘ curve C is a repetition of curve B. Though there is cal input to the absorption ceil. Curve A: measurements;

; i curve B: theory with tube c veraged out.
some shift of the tube resonances between the predicted v resonafces & £

and observed responses and a somewhat lower ampli-

;.-‘ tude o.[ the observed tube resonances, the overa‘ll agree- . rangement versus frequency. It is obtained by spe-

- ment is felt to be very good. The triangular points in cializing the time dependence in Eq. (2) to a single an-
Fig. 6 represent the response of the same charge of )

) o . gular frequency w,
A cotton as used in obtaining curve A when the absorption
£<‘ cell is connected to the 2-cm?® test volume as shown in p=irpes/wV, (6)
- Fig. 4. Curve E is the predicted response for this combining this with Eq. (3) to obtain
) .
N p=ily-1)P/wv, (7
o T T T T TS T T and then plotting the magnitude ot p versus the circular
5 - frequency f = w/27. Once again this demonstrates that
o the charred cotton suspended in air responds very
-,‘d' 2} _ ~ closely to “light-absorbing air” in the absorption cell.
_ - c e The photophone with the air column equalizer shown
Eosl- ] in Fig. 2 and described in Sec. [I was tested next.
! § & Figure 7 shows a plot of the measured pressure versus
) §_‘ 2t the modulating frequency in curve A and the expected®
R w ,L response in curve B with the tube resonances averaged
S 2 out. The experimental curve was measured for an

e i osp- absorption cell with a volume of 5§x10™* cm® since this
& enhanced the output somewhat over the calculated 7.8

. a2 % 10" em? volume. From a comparison with Fig. & it

b_ otl- can be seen that the resonance between the air column
S and absorption cell flattens the expected response curve
Qo5 - by boosting the high-frequency response. A similar
» Y comparison of the measured response shows that it is
n}: 002}- n larger at frequencies higher than about 1500 Hz though
. o1 L Ll i 1 it does fall somewhat below the expected response
100 20 MODUL ATI;?‘OFREQUE':: (H2) 2000 4000 curve. Though these data do not represent the ultimate

re for a resonant absorption cell photophone, they dc con-
'~ FIG. 6. Plot of pressure amplitude versus modulation fre- firm the usefulness of the concept for {lattening the

quency for the structure of Fig. 1 for 1 mW of modulated op- frequency response curve.

tical input to the absorption cell. Curve A: measuremeats;

N curve B and C: theory with tube resonances averaged out; A performance test was made on a straight one-

x} curve D:. theory with tube resovnances shown; curve E: piot piece plastic tapered tube for comparison to the alumi-
of magnitude of Eq. (7) for the air volume of Fig. 4. triangu- num tapered tube. The configuration was the sume as
lar points: mcasurements on the siructurs of Tig. 4 for the in Fig. 1. The experimental points are shown on curve

N charred cotton charge uscd fpr curve A mensurements. The Aof Fig. 8. Mcre measuremeats were made in the

‘Q: pressure amplitude p in dvn/em” may be converied to sound high-frequency region in the experiment in order to

pressure level (SPL) ineazured in dB by SPIL - z0 logyp/ V2 e bo s
x2x107Y), Thus an SPL of 31 A3, the average level present better resolve the tube resonances which canbe seen

at the car in the 'olephone netvork, ! corresponds to 3.17 clearly nut to 3100 Hz. The fit of curve A to the pre-
dyn/cm?. dictea’ response (with the tube resonances aver.ged oui)
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FIG. 8. Plot of pressure amplitude versus modulation fre-
quency for the cast plastic tapered tube in the structure of

Fig. 1 for 1 mW of modulated optical input to the absorption
cell, Curve A: measurements; curve B: theory with the tube
resonances averaged out;, curve C: plot of Eq. (7) for the air
volume of 7.7 cm®; triangular points; measurementsof curve C.

shown in curve B is very good. The experimental curve
is also a bit higher in average response and in the am-~
plitude of the tube resonances compared to the data of
Fig. 6 for the aluminum tapered tube. The triangular
data points are test measurements of the same charge
of charred cotton as used for the measurements of
curve A but are made in the configuration of Fig. 4
except an extra spacer made the test volume 7.7 cm®.
These measurements are in good agreement with curve
C which represents Eq. (7) for this volume. Once
again this shows that, for the amount of charred cotton
used, the “light-absorbing air” model of the absorption
cell employed in calculating curves B and C is valid.
The results of Fig. 8 in comparison with Fig. 6 show
that nc substantial air leaks were present in the alumi-
oum horn. Though the plastic horn tested here was
straight, the wax core from which it is cast can be bent
easily when warmed. This would allow it to be coiled
within the hand-held portion of a telephone set before
the casting is done. Thus the length or the tapered tube

J. Acoust. Soc. Am., Vol. 60, No. 1, .July 1976
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need not be an impediment to the use of the photophone
described here.

Finally, we remark that a simple demonstration of
volce reception by the photophone was made. For this
demonstration the amplified output of a microphone was
used to drive the electrooptic modulator. The photo-
phone of Fig. 1 with the aluminum tapered tube was
used. In this test the ear was pressed against a stan-
dard carpiece attached to the output end of the tapered
tube. .
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UNITED STATES

PATENT OFFKC&_

ALEXANDER G. BELL AND SUMNER TAINTER, OF WASHINGTON, D. G

PHOTOPHONIC RECEIVER.

SPECIFICATION forming part of Letters
Application Sled Masrch

Patent No. 241,000, dated May 24, 1881,
20 Trél. (No madal)

To all wchom it may concern:

Beit known tint we, ALEXANDER GRAMAN
BrLL and SUMSER TAINTER, Both of Wash.
ington, in the District of Colambia, bave in-
vented a new and useful Improvement in Plo-
toplionic Peccivers for the I'roduction and
Leproduction of Sound by the Aetion of [uli-
ant Euergy, which inventiou is fully set forth
in the following specification.

The invention relates momre particularly to
the reproduction of articnlite spassh phate.
phouically—thatis, by the action of tanliaut en-
ergy fram the sunor othicr suitable sunrce—DLut
is also upplicable, in whole or i part; to the
Jrruduction or seproduction of other sounls, to
the prodaction of clectrical aml other cQects,
and to other purposes. It is intetnded as an
improvement npon the photophone for which
Letters Patent No. 255,199 were granted to
Alesander Graham Bell, December 7, 13N,

The said-pLotaphone consists, gencraily, of
a photophonic transaitter, by which a vibra.
tury or uniduliatory beam or peacil of rayys is
praduced, correspotuding iun its vibratious or
undolations with the atmospheric vibratious
that represent the sound to be produced or
reproducesd, and a plotophonic n-ceiver, by
which the ribration s or undulationsin the xail
Leautor pencitof ray sare converted into sound-
waves, or inte vibratious in anclectric current
that cua e convertcd into sotnd-xaves

Tle prescut inveution has refereuce to the
plutophiorie receiver, atid cowprises weans for
enorerting the * radiant vibrtions,” as the vi-
urations or umluiatizni of the bLeam of rays
inay be called, iuto sovnd-waves, and al~ointo
electric vibrations

