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FOREWORD

This investigation was initiated by the Electromagnetic Warfare and Communications
Laboratory under Contract AF33(657)-7751. The contract was in support of Project 4335
"Communications,” Task 433506 " Personnel Communications.” Mr. R, R, Schuster of the
Telemetry Section of the Communications Branch served as contract monitor. Work on
this study was conducted between 1 January 1962 and 28 February 1963.

Research, experimentation, and testing were performed at Spacelabs, Inc., Von
Nuys, Califomia, by Mr, A, D, Bredon, principal investigator, under the direction of
Dr. G. H. Sullivan, Medical Director. Considerable assistance was provided by Dr.
G. Weltmon., The authors acknowledge the advice, contributions, and constructive
criticisms of a large number of people. Those who contributed time and interest to a far
more than routine extent were Drs. Fred Shillito and Henry M. Moser, Ohio State Uni-
versity, and Mr, Donald F. Dimon, Rolling Hills, Califomnia.

Spacelabs, Inc. designation for this report is SR62-1048,
This is the final report on Contract AF33(657)-7751,
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ABSTRACT

The physiological problems relating to the wearing of communications microphones
and headsets by personnel in aerospace vehicles are defined in this report,

Methods of providing full diplex voice communication with a single dual=purpose
transducer are discussed, Air conduction, bone conduction, electrophonic phenomena,
and direct radio frequency stimulation for the purpose of communication are considered
in this study.

An ear canal insert diplexer system (dual-purpose transducer) is found through re-
search and direct experiment to yield good intelligibility without interfering with other
body functions. A superaudible chopper diplexing method is also selected us a promising
technique for utilization of a dual-purpose transducer.

The use of the proposed systems in aerospace vehicles for extended periods is found
to be entirely feasible.

PUBLICATION REVIEW

This report presents the findings of an Air Force sponsored applied research program.
Publication of this report is approved to enable dissemination of this information. No

specific application is indicated.

RONALD STIMMEL
Technical Director

Electromagnetic Varfare and Commnications
Laboratory
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SECTION 1

INTRODUCTION

This investigation by Spacelabs, Inc., has been concerned with voice communicat-
fons by personnel in aerospace vehicles; in particular, the transduction of speech.

Current experience with presently available sound transducers (microphones and
speakers or headsets) has shown many undesirable effects upon aerospace vehicle
occupants. When devices such as earphones of the headband type which either bind or
clamp on the head are used, they are initially uncomfortable, and become nearly intol-
erable to the average subject after several hours. Lip microphones are bothersome over
long periods becouse of the continual necessary contact with the lips. Such microphones
also interfere with eating. Disorientation and isolation fatigue are additional important
problems related to long duration aerospace missions. The effects of these discomforts on
personnel confined to pressure suits over prolonged periods are especially serious and
detrimental to efficient conduct of mission tasks and duties.

With these problems as known, certain basic parameters are quickly established for
primary guidelines, or goals. First, using the same transducer for both transmission and
reception could improve comfort through equipment reduction, and would, as a side pro-
fit, reduce the number of transducers by o factor of two. Second, reduce the size of this
dual-purpose transducer, and place on the aerospace user in an area which will not dis-
turb his normal functions and provide minimum or no discomfort or injury. Next, develop
such a dual-purpose transducer with an adequate frequency response for proper communi-
cation and minimum fatigue. The problems of disorientation and isolation fatigue have
been shown to be reduced if nearly continuous voice or music altemated with pink noise
is provided to the personnel in the aerospace environment. However, it is very import-
ant that the least amount of distortion possible be introduced into the system. The use
of a binaural system can help bring out listener presence more effectively, and improves
the signal-to-noise ratio. The redundancy of the binaural type system also increases
communications reliability. These and other factors are covered in more detail in other
sections of this report.

The objective of this program has thus been to establish the criteria for development
of an efficient, dual-purpose transducer which can be worn with an absolute minimum of
discomfort during long missions in the confines of pressure clothing and aerospace environ-
ments. This objective study also includes the definition of the circuitry that would be
necessary to obtain the desired effect, now referred to as the "diplexer effect" .

Manuscript released by the author (1 February 1963) for publication as an ASD Technical
Documentary Report.
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In conducting this program, Spacelabs, Inc., has attempted to investigate all
methods offering any promise of success, so as to not overlook any valuable work done
in the past. An extensive and comprehensive search through |iterature on the general
subjects of speech, hearing, intelligibility, acoustics, noise, and non-auditory communi-
cation was made, and all findings carefully analyzed for their possible value. From this
collection of data, several methods of obtaining the "diplexer effect" have been experi-
mentally investigated. These investigations and experiments are described in detail in
this report.
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SECTION 2
DIPLEXING SYSTEMS

General Discussion

A diplexing system, as referred to in this report, means a system using a single, dual-
purpose transducer to function both as a microphone and a speaker (or earphone). The
problem involved in designing an efficient diplexing system is primarily that of providing
adequate receiver-to-transmitter isolation,

NOTE: The terms "receiver" and "transmitter" used herein, refer to the RF link and are
not to be confused with "microphone" and "speaker" .

An optimum diplexer may be defined as a device in which the amplitude (at the
transmitter input) of the receiver to transmitter crosstalk signal, at comfortable listening
volume, is equal to (or less than) the amplitude of the speech signal, at normal speaking
volume. The actual isolation required between the receiver output and transmitter input
is dependent on the characteristics of the selected microphone, its placement, and circuit
losses (receiver to transducer loss, and transducer to transmitter loss). Isolation must be
32 db or greater over the antire speech spectrum if a dynamic microphone is used.

Many types of sound transducers will function reasonably efficiently both as micro-
phones and as speakers. Some are more suitable than others for this purpose. Dynamic
piezo-electric crystal, condenser, and ribbon types all have a reversible characteristic,
Crystal and condenser type microphones are less desirable for the purpose of this study
because they require high impedance preampliifiers. The ribbon type microphone is
generally less rugged than the others, in addition to being a high impedance device.

As will be explained below, the condenser type microphone is highly desirable in a
certain type of diplexer (superaudible chopper). For most purposes, however, the dynamic
type sound transducer is the most useful .

When picking the location for a dual purpose transducer, several points must be
considered. Transduction path losses will influence the isolation required in the diplex-
ing circuitry. Signal distortions introduced by frequency-dependent path losses and
multipath interference problems will seriously affect the intelligibility produced by the
system. A device to be wom for long periods must not press on the skin in excess of
approximately 0.3 psi to prevent restriction of the blood supply to underlying tissues.

Other investigators have suggested several locations for dual purpose sound trans-
ducers. These include tooth, forehead, behind the head, ear canal, and other locations
(ref. 10, 224, 225, 226, 227, 133-138, 233). Sound Transducers at the tooth and
forehead locations operate as bone conduction devices, and the use of bone conduction
for reception was discarded by earlier investigators (ref. 227, P8, and A 4-4) due to
the high sound pressure levels required (a minimum of 60 db higher than air conducted
sound) and the possibility of cavitation occurring in the blood vessels.

3
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The tooth microphone has merit, but as a receiver, it would function as o bone con-
duction mechanism, Little is known about the physiological effects of vibrating a tooth
with sufficient amplitude to produce the necessary loudness. It would be possible, however,
to use this method for both transmission and reception.

A dynamic speaker-microphone behind the head could be used as a dual purpose sound
transducer. As a microphone it has a distinct disadvantage, however, because of the
distance from the mouth. This would cause distortion, especially when used in a helmet,
producing a "head in a can" effect. Intelligibility would suffer markedly. In addition it
would be of no use in high noise fields, The ear canal location is ideally suited fora
speaker. Such a configuration provides excellent coupling between the sound tronsducer
and the ear mechanism. Moreover, the ear canal has been shown to be a reasonably good
location for a microphone (ref. 10, 133-138), particularly when proper compensation for
the frequency distortion caused by the sound path through the head is utilized, (ref. 10,
190, 224-227). Some further improvement may be obtained by over compensating for
this effect to obtain an overall upslope in frequency response.