Asdc:er.bal in the afuresid patent, thera-
diant vibratous were converted into round-
waves by rucsius of thin dinplhiragms of hand
rubtiber, aict, snd variousotbicr waterials, upon
whicl the mrdiani vibrations were illowed to
fall.  The sound was conveyed to theearby o
bearing-tute conaectesd witl: a soun Jabamber
ia the rear or uacxpo~cd sidenf the diaphmgm,
whbich itself formed one sile of siaid cuamber,
or a past of one side.  With this apparatns,
altbonzl itis not very sensitive, isusical notes
were produced by rapislly interrupting a Leaw
which was allowed to Call uprn the diapbragm.
Tle waosical notes corresponided in pitch to the

rate of iuterrul.»tiun, and were loud enough to
Le easily heand. .
We have discovered that the louduness of the

sound is increased by havieg the illuminated gg

or exposed side of the sensitive medium in con-
tact with the air of the svundcbhamber with
whicl the ear-tube is covneeted, aud by allow-
ing the ruliant beam to fall upon x3id wediva

through o plate of glass or similar material 6o

which is transparent to radiant energy, Lot
opaque or less transparcut to soutid-waves,
1n this way the full effect of the radiaut vibra.
tions upon the scasitive medium is obtaiv

aml the resulting sound-waves ure sbut juand 6¢

conveyed 1o the car with approsimately their
full force.

We liave further discovered that a dark or
black culor in the sensitive medinm is advae- -

tageons, and that with substances inan open, 70

porvus, or sabidivided comdition touder sounds
are in general obliingd thau with dinphragma.
The best eflieets are obtained with lamp-black”
deposited upon a surface of glassor other bard
or rigid material.
stance as the sensitive wedium, articalate
gpeech lias been teproduced by the direct ae
tiou of radiant cuergy upoun said medivm. Is .
the experimeuts in which this result was od>-

tained sunbeams were retiected frow a wirror 8o

of thiu glass silvered, (as describad in Letters
Patent No. 233,496, granted to ns December 14,
15:0,) and the mirror, Leing thrown into vibrs-
tion Ly the voice, tausel wore orless of the sve-

beaws to fall upon the lamp-black. Thelatier 8g

was deposited upon tbe inoer walls of a sound-
chamberliavingoneside formed of aglass plate
to transwit the radiaot beaw, and haciog sa
ear-tube comwunicating with the interior, as

exulained above. - 9o

Articulate speech bas also becu reprodnced
witl areceiver contaiviug 3 nunsof lamp-Llack
in a loose pulvernlent coudition. A lawp of
lamp-black, when exposed io the sonud-cham-

Ler totbe action of au intermitient bcamhgi\'el 9$

a Joml sovwl, but infurior to that giveu by the
rame substance in the form of loose powder or
a deposited layer.

lustead of rmoking the walls of the soand-

charuber, a plate of glisy, inica, or otLer wate- 108

rial can be stnohed and placed in agid chamber
o that the hglit falls upon the swoked surface.

£-32
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The loudest sonads with the intermittent heam
havae been obitained By means of 4o open wire-
auze smoked or covered with a deposit of
amp-black. With a tubular resonator having

5 the iaterior smoked a }oud sound is produced

when ao intermittent Leam bhaviog the proper
rate of vibration is allowed to fall juto it.

Numerous experiments have been made with
various other substances. Black worsted may
be mentioned a8 giving, with the intermittent
beam, a good sound, although much inferior to
lamp-black. Fibrous material coated with
lamp-biack bhas also been used.

Conducting-bodies generally, in a phrsical
coundition siwilar to lump-black, especially if
of dark or black color, yield good sound.
Spongy platinuin should be particularly men-
tioned. Other metalsor metalliccompounds—
as silver, copper, black oxide of munganese,
and the like—are also sensitive to radiant en-
- ergy, and give out sound by the direct action
of a vibratory beam., The productionofsaund
ia this way is conceived to be lue to an ab-
sorptioo and expulsion of the air by the vibra-
tury medium actiog, as it were, like a sponge.
Thus when the energy of the radiant beam in-
creases the particles connposing the vibratory
niedium expaod and expel theair from between
them, and when it decreases the reverseaction
takes place amd the air is again absocbed.
These repeated expulsions and absorptiorsare
preportiouate to the rise and fall of radiant en-
ergy, and produce correspondiog coodeasa-
tious and rarcfactions—or, in other words,
sound-waves—in the surrounding atmosphere.
Heat due to the absorption of the radiart en-
ergy seems therefore to be the principal ageat
in producing the cound-waves.

In the photophone as desbribed in Patent
Mo. 235,199, above nieutioned, the radiaat vi-
brations were cvaverted juto electrical vibra-
tioos by a differcnt material from avy us..d for
the direct production of sound - waves, the
pecaliar substauce selenivm being employed.

45 The resistance which selenium, whea preperly

g0

6o

-

lS‘a‘\ 0 A

prepared, oflfcra to an electric current was
koownto vary under the influence of rays fromn
the sun or other suitable source of radiant en-
ergy, und it was therefore employed as the mo.
diur for couverting the rudiaot into elcetric
vibrations. It was focluded in the rircuit of
n galvanic battery and placed in such position
that the radiaot beam fell apon it. The va.

. riationsin the radiant energy dueto thevibra.
55

tions in the berun produced corresponding va-
riations in the resistancesaf the selevium and
in the galvauvic circuit of which it furmed a
part, and consequeatly in the temwion of the
current oo said circuit, or. in other words,they

roduced electrictl vibraticos fu that ci-cuit,

y the aid of cclls coustructed to expuse a
Inre anrface of the sclenium, and the pironer
preparation of the latter, an apparatus was

and galvanic cirouit connected with the photo-
phonsic receiving apparatus; art{culalé speech
was reproduced photophonically.

e have discovered that the same medium
used to produce musical notes or to reproduce
speech by the dircet action of the radiaat vi-
brations can be used to couvert tie jatter into
wlectric vibrations,

If a layer of lamnp-black is included in 22
‘electric circuit sud is exposed to theaction of
a vibratory beam of rays from the sun or other
source, variations are produced io the electrie
resistance of the Janp-black,which rariations
correspound to those in the energy of the vibra-
tory heam. If anintermiitent beam isaliowed
to fuli upoun the lamp-black,electrical impulses
are prodaced ia the circnit jn which the lamp-
black is included corresponding to the radiant
impulses of the beam, and if a telepbonic re-
ceiver is algo inzcluded in the circuit a.wausical
pote will be heard. Ifaon uadulatoryor vibra-
tory beam from the reflecting-transmitter be-
forc mentioned, or other speaking-transmitter
which gives to the bean: vibrations similar
in rate, amplitude, and quality to tte soond-
waves of articalate speech, is allowed to fall
upca the lamp-black, the electric undulations
or vibrations in the galvavic circuit will rep-
resent the wordsand sentences which produced
the vibratory Gleam, and if the apparatus is
sufficieutly sensitivethese words aud sentences
can be reproduced by ao ordioary telephonie
recsiver. The use of seleniutn, which' is ob-
jectionable for reasons based upoa the nature
of tac substance itself, as well as upou its high
price and scarcily, can therefore be dispensed
with., The same objections do not apply to
lamp-black.