The Diplexer System

The operation of o device as a dual purpose sound transducer may be accomplished
with varying degrees of success in several ways. The mechanism for implementing this
action is colled a "diplexer” in this report. Five general classifications of diplexers
have been investigated. These systems, and the experiments and tests performed on them,
are described in the following paragraphs.

It should be pointed out that the microphone used for most of the tests described in
this report appears to be a poor choice for use in o diplexing system because of its very
erratic impedonce characteristics. However, this impedance characteristic is fairly
typical of dynamic type microphones and is perhaps offset by the many other character-
istics which are quite desirable. It has been obvious throughout these experiments that
the inability to achieve good isolation has resulted from the complex impedance curve.
If the impedance has a steady rise or steady fall, it would be no problem to build a
diplexer that would work with good receiyv --to-transmitter isolation. However, since
most of the dynamic type microphones show : rising then falling then rising again
characteristic (or worse), it is almost impossible to balance the network properly.

An inexpensive crystal microphone was tested in a resistive bridge diplexer. This

unit exhibits a more linear impedance curve. Much better receiver-to-transmitter
isolation was attained, thus indicating the advantage of the linear curve.

Receiver Controlled Diplexer

The receiver controlled diplexer (see figure 1) is a device using a transmit-receive
switch, and, therefore, cannot be used for simultaneous two way communication. The
switch is controlled by the received signal. A squelch signal, AVC signal, or rectified
audio signal can be utilized to operate the switch. The switch can be a mechanical or

4
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solid state device. The switch would be in the transmit mode at all times except when a
signal was actually being received.

The so-called "voice-operated-relay" type of transmit-receive switch cannot be
employed in the subject application because of the use of a single dual purpose sound
transducer. The received signal would activate the T-R switch, and cut itself off.
Furthermore, if sufficient circuitry is employed to allow use of the voice~operated-
relay, more than enough isolation (between receiver output and transmitter input) will
have been achieved to obviate the necessity of using the switch in the first place.

DUAL PURPOSE
TRANSDUCER

RECEIVER AUDIO OUTPUT

TRANSMITTER

4

| A A
! TRANSMITT RECEIVE RELAY

q (MAY ALSO CONTROL ANTENNA CHANGEOVER)

—

Figure 1. Receiver Controlled Diplexer - Block Diagram.

A distinct disadvantage of the receiver controlled diplexer is the fact that the user
does not have positive control over its operation. A manual override switch could be
provided, but the lack of positive non manual control would still compromise usefulness
of the diplexer. It has been found that providing music, alterating with "pink" noise,
helps to combat isolation fatigue, therefore the receiver would be on a good deal of the
time, [t is felt that this system would be a handicap in situations requiring fast action.
There is also the possibility that interference could lock the device in the receive mode
and prevent transmission (unless an override switch was used). This would be intolerable
in an emergency situation.

No experimental work was conducted on this system since the techniques are well
known and the serious disadvantages preclude the use of this system in aerospace vehicles.

Chopper Diplexer

If a transmit-receive switch were thrown back and forth at a high rate, incoming
speech would be intelligible, and the transmitting capability would be continually
present. This method is termed chopper diplexing. It may be divided into two sub-
classifications.

Sub-audible and audible:~ It has been found that speech may be interrupted at low
audible rates while retaining reasonably good intelligibility (ref. 43, 126). For instance,
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at 20 cps at 50% duty cycle, the word articulation score is 84 percent. At very low fre-
quencies the intelligibility is approximately equal to the percentage "on" time. As the
chopper drive frequency is increased, a minimum of approximately 40% intelligibility at
one cycle per second is reached. The curve then rises to 84% at 20 cps, and 90%at 100
cps; then falls somewhat (to about 80%) through the speech spectrum; finally rising to
essentially 100% at 10 ke,

Chopper drive frequencies aboveapproximately 20 cps and below the maximum voice
frequencies (approximately 10 kc) add annoying sum and difference frequencies to the
speech sounds. Chopper frequencies below approximately 20 cps give annoying "interrup-
ted" sensations. It has been found, both in the literature and by Spacelabs, Inc., ex-
periments relating to this report, that audible or sub-audible rates give intelligible but
annoying and fatiguing results.

A breadboard test fixture was constructed (see figure 2). This device has a maximum
chopping frequency of about 30 cps. While the device did yield intelligible speech on
both reception and transmission, the quality was poor and very annoying to the test sub-
jects. Various degrees of filtering were tried from points A, B, and C to ground. The
filtering tended to make the sound somewhat less disturbing, but the effect was slight.
Excessive filtering lowered the intelligibility. Although no formal intelligibility test
was run, it appeared that the figures in the existing reference |iterature were probably
correct. It was obvious to the experimenter that while this system might be extremely
practical in an inexpensive low speech quality emergency system, it would not be usable in
a high quality continuously operating device.

TRANSMITTER
INPUT

MICROPHONE
KNOWLES BE 1530

A
RECEIVER o I
OouTPUT 7/

CI

SIGMA
41RD-1000G-S1L

LOW FREQUENCY
FUNCTION GENERATOR
HP 202A

Figure 2. Sub-audible Chopper Diplexer.
Miller and Licklider (ref. 126) report that filling the off spaces with noise improves

the quality, but not the intelligibility. More recently, however, Stewart (ref. 191)
has shown that "reiterated” speech considerably improves the quality. Reiterated speech

6
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is described as "interrupted speech with the blank periods filled with the same interrupted
speech delayed by the "on periods" (ref. 180). Stewart carries the process a step further
to eliminate switching transients. His system utilizes four delays, so that 4 signals are
mixed in the adder (e.g. delay 1 = 0, delay 2 = T/2, delay 3 = T, delay 4 = 3T/2). He
compares the effect of the multiple delay to that of "speech in a reverberant environment."

It should be noted here that this system has excellent receiver-to-transmitter isolation,
the isolation perfection being governed only by circuit stray capacities and impedance
levels. No further experimental effort on the sub-audible chopper was deemed warranted
for the purpose of this study.

Super-Audible - By increasing the chopper drive frequency above the audible range
(higher than about 20 kc) the sum and difference frequencies are eliminated. After
sufficient low pass filtering, essentially undisturbed speech remains (standard sampling
theory). Unfortunately, this method is not practical with most sound transducers due to
the "flywheel" effect of the moving parts. However, if a transducer is chosen with an
extremely high resonant frequency, say 5 times the drive frequency, or 100 ke, the
diaphragm or other moving parts can return to zero during switchover time. This type of
diplexer will most likely work with a high frequency capacitor microphone or any similar
type with resonant frequency above 100 kc.

It is not known at this time if the action of Rindner's device (ref. 159-163, 149) is
reversible; however, the action of the capacitor microphone is reversible and it is often
used as a speaker for calibration purposes. A distinct disadvantage of the capacitor
microphone is the requirement for a high polarization voltage (typically 200 volts). This
method of diplexing should definitely be investigated further. Spacelabs, Inc., data
indicate that this method has been almost completely neglected in previous investigations.
No further experimental evaluation was possible on the super-audible chopper at this
time.

Resistive Bridge Diplexer

This method uses bridge nulling techniques to attain the necessary receiver-to-
transmitter isolation (see figure 3). The sound transducer is used as one leg of the bridge
and a balancing network as an adjacent leg. The receiver and transmitter are then
connected to the "input" and "output" of the bridge. By selecting components such that
the impedance of the balancing network equals the microphone impedance, excellent
isolation is possible. Unfortunately, good matching over the entire speech spectrum is
not possible with most commonly available sound transducers.

This type of device, using a dynamic microphone, has been breadboarded (see figure
4) with some degree of success. It is possible, with a very simple resistive bridge, to
obtain a receiver to transmitter isolation of approximately 20 db. Refer to Appendix | for
test data. However, it has been found that about 32 to 40 db is necessary for proper oper-
ation of the full diplex type system. The addition of a hard clipper at the input to the
transmitter would allow this system to be used efficiently, The hard clipper would prevent
overmodulation of the transmitter during the receiving period. It also would have the

7
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IMPEDANCE
BALANCING
NETWORK

l

RECEIVING
con

MIKE

1

TRANSMITTER

Figure 3. Resistive Bridge Diplexer Block Diagram.

function of preventing overmodulation from the microphone itself. This would be a
desirable feature. It has been found, with the proper upsloping of the speech spectrum,
that hard clipping does not adversely effect intelligibility to a grect extent (ref. 43,
114). In some cases, clipping actually improves the intelligibility of speech.