The action of radiaot energy upon the vi-
bratory medium to produce variations in the
electrical resistance of the latter appears to
be similar to tbat in producing sound by di-
rect action—that is to say, the particles are
brought together or moved apart according
to the iucreuse or decrease of the euergy of
the beam. They covsequently furpish to the
electric current a path of less or greater re-
sistauce.

All couductlors in a physical condition simi-
lar to Iamp-black have their electrical resist-
ance atfected by radianot energy. Spongy pla-
tinum 18 2n exampla.

We bave devised « forin ol cell whereby aoy
desired estznt of suriece of the lamp-black can
be expraed to the radiant cnergy without ia-
troducing andue resistance into the electrie
circuit. .

Reference has herainbefore been made to the
cells used with selenium. These cells, tuecon-
stractionof which is fully deseribed in Letters
Pateot Nos. 235,497 and 235,588, both dated
December 14, 1880, cousist, maiuly, of two or
‘more conducting strips, plates, or disks, placed

~3
-]

78

8s

90

9

100

10§

110

t1s

120

115

produced so sensitive to variations in radiant | side by ride and separated by thin sheets of t30
6 cnergy :bat,withasuitabiz photophounic traos.

witter and with an ordirary hand-teleptone .

iusulating material, which extead nearly to the
edges of the platen, 80 as to leave & narrow
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and shallow but long space 1o receive the se- ¢ enlleat renhlts the Iul"'.rlm!.slling eombs were

lenivin, ‘Tha pales of the batiery "wing con-
wected with Lthe plates which form the canlnet-
ors of the cell, the current flows fimn one 1o
§ thc vther through the scleninm, meeting bur
sunll resistince on account of the thiniuess of
the selenium layer. In some eases tha scle-
Dium.was cast around netallie pins cmbedded
in inaniating material conneeted with the poles
10 of the battery.

In tho present inveution the conductors me
formed of thin strips, plates, sheets, wirea, or
filmus fixed or mognted upon an insalating Lack-
lug or support with their edges opposed and

t5 ncr together, so as to leave oue or nors nar-
raw chaunels to receive the scusitive mediam,
Cells of Lhis charucter are much simpler than
those already patented, and they are, hesides,
Letter adapted to use in connection with tamp-

20 black. The improved cells ean be wade with

a curved or cyliodrienl snrface, although a flat.
sarface wonld generally be preferre-i, and the
conductors ciin Le made of varine- fuius and
mctals. :

25 Excellent resuits have been olfained with a
cell having two conductars which rescemble in
appearang.conhs with wide-spaged tecth, and
which wre sccured to the insulating-Lacking
in such relative position ilumt the teeth of one

30 comb alternate or intermmesh with the teeth of
the other, but are not in contact with them.
The scasitive medinm G1s the spaces between
the teeth of the two conductors, and Ly in-
creasing the number and length of the teeth

335 the surface can be increased to aoy desired ex-
tent.  The registance to the electric eurrent
will, of course, depend npon the wass or arca
of scasitive medium, and npon the distance
which separates the teeth of one conmb from

4~ those of the other.

1u order that the electric enrrent may flow
equitlly from the seversl tecth, or geuernlly
from vue conductor to another, it is uccessary
that tive spaces Hetween their adjacent edges

45 should be everywhere the same,

We have fonod that # film of silver depos-
itcd upou a gluss plate by the methrds ordi-
narily employul for silvering micrors is pcs-
ssyed of great tonghness, and ¢, with a

50 soitable tool, be raled or scruned off jo stripes,
s 7k L0 leave shirp edges which appesrclean
and welldefined, even under a microscope. As
the silverod fllm i9 oot affvcled ivjuriously by
Lunp-biack, it is, from ita great couductivity

&5 umi the accuracy with which it can be rulel,

eminently adapted to use in this invention ay

the couductor of the photophonic receiver.

The silvered film cwn be depositeal upon a

curved or Irt surface, aud can be scraped off

60 fn sirafght, zigeag, cireular, spivai, or other
suitable lines, 'The width of the stripe or
stripes remoyed is regulated by the seraping:
toul,and the pusition of the latter inoperation is
controfled nud adjusted by mcchanical means,

65 80 that tha utmost exiclness cun be ubtained.

:n the cell before referred to as giving ex-

formed by scraping nsilvered film from o flug
glass pinte, 8 juas deseribed.  This form of
condnctor ix, however, obviumsly of geoeral 70
applicatiop, aud van be employud with various
wetala, Fer cxample, the combs can be cut
frowm tin-foil ansd pusted iipon glass, Thelamp-
black is applied to these cells by sinoking the
troper surface cver a fame from a coal-oil y¢
lzmp or other suitable boraer, The Jamp- -
biack will Le deposited op tia gonductors as
wuil ug between thein; bng this does oot inter-
fure with the practical workings of the appa-

‘ratus, The depth of the layer deposited may 8o

be juse safficient to render the surfice sensi-

.hly opaque. The charaoter of the resalt is af-

feeted Ly tho depth and alzo by the extent of
surface exposed o the radianh energy. Al-
though no special extent is requisite. & very 8g
large surface is not desirable, and there is a
cevtain limit at which the best rcsulls are ob-
taived in any case; but this liwmit varies with
the erfergy of the radiant beam, the atrength
of the bhatlery, avd other conditions, so that go
a0 simple rule can‘be givep. By depositiag
npou tbe silvered glass, ruled or scraped as
esplained, a layer which jg sensibly opaque
and wiping it off gradually around tbe edges,
a spot of saitable size and character can be gy
readily obtaiued. :

The cell is ordinarily secnred in position ina

' sonndd-chamber havinga gluse plate for the en-
. teance of the radiant beawsy, and it is so placed

that said beams fall npon the lamp-black. If (00
it is desired to receive a message or signal di-
rectly, as well as through the iutermediary of

the clectric current, the sound-chamber is pro-
vided with onc or uore ear-tubes.

The lamp-biack cell can be located in the ;o5
main circuit in which the elecirical or tele-
phonic receiving apparatus is placed, or it can
be connected with a receiving-girenit by means
of aninduction poil or coils. astelephonictrans-
mitters using a battery have Leet convected. 110

Iaviug explaived the general principles of
oar invention, we will now proceed.to describe
appatatus coustracted in accordante with the
same, reference being had to the accompany-
ing drawing, which form a part of thisspeci- 115
fication. T :

Fipuro 1 {s,a sectivoal view, illustrating ap-
pricatus fob teznsmitting speech photophoai-
cally witbout the nid of na eleceric etrcuit; Fig.

3, usectionnl.view of uslightly altered form of 120

a recelvar, shown in connection with thé appa-
ratus for pruwducing wa internsittent beam;
Ifigg. 2, a frout view of oac of the disks of the
intermittent-beum apparatus; Fig. 2, a simi-

lar view of a wire-guuze disk used iu the re. 125

ceiver; Figs. 3and 4, views, insectivaand plan,
ofthe tump-biack cell with intermeshing combs
ofsilver film; Figs. 5and 8, plan views ol other
furma ot the cell; By, 7, a view showing the

cel} in cirenit with palvanic bhattery aud hand. 130

telephone aud the intermittent - beany appa-

ratusas the photopuonic travsmitter; snd Fig,
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8, a view, partly io seclien, fllustratiog the ap-
paratus for transmitting speeck, and showing
a photophonic receiver conneeted with a tele-
phonie circuit, and also provided witb means
for collecting and couveying to the ear of the
listzner sound- waves directly produced.

The same letters of reference indicate like
parta io the several figures fo which they oc-
car.

to Aisareflectiog photophonic transmitter; B,
the iatermitient-beam apparatus; C, the pho-
tophonic receiver; D, a galvaaie circuit; E, an
ordivary hand' telephoue; F, an induction coil.

Tho reflecting - transmitter A consists of a

15 mirror of thinsilvered glass, a, which is thrown
into vibrations by the voice of a person speak-
ing iuto the tube o', 2ud reflects more or less
of the beain of sunlight or other radiant beam
toward tac receiver C.

20 The intermittent- beam apparatus B com-
prises two disk-wheels, b, xith a series of ra-
dial openingsio the path of thg beam. Ouneof
these disk-wheels is stativuary and the other
revolves, or they both revolve in oppuosite di-

2¢ Tections, or io the same direction at unequal
velocities, The beam, being consequently cut
off by tbe hlaok spuces sod allowed to pass
through the openings when those in oge disk
register with those inthe other, isintermittent

jo inits action. “A. beam from the sua or [rom
an artificial source caa be employed with this
spparatus.  The beaw can be concevtrated be-
fore or after passing throogh the disk-wbeels,
add can be reflected by wirrors to the proper

35 path,orallowedto fall directly uponthe wheela,

These two forms of transmitting apparatas
are shown as types. Any photophouvie trans-
mitter of ordinary or soitable constructioc can
be used with the improved receiver.

40 In Fifr. 1 the receiver Ccousists of a funael-
shaped sound-chamber, ¢, the interior flaring
walls of which are smoked or covered with a
deposit of larmp-black, 2. The mouth is cov-
ered with a glass plate, ¢/, and asound-convey-

45 ing tube, ¢, communicates with the contracted
portion inthe rear. 8peech or other sound ut-
tered into the tabe a’ of the {transmitter A can
be heard by listening at the tnbe ¢’ of the re-
ceiver C. The distance over which speech can

go be transmitted in this way and the distinctncss
of the sounds reproduced depead npou the en-
ergy of the beam employed.

In Fig. 2 the receiver C contains a piece of
wire gauze, ¢’, upna which the lamp-black z is

ss Geposited. The walls of the sound-chamber e
can also be smoked, as shown, or pot, as de-
tir>d. The sound is received by the tube ¢,
1 - hefore. ! '

Ir. Figs. 3and 4 the receiver is a lamp-black

6o ciil, aud comprises the glass plate or insulat-
jng support d, the intermeshing combs or coa-
ductors ¢ ¢, of silver film, the binding-posts /

/', connected witb che conductors ¢ ¢, respect-
ively, by the meta'lic plates g ,and the lamp-

65 black z. .

auy ordinary or suitable way. The desired
portions are removed or scraped off by means

of a tool with a flat end. This tocl an be
made like a chisel, or a .punch with couleal jo
point can be ground off er cut at right sogles

to thie axis, 80 as to leave a flat end with &
diaméter egual to the desired width of the
stripe to be removed. Ti:e méchanical ral’a

or scraping of the plate can be easily effected 75
by means of an ordinary lathe provided with

a slide rest. The tool is held in a {rame sop-
ported between centers.  The plate isclaipad

to a bed.nlate beneath with the silvered side
upperinoat, in such position that when the tool 8o
is pressed down aud penetrates the film itm
operaling end reuts flat upon the surface of the
glass. The bed- plate carrying the silvered
plate can ve worked lengthwise of the lathe to
rule oracrape off the lines in one direction, ands 8¢
then moved across at right angles to the length

to briug the plate iuto position for scrapings
new line. . L .

It is not necessary to remove the tool from
the plate, The lengthwise movewmeunt under go
the tool removes the film so asto form the
spaces between the teeth of the comwbs, and
tie transverse movement connects these spaces
with each other alternately at opposite enda.

The bindiog-poets are fastened to the glass g3
piate in any ordinary or suitable way, and are
in etectrical connection with the two parts of
tbe conducting-film. Toapply the carboz the
silverad side oI the glass plate issmoked cver
a suitable buroer. 100

In Fig. b the silver ilm is scraped off io the
form of a double spiral, leaving the ocondact-
ors ¢ ¢. In Fig. 6 the conductors ¢ ¢ have
curved intermesking tceth. In these figures
the lamp-black z is shown as confined %o the icg
spaces between the counductors in erder to
show the latter more clearly; bat in practice
the conductors would ordinarily be themselves
coated.

In Fig. 7 the poles of the galvanic circait D 110
are connected with the biudiog-posts £ /. A
mausical aote produced by the action of theia-
terwnittent beam can be heard by applyiog the
telepborne E to the ear.

In Fig. 8 the lamp-black cell is placed in & :1§
sound-chanber, ¢, and is counected with a bat-
tery io the primary circuit of the inductiop-
coil F, the teleplone E beiog coonecred in the
secondary cirenit of the coil. The chamber C
has a glass plate, a8 in Fig. 1, throogh which 120
the radiant eaerrgy is ' -ansmitted, and s hear -
ing-tube, ¢, for conveying the sound-waves
produced in the receiver to the ear. Sonuds
uttered into the tube a’ of the traosmitter can
be heard either by listeniog at the tube c* or 123
by wmeans of the telephone E.

It is obvious that various mudifications may
be made without departing from the spirit of
the invention, and thut parts of ssid inveatioa |
cogld be used without the others. Theforms 130
of cclle used for seleninm can be used with

In forming the cell the silver is deposited in 'lamp-odlack, and the improved coll cun be em-
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ployed with any suitable form of scasitive me-
dium; butLhe metal composing the conductors
should be such as oot to be injusiously affected
by the action of the seuditive medium,

5 ‘Theinsulaling-plate with the ruled orscrped
silver film thercon can be cmploycd to meas-
ure the electric conductivity of various sub-
stancee, liguids, and gases by connecting the
binding-posts with the yoles of a galvanom-

10 eter-circuit aud immersing the plate with the
sabstance to be teated, or covering the sil-
vercd side with the same. In some cases the
silver film can be deposited on both sides of
the plate and ruled as before described,

15 ° ‘Celephonic transnitters and receivers cau
be (orwed by meansof apparatuslikethelamp-
black cell; but these will form the sulject of
separate applications.

That puary of the invention which relates to

20 the conversiou of the radiant vibrations into

electrical vibrutions ia not limited to lamp-

black, but includes other forms of earbot, acd
also other materials which operate in a3 sub-
stantially st:nilar manner to lamp-black.

Haiviog vow fully described our said inven-
tion and the manuner of carrying the same into
effect, what we claim is—

1. In & photophooic receiver, the sound:
chamber foir contaiging the sensitive mediuan,
30 bhaviug a wall traosparent to light or radiant

energy,but opagueor leas transparenttosound,
sabstantial!y as described.