# MIKE/RECEI VER

[——-vw—r 3.3k 10*
. 2200 wf
ar
RECEIVING -
coi T
"
2 0.1
10K wf T
2N700
é 40+

*TNZ?S 1.4v

Figure 4. Resistive Bridge Diplexer.

Tests of the resistive bridge diplexer have also been performed using o crystal micro-
phone. These tests yielded improved receiver-to-transmitter isolation. Refer to Appendix
| for details. The intelligibility tests on the ear microphone (refer to Appendix 1), even
though performed on separate ear microphones and ear canal receivers, accurately repre-
sent the capabilities of the ear insert resistive bridge diplexer (as breadboarded). This
intelligibility can be improved as indicated in section 7 by proper upsloping.
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Hybrid Transformer Diplexer

The comments for the resistive bridge, preceding, apply except the bridge is formed by
one or more multi-coil transformers.

Hybrid Transformer Diplexer - Single: - See figure 5. This device has been found to
yield between 20 and 30 db attenuation, transmitter to receiver. This is not enough better
than the resistive bridge to warrant the larger space taken up by the hybrid transformer. If
space is not at a premium, however, this device will function fairly well. Again, the hard
clipper at the transmitter input would improve the operation of this device. The circuit
shown in figure 5 is capable of better than 50 db isolation when Z, and microphone imped-
ance are accurately matched. For example, by substituting a 2200-ohm resistor for the
microphone the isolation exceeds 50 db at all frequencies from 60 cps to 10K cps. A
microphone in shunt with 2200 ohms at both " Z," and " Microphone" yields a minimum
isolation of 27 db (at 4.6kcps) over the voice spectrum.

— RECEIVER
< ouTPUT

| L4 HYBRID TRANSFORMER

EMR 704 A-00700

TRANSMITTER

r——) INPUT

Figure 5. Hybrid Transformer Diplexer - Single Coil.

Hybrid Transformer Diplexer - Double: - See figure 6. This type of diplexer has
been found to have approximately the same attenuation as the single transformer type.
No clear advantage was noted. In addition, it is larger, requiring two transformers.

_F]Q TRANSDUCER

S ——— 4
® [ ] [ ]
RECEIVER TRANSMITTER
ouTPUT INPUT
| z -

g =% |

|

A AA

AAAAA,

I
|

EMR 704 A-00700 TRANSFORMER (2)

Figure 6. Hybrid Transformer Diplexer - Two Coil.
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Two Ear stfem

Although it does not exactly fulfill the requirements of a diplexer, the two ear system
works well. In this case, the microphone is in one ear, while the receiver is contained in
the other ear. Excellent receiver to transmitter isolation (in excess of 50 db) (ref. 188) is
obtained in this manner. However, it would be impossible to provide binaural hearing or
system redundancy by this method.

This system does not meet the requirements for a dual purpose transducer. However,
it is, no doubt, the simplest and most economical of the diplexing systems discussed here,
and it is mentioned for that reason.

10
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SECTION 3

EAR INSERT MICROPHONE

The ear insert microphone (figure 7), one of the most promising of the diplexing trans-
ducers, has been investigated quite thoroughly.

Figure 7. Eor Insert Microphone

Tests were run using two speakers and several listeners in order to determine the
intelligibility of this device (refer to Appendix Il for complete test method and detailed
results). Compared to the noise cancelling lip microphone, this method is somewhat
inferior. However, it is placed in such a position on the body as to eliminate interference
with eating and other necessary body functions. It is also in a position where it is rela-
tively free from the effects of noise up to approximately 120 db. Although some degrada-
tion does take place, the intelligibility for sentences is quite high even at 110 db (approxi-
mately 96 percent). This, however, is dependent on the use of ear defenders. The ear
microphone is excellent in such a case since the ear defenders do not interfere with the
operation of the ear microphone. In fact, they improve its operation at all noise levels,
and, likewise, the ear microphone does not interfere with the ear defenders.