2. The combination of the sound chamber,
having a wall traasparent to radiant energy,

35 bat opeque or less trausparent to sound, with
the sensitive mediom therein cootaived, and
a sound conveyer or opening communicating
with the interior of said chamber,snbstantially
as described. g '

40 3. In a pirotophonic receiver, the sensitive
mediom, compcsed of vibratory material io an
open, porous,orsubdivided coadition, sabstan-
tiaily 18 described,

4. In a photophonie receiver,a sensitive 1ne-

45 dium of lamp-black or similar material, sub-
stautially a8 described. '

5. A photopbanicreceiver baving eathesen-
sitive medinm a deposit of vibratory material
in a loose, porous, subdivided, floccnient, or

50 &pongy condition, sabstaotiolly as described,

6. Ln a photophonic receiver, the combina-
tion of a sensitive mediam condact:ve of gles-
tricity, in a loose, porous,or suabdivided oqndt-
tion such as lamp-binck, and conductors far {o-

ss claliog thesame in an electrie circunit,substan-
tially as described, 80 that radiaut vibra*ions

15

5

port of insalating material, and conductors by
which the lamnp-black can be incladed in aa
electric circuit, as set forth. :

8. A ccil comprising shects, [/litcs, or strips 65
of conducting '.na'eriu‘i, fixed or monated upon
& support ol insulating material, with their
edges opposite each otlier and separated by a
suaitable distance, and sensitive covndncting
material iu the space or spaces between said 78
edpes, substantially an described.

3. A support of insalating material, baving
conmb shaped conductors fixed or mounted on
said support, as indicated, so that the teeth of
the combs intermcsh but arp not in contact 75
with each other, snbstaotially as described.

10. A silvered plate having the silver film
nmechauicaliy ruled or scraped, us deucribe‘h
s0 a8 to leave parellel lines or stripes of eqo
width, and with sharp, clean edges, substan- 8o
tially as sct forth. , .

11. Thy iusulating-plate having on one or
both sides u silver film ruled or scraped, a8
described, so as to divide the silver film into
two or wore couductors, in combiuation with 8¢
Linding pos*s counected with the parts of said
6ilm or films, substantially as set forth,

12. The combination of the iosulating-plate
and ruled siiver tilm with the lamp-black or
sensitive medium included in the ruled or go
scraped spaces ia 8aid fl, substantially as
sct forth,

13. Thecombiuvation, witha galvaniccircuit,
of a photophonic cell comprising s glass plate
with raled silver film thereon, lamp-black de- ¢g
potited ia the ruled spaces in said 61m, and con-
nections for completing the galvanic cirenit
throagh said cell, sabstactially as described.

14, The cowbination, with a photophonie’
cell, of an indtesion-coil, electric connections 100
for including said cell in one circait of said
coil, and a telephone-circuit coonected with
the other circuit of said coil, substantially as
described. . .

18. .. pbotoptouic receiver comprising a tosg
souud-chambir haviog & well transparent to-
radisot energy, but opaque or leas transpareng .
‘v sovsd, a cell having a vibratory sensitive
megicm, such as lamp-black, electrical con-
noctionn’ for counceting said cell in an eles- cio
trieal ecircait, aad a hearinog-tube cona
with the interior of szid sound-chsmber, sab-
stantialig as described. - . .

Jn testituony whereof we have eigned this
specification io the presexce of two subacsib- 11§
ing witnesses. ' :

ALEXANDER GRAHAM BELL

can be thereby convorted into electzic vibra- MNE .
tions, us sat forth. : BUMNER TAINTER.
'y 7. Thecombination of thelamp-black orother Witnesses:
i 6o vitratory eouductiog material in looss parii- PuiLre MAURO,
» clea, the rigid oraabstavi/ally inextenstbie sup- A, POLLOK,
’
)
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ALL OPTICAL TELEPHONE DEVELOPMENT

by

B.G. Grossman, S. R. Adhav, L. M. Ralston, and R. K. Morse,
Harris Corporation, N. Feldman, CECOM

1. - INTRODUCTION

The optical fiber, as a medium for com-
muaicatioas, has beea successfully replacing
metallic cable trunks. It is presently serving the
communicatioa industry ia both high capacity and
low capacity links. Thus far, with few exceptioas,
the highest volume users of transmissioas lines,
subscribers, have beea aeglected.

When Mr. Feldman discussed his "All
Optical Telephone'' at ICC-81 ia Deaver, Colorado
in June 1981, it was a step toward correcting this
aeglect. He described aa iastrumeat served by
optical fibers, simple, and inexpensive, regquiring
no electrical power. His coaceptual system coa-
taifjed six componeats, two of which, earphoae aad
ringer, seemed to present some measure of
barrier to successful implementation. A goveran-
meat coatract was awarded to Harris Corporation,
Melbourne, Flarida, in November 1981, to demon-
strate the feasibility of the coacept. The barrier
items would get special atteation in the executioa
of this coatract.

In this paper, we willd escribe the work
pursued and accomplished by Harris. Three of the
six compoaents, hear (earphone), talk, aad ring,
will be addressed. The expended effort has coa-
sisted of a judicious mix of computer modeling,
braiastorming, engineering, aad model shop work.
Our efforts will be described, our results docu-
mented, and our designs discussed,

It should bé noted that cae barrier com-
poaent, the optical to souad coaverter, was
addressed 100 years ago by Alexander Graham
Beil. Though several experimeaters have worked
oa it since, we believe that this is the first work
directed at its use in a complete telephoae instru-
ment, What is reported here is a first cut effort
to demonstrate {easibility. We realize these
efforts are primitive, but, fully expect that the
refinement process and optimization will follow
rapidly.

Dresented at the Sixth [nternational Fiber-Optics
i1nd Communications Zxposgition.

September 15-17, 1992

Los Angeles

2. TALK FUNCTION

The fuaction of the TALK mechaaism is to
coavert spokea words into modulated light. This
light {s coupied by optical fiber to an electroaic
switchboard and then recoaverted into souand at a
HEAR mechanism. The frequeacy respoase of
the TALK mechanism must be reasonably flat
over the voice baad, 300 w 3300 Hz, aad typical
voice levels must generate suificieat optical
modulation to be detected and recoaverted to
sound with a sufficient signal to noise ratio, as
ia a conventional telephoae set.

Two basic modulation methods, phase
modulation and amplitude modulatioa, were
considered for the talk mechagism. Phase
modulation of light by pressure waves receatly
has been explored and optimized using optical
fibers for uaderwater seasor applicatioas. The
major disadvaatage of this method is that com-
plicated interferometric techniques are usually
required to demodulate the phase encoded in-
formation. It was decided, therefore, because of
their easier implementation, © coaceatrate on
amplitude modulatioa techaiques. There are
aumerous passive amplitude modulation tech-
aniques, including sound depeadent {iber mis-
alignmeat, frustrated total internal reflectioa,
microbending loss modulatioa, etc. The approach
selected by Harris for the TALK functioa was the
first representsd as loss modulation by variable
optical coupling between two end-to-eand coaxially
aligned fibers. In this technique, oae of the fibers
is fixed in position, while the other is attached %o
the ceater of a thia membraane diaphragm. Souad
waves incideat on the membraane cause it o
vibrate resuiting ia changes in the coupling
efficiency between the two fibers. The amouat
of coupling, aad therefore the magnitude of the
intensity variations, depeads on the amplitude
of the diaphragm vibratioas.

The TALK mechaaism model is a2
homogeneous circular membrane drivea by a
coastant pressure across the surtace with no
damping forces. Solutioa of the wave equatioa
of this system for the amplitude of the mem-
braae displacement, y, results in:

DBESARIGOADRIK N
IROURL K ‘a?l.p .'“",“‘z"i‘:“"“'




-

R

Do

cy e e e s -

ol ER 05 55K

B2 A = 2

i

- P Jotkr) o
Y ﬁ Jotka)
‘vhere:

Jo(kr), Bessel function of order zero.

P, drive pressure, dyaes/ em?.

T, membraae tension, dynes/cm?

x 2 wys/T, rad/ecm.

s, area deasity, gm/cmz.

a, csll radius, cm?,

4, frequency, rad/sec.

r, the radius at which the displacement is
measured, cm

This equatioa was used o geaerate plots of mem-
brane displacement at the center of the cell, where
the {iber eads were placed, as a functioa of
frequeacy. Since the fiber ends, one fixed aad oae
moviag with the membraae, are at the ceater, the
plots represent instaataneous fiber coupliag

and thus, light amplitude. A typical plot is showa
in Figure 2. 1. As mentioaed previously, ia order
to reproduce ideally the iadividual voice charac-
teristics of the user, the respoase of the TALK
mechaanism should be flat across the voice baad
from 300 to 3300 Hz. Oae way to accomplish this
is o set the membrane parameters such that the
firat resonaance is above the baad of interest.

The other ootioa is to generate resoaances across
the frequeacy baad, especially at the high
irequeacy end where overtonss typically give
voices their iadividualicy.

The Harris design for the talk mechaaism
is showan in Figure 2.2. A disk of 12. 7 micron
thick mylar was stretched across a 4+ cm ring aad
{ixed at the edges. The input fiber was attached
0 the mouating ring aand to the ceater of the mem-
orane by a small drop of epoxy. The output {iber
‘vas mounted inside a hypodermic needle cut aad
dolished flat at both ends. The 50um core input
and output ‘ibers were aligned to maximize the
caupling efficiency of the light ia the static mode,
aad thea the aeedle atzached to the ring mouat by
epoxy to hold the fiber stationary.

3. HEAR FUNCTION

The passive HEAR mechagism must
coavert light into souad with a baadwidth of
500-3300 Hz aad a souad pressure level at the ear
of at least 31 dB. Two design approaches were
coasidered. [a the iirst, the Edelman; approacih
shown 1a Figure 3.1, the ootical energy is

absorbed as heat ia optical tfibers haviag a high
Youngs modulus, low specific heat and a large
coeificient of thermali expansioa. The fibers
expand and contract under teasion as a fuaction
of the modulated optical input aad drive a dia-
phragm element which is impedanced matched for
the desired voice bandwidth. [nput modulated
light is thus coaverted into sound pressure waves
by the moving diaphragm.

The second approach, the Kleinman-Nelsons
approach showa ia Figure 3.2, coasists of a small
photo-acoustic cell, which coaverts the light
modulatioa into sound waves, and an acoustic
impedance matching system. The last impedaace
matchiag element is an expoaeatially tapered horn
which couples sound to the ear. The photo-
acoustic lateractioa occurs between the light and
a small quaatity of suspended carboanized cotton.
As the input light inteasity varies with the HEAR
signal, the cottoa and surrounding gas heat and
cool and thus expand aad coatract producing aa
acoustic pressure wave. The impedance
matching system maximizes the acoustic energy
transmitted to the ear. Calculatioas made of the
expected performance of the Edelman; aad the
Kleiamaa-Nelsoa 4 approaches indicated that the
latter approach had a 10dB higher coaversion
efficiency. Because of this and the proven
nacture of the Kleiaman-Nelson approach, it was
decided to incorporata this technique in the
Harris design.

The Harris HEAR mechanism design coa-
sists of an expoaential horn similar to that of
Kleinman-Nelsoa approach. The Harris design
was computer optimnized and resuitad in a
mechaaism with 10% less overall leagth and an
increase of approximatsly 3 dB ia output over
the desired bandwidth as compared o the
Kleinmaa-Nelsoa approach. Air was chosen as
the internal gaseous medium for ease of fabri-
cation, although it has been showa, that other
internal gases can increase sensitivity. How-
ever, this requires added complexity of a
diaphragm for gas coafinermnent.

It was decided to fabricate the hora by
machiniag a two piece alumioum maadril oa a
lathe, electroplating copper on the outside of the
mandril aad, subsequeatly, etching the aluminum
in a hot sulphuric acid bath. The resulting form
is a rigid copper hora whose inside dimensions
are the same as the outside dimensions of the
alumisum maadril. [nertance tube equalizers,
photo-acoustic cell and ear-giece coupler can
thea be attached.
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Following the nomenclature of Kleiamaa-
Nelsoa (KN4, the equivaleat circuit of the photo-
pnone is shown ia Figure 3. 3. The solution oi
the circuit showa reduces to:

2
Pe® = (2 3ca 2
,S—I:'I (.‘r rlrzk)

exp {(-rq /ry) 2}
Ig(k) + b(k) exp (2jal + ja - a)l 2

where: k) = -b(e) ¥ =2 (1 = 2t + I, .
Zc Zc

2 . =2
e Ze

z1.2 = —1-19—,—— , characteristic impedaace
mzTre,2

of a lossless tube.

m = = 3+ ja, lossless solutioas.

2 3 {la(ry/ry))/]l, expoaential taper coastaat.
., leagth of hora, cm.
Pz, pressure at ear-pisce coupler, dynot/cmz.

z.. acoustic impedance of sar coupler,
gm/sec cm*. '

z., acoustic 'unrcdanco of source volume,
im/sec cm®.

S¢., velacity flow of photo-acoustic source,
cc/sec.

21, 2+ equalizer impedances, gm/sec cm*.
TVD, thermoviscous damping, gm/sec cm?.
:, deasity of medium. gm/cc.

¢, velocity of souad, cm/sec.

7,2 iaput and output radii of the hora, cm.

r., Soundary layer radius, cm.

r’l
a, complex term oi propagatioa coastaat.
< = u/c, rad/cm.

2, 3, frequency depeadeat fuactioas for boun-
dary layer approximatioa.

Further manipulatioa yields the transier tunction,
Hy:

(3

22 expi(or (1) gtlea] &

‘g(k)‘z(l-Ze'Acou t+e2,

where: G figure of merit for the gas; air = 1.

m'
Gy, dispersion fuaction for a sphere

volume approximatioa of the cell.
¢ 3 2nl+4 -209

? = gk

Integ ration of 1-2¢"% cos ¢ + €28 gver
2 ina equatioa 3 (the term of which arises {rom
oscillations due to rescnaaces of travelling waves
in the tube) resuits in an average or a smonthed
response, < Hy>:

-4 4
<Hw> 2 G 2 9.1 x10" " em
m e 2. 2
1 "2
2 2
(&) expil-ro/ry) el lzc""|
[gt)f {1 - e7<4¢

The output intensity is the product of H,
with the following fuacticn, D,.

2 2 4,2
5 = Ry (v-D7 (Pgo x10%

2
2 (YQPQIQ)
where:
Ry, 880 gm/sec cxn"’, a constant to
aormalize Hy.

o specific heat ratio of gas.

P RMS optical power, mW.

opt’
P,, atmospheric pressure, dynoa/cm"'.

Iy 2x 107 dyues/cmz.
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A computer predicted plot of the Harris
HEAR mechanism respoase compared to the
K-N photophone appears ia Figure 3, 4.

4. RING FUNCTION

As in the case of the HEAR fuanction, the
techaical challenge of the RING implementation
lies ia the need to obtaia a aoticeable acoustic
output irom the telephone set at a lavel of
approximately 75 dB sound pressure level (SPL)
at | meter with oaly aa optical input from the
fiber link. However, the RING function, ualike
the HEAR, does aot coavey detailed communi-
cations, but serves oaly to alert the telephone
user o an iacoming call. There are two
sossible meaas for producing the required
souad; direct coaversion of the optical RING
signal to acoustical energy as ia the HEAR
function and the use of the optical ring sigaal to
trigger the release of stored mechanical energy
into a predetermined acoustic sigaal, loud and
noticeable enough to attract the atteation of the
telephone user. Both approaches were investi-
gated.

The direct coaversion of optical to
acoustical eanergy can be obtained, as ia the
HEAR fuactioa, by the photo-acoustic effect.
The problem is the same as that of the HEAR
function, except for the value of the load im-
pedeace. The HEAR couples iato a fixed volume
load, whereas, to be useable ib 2 maaner com-
parable to existing systems, the RING must
couple it free space. Using the HEAR com-
puter programs, a design for a RING hora which
notimized the souad output for a load impedance
of a massless air piston was derived. In this
case, bandwidth was 0ot a major concern and was
traded off for increased response over 3 narToOw
baand. The RING horn is similar in design to the
HEAR horn but the larger diameters are due @
the different load impedaace. The iaput radius
is 0.05 cm and the output radius is 15.0 cm.
The overall leagth is 17 cn. The cell volume

5.0 x 10-* cm? and the equalizer tube
diameter aand leagths are 0. 02 c¢m aad 20cm
respectively. The predicted acoustic output is
shown in Figure 4.1. The predicted peak
response | meter from the hora is 75dB with
2.5 mW of light and increases to 92dB with
18 mW of light.

The secoad approach iavestigated utilized
:ne optical ring signal to trigger the release of
mechaaically stored energy which was then con-
vertad inato acoustic energy to alert the user of
an iacoming call. The reieased mechaaical
eaergy is restored at the coanclusioa of the call

through the actioa of the hook switch which,
when depressed, can be used to compress a
spring, twist a torsioa bar, or displace a
weight, etc. The actual productioa of sound
can be accomplished with a bell type devxce.
a bellows/vibrating reed, etc.

L'he initial investigatioa concentrated on
the trigger mechanism. Whea irradiated, the
trigger released a predetermined amouant of
mechanical eaergy iato the sound producing
device. The designed mechaaism incor-
porated a bimetallic strip; whea heated by
optical eaergy, the strip bends from its aor-
mal position releasing the mechaaical energy.
After the light pulse eads, oaly a few secoads
is required for the strip to cool to ambieat
and return to its initial latchiag position.

Thus, each light pulse can trigger a ring cycle.

The Harris RING mechanism, incorporating
the bimetallic trigger, is showa in Figure 4. 2.
Mechanical energy is stored by meaas of a spring
geared to a low torque governor. The bimetallic
trigger ia its aormal off position latches the
governor. When a ring signal is seat, the light
output from the fiber is focused by two lenses onto
a blackened bimetal strip which deflects as it
heats up, releasiag the governor. The drum
rotates, causing a set of bells to be struck,
producing a sound much like that of a con-
veatioaal phoae. Although the feasibility design
implementated was coastructed of metal, ringers
can be fabricated of plastics and ceramics. For
this program, it was decided to build and test the
ringer showa in Figure 4.2, primarily because it
was easier and faster to build, as well as lower
risk than the RING horn described previously.
The experimental results are described in the
following section.

5. EXPERIMENTAL RESULTS

An electroaic intarface uait (EIU) was coa-
structed to test the three components. Three
Optical Information Systems, 20mW laser diodes
were incorporated ia the EIU aloag with their
associated signal drcuitry aad power supplies.
The laser diodes were biased at 20mW for the
RING and 10 mW for the TALK aad HEAR. The
optical telephone side toae feedback signal was
generated electronically. A 3000 cm, + fiber
optical link was used for iaterconaectioa ia
testing the componeats.

The TALK signal levels were measured as
a fuaction of iaput frequency. The measurement
breadboard is shown ia Figure 5. 1. A helium
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neon laser was coupled to the input iiber through
a 20X microscope objective. An optical power
meter was used to detect the light variatioas:

rhe output of ths meter was fed to an oscilloscope
ior measurement. Aa audio oscillator provided
the sound frequeacy iaput which was normalized
o 90dB at each fregquency. Data was taken under
three coaditions: the cell placed flat ona the
beach, placed over a 7 cubic inch volume, and
finally a mechanical voice filter (a standard
telephone mouthpiece) was placed over the mem-
brane. The measured voltage as a function of
input sound frequeacy is showa in.Figures 5.2,
5.3, and 5. 4 for these three cases. These
experimental results are of the same form as

the theorstical predictioa shown ia Figure 2.1.
The respoase, observed whea the diaphragm waas
bHacked by a reascaable volume, bas a series of
resonances with the primary peak at about

2375 Hz. Tests were then rua in which differeat
people spoke into the mechanism aad the resulting
light modulatioa was coaverted back iato sound by
the EIU. The respoase of the cell was such that
the individual voices were esasily understandable
and identifiable. Tonal quality was similar to
that of the coanveantional teiephone set.

The HEAR mechanism was fabricated aad
initially tested by placiang the absorptioa cell aear
the ear aad detecting the output. The laser diode,
biased at IO mW, was !00% modulated by the audio
generator and the light signal was applied to the
Hear cell. The toae was easily audible. Final
HEAR hors testing its coatinuing.

The Ring mechanism described ia Sectioa 4
was fabricated and tested with the EIU. After
four seconds of a 16 mW cw light signal, the ring
sigaal began and coatinued until the light pulse
turaned off. The ring produced an audio output of
75dB at a distance of | meter {rom the mechanism,
as required.

6. CONCLUSIONS/FUTURE OF THE CONCEPT

The results of the curreant study indicate that
an all optical teiephone set is techaical feasible.
The implementation methods and subsequent
designs were chosea after an intensive literature
survey of past research and brainstorming
sessions for new ideas. The techniques selected
were determianed primarily oa a risk/performance
basis where the lowest risk approach haviag the
greatest chance of success was chosen. It is
obvious that much work still needs to be doae both
ia optimizing the periormance aad maaufacturing
cost parameters of those functions iavestigated
ia this study as weldl as other fuactions such as
hook switch, sidetone and dialing. The associated
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techoologies required already exist with low loss
optical fibers and high power laser diodes com-
mercially available. The authors are hopesul
that the all optical telepboae first eavisioned by
Alexander Graham Bell over 100 years ago, will
sooo become a reality.
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New Wave
Communications

Harris-designed all-optical
telephones that directly
convert acoustic and
mechanical energy,
for telephone
functions soon

may be stream- -’ .

lining military. :, -

_ -factical
communications.

In 1880, 4 years after he created the tele-
phone, Alexander Graham Bell invented an-
other amazing device—a phone which could
reproduce articulate speech by using beams of
light. The concept was intriguing, but in the
19th century, Bell's “photophonic receiver” was
hardly practical. The technology of the 1880's
limited Bell to sunlight as his radiant energy
source and air as the transmission medium for
the light beams. As a result, the new phone
could only be used on sunny days-and over
distances no more than several feet. Today.
however, with knowledge of fiber aptics, Harris
experts are proving that a passive optical tele-
phone set is not only practicgj but may well
become the phone of the future.

.
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Harris Optical Systems specialists convert light
into sound using fiber optics.

A second method, not yet tested, involves a
more simplified and reliable process. A tone
generated at the switchboara drives a laser
diode to produce a frequency-modulated beam
of light. The light is transmitted to the phone
set by an optical fiber, and, as in the “hear”
function, it is absorbed by a small expansion
cell. The resuiting sound waves are relaved
through another exponentially tapered norn and jyv@.z @
heard as ringing. )

Recently, a series of experiments was con-
ducted to test each individual function on the
Harris phone. Results demonstrated that the
tonal quality from the optical phone is similar
to that of conventional phones, that conversa-
tion is easily understood on the new phone,
and that voices are recognizable. Tests on the
mechanical ringing device showed that ringing
begins 4 seconds after the light pulse is sent

‘l

2l
s
o

W and continues until the pulse is stopped.
e
L' For the military, the Harris all-optical telephone 1
s, b will have a number of advantages over a con- Y ageh 1
,.'-'.: i ventional phone. It can supply both the conven- Wed
Yok : ience and the security which the military needs bb.ma.w"‘/ ]
. in tactical situations. Electrical outlets and 7INM. 113"“2
AT - . .
o ~‘: l generators will no longer be necessary in the
et battlefield tooperate the phones. Attempts at
i | external wiretapping will be easily detectable.
OIS I And electromagnetic radiation. which does not
:{-:: ‘ affect optical fibers. will no longer be a poten-
X ¥ tial hindrance to communications.
W
O oo ' In addition. the all-optical phone has commer-
h) X P cial advantages which may well lead to its be-
"av e
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This illustration of Bell's 19th century patent
shows the inventor's concept of an

optically powered phone. Today. his

design is a model for a more

feasible phone system.

coming everyone's “phone of the future.” The
new phone requires no electronic interfaces,
and thus has no need for metal— specifically.
copper—parts. With the world’s supply of
copper decreasing and the cost of the metal
rising comparably, fiber optics provide a cost-
effective alternative. The raw materials from
which the fibers are made are inexpensive and
abundant. High-powered laser diodes, which
supply the light source for the all-optical phone,
are already commercially available. In general,
the future looks bright for an all-optical phone.

It's been a century since Alexander Graham
Bell's photophonic receiver was stored in the
Smithsonian Institution for safekeeping. Since
then, the technology has been developed to
make an optically powered telephone practical.
as well as possible. The all-optical phone devel-
oped by the Optical Systems Department of the
Harris division is an important breakthrough to
a whole new way of communication by tele-
phone and has proven the feasibility of this
new technology.

The all-optical phone, shown in its breadboard
state, will require no metallic parts.

E-47

Ay, W0 BT BV Ry ." A A ‘. Fop “ & A PR ) < - R A * KA . AR ’ S
NS NG "4".‘2‘..'\,.%‘»’:',‘0 ';’o MR KRN M"‘S" '}‘J D) nl!‘. MRS .0‘ l':'c’. i‘! “:.‘.?"ﬁ AR NN .""3 ) "w\""‘?' A e «‘L’fét‘»"t A o"!f




SRS

T T -

o

Lass

-

R RS T TR W 55

= A

The use of fiber optics in telephone communi-
cations systems is not new. Already, optical
fibers have been demonstrated as an effective
substitute for the metallic cable trunks between
switchboards. The fibers are readily available
and are capable of handling the large band-
widths needed to accommodate heavy user
traffic; however, today's telephone systems still
require electrical power and electronic inter-
faces at the user instrument level. For the mili-
tary, which uses telephone communications in
many tactical situations, this often presents a
great inconvenience.

At Harris Government Communications Sys-
tems Division, communications specialists in
the Optical Systems Department have taken the
first major step toward designing a phone
which can alleviate this problem. Working with
CENCOMS, the .S. Army Communications
Research and Development Command, the
division has designed. built, and successfully
tested a phone system which uses the direct
conversion of optical energy into acoustic and
mechanical energy to perform the three basic
phone functions: talk. hear. and ring.

To accomplish the talk function in the all-
optical phone, the division has designed a
small, thin diaphragm with two fibers optically
coupled across its center. The fibers—one
attached to the diaphragm, the other mounted
in a fixed position——become misaligned as
sound waves hit the diaphragm and cause it to
vibrate. Light passing through the optical fibers

is thus modulated and transmitted to the
switchboard. Here it is coupled into the "hear”
fiber of the receiving phone and into the
earphone of the originating telephone for side
tone generation.

Hearing in the Harris phone resuits from
direct opto-acoustic conversion. The voice-
modulated light signal being sent through
the optical fiber is absorbed in a small expan-
sion cell filled with carbonized material. Air
within the cell expands and contracts with the
varying light intensity, sending out pressure
waves. A specially designed, exponentially
tapered homn captures the sound waves and
relays them to the listener's ear, where they
are heard as speech.

Two potential methods have been designed by
the division to perform the ring function. The
first method, which has actually been built and
tested, relies on light from optical fibers to
release stored mechanical energy. The action
of depressing a hook, like the receiver button
on a conventional telephone, sets a spring
geared to a low torque governor. Normalily, the
governor is held fast by a bimetallic strip. But
when an incoming call is being received.
beams of light from an optical fiber focus onto
the strip, causing it to heat up quickly, bend,
and release the governor. Once released, the
drum rotates, striking bells and producing the
ringing sound which alerts the user. When the
light pulse stops, the strip cools and returns to
its original latching position.

The ring, talk, and hear func-
tions of the all-optical phone
were tested by connecting
each mechanism to an

¢ electronic interface. Resuits
0 compared favorably in quality
B L~ and performance with
4 conventional phones.
4

‘R

'

-

)

: 8

!

Yy

e

5 g

.

5

'

. @

.

1

8 G

E-48

A T T P AT TSt »

: P :
«*."b" gt ‘\“‘,..” LML (LA

o R A XSO ; s SeLeI PN NIATS P AT
At i;‘!"i‘:’t‘.%‘!"@‘!" e PR XA PO, SR OB N S h A R A S I IR 5 T




_m,_,,!,.
=

——