Providing a frequency response upslope of approximately 12 db per octave over the
full speech spectrum increases the intelligibility of the ear microphone to a marked ex-
tent. This is due in part to the slope of the attenuation characteristic from mouth to ear
of approximately 9 db per octave (ref. 10) and in part to the increase in intelligibility
produced by upsloping (ref. 190, 225). During Spacelabs, Inc., tests of the ear micro-
phone against the noise cancelling lip microphone, it was not economically possible to
fully provide this upsloping above 2 ke.
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NOTE: Even though the frequency response of the microphone in use on these tests is
poor when used as a microphone, the response when used as a speaker is reasonably flat
from 200 cycles to 6 ke, and provides very excellent listening fidelity.

It has been found that the ear insert microphone is not uncomfortable to wear, al-
though there is some conditioning period for most subjects. The conditioning involved
with such a microphone or ear insert is very closely akin to that of a normal person and
his new dentures. However, the conditioning for the ear microphone is probably easier
than for false teeth bacause (1) the subject is not biting or chewing anything; and, (2)
the problem of getting little bits of food under the insert is not present. This device has
been wom by several Spacelabs, Inc., personnel for periods as long as eight hours and
not found to be uncomfortable over these periods. A long term test of 36 hours {zontinu-
ous) with two subjects was conducted. This time included two sleeping periods. The de-
vice caused essentially no discomfort and the test could have continued longer. No
conditioning period was used before the test for either subject. Some details follow:

Subject 1. A physician's examination at the end of the test disclosed two minor
irritation areas. These were probably due to high spots on the ear
mold and could be prevented by a better fit.

Subject 2. A physicion's examination at the end of the test disclosed no ad-
verse effects,

/

R Figure 8, Crystal Controlled Oxcillator

PHOTO COURTESY OF MOTOROLA, INC,
SOLID STATE SYSTEMS DIVINON
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Recent announcements by the Raytheon Company of a new, extremely small micro-
phone are of interest to this study. Spacelabs, Inc., is in the process of obtaining further
information on this device, but as yet has had no reply. This microphone would make it
possible to reduce slightly the size of the ear insert diplexer and, according to the
sketchy data on hand at this time, would improve the characteristics of the device by pro-
viding better frequency response (ref. 159-163).

During the course of the investigation on this project, a feasibility model of a trans-
mitting ear microphone has been constructed using standard techniques (figure 7). This
device fits entirely within the outer ear and yet provides very excellent speech pickup
from this location. It is possible, by using deposited circuitry or similar microcircuit
techniques, to place an entire diplexing system within the same space. Figure 8 isa
photo of the deposited circuitry for a crystal controlled transmitter,

13
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SECTION 4
ELECTROPHONIC HEARING

Electrophonic hearing is defined as the hearing of sound produced within the ear by
direct action of alternating electrical current. There is some doubt as to the actual
mechanism involved in electrophonic hearing, and several theories have been brought
forth. One theory is that in the normal ear the electrophonic hearing transduction occurs
within the outer ear as a surface effect. |t has also been suggested that the sound is pro-
duced by a copacitor action using the tympanum as one plate and the opposite wall of the
middle ear as the other plate (ref. 99).

This theory, however, has been discredited by recent work by Gordon Flottorp (ref.
70). This phenomenon, or the hearing of sound without an actual extemal transducer, at
first appears excellent for use in the aerospace environment, This would be especially
true if the reverse action or cochlear microphonic signal could be utilized in place of a
microphone. Experimental work, however, indicates that the loudness produced is not
very high (ref. 187, 189). This, of course, would make electrophonic hearing completely
unusable in the presence of any extemal noise. In addition, the cochlear microphonic is
difficult to pick up and is very low in amplitude (ref. 76, 86, 112, 113, 172, 173, 174).

The first mention of sounds produced by direct electrical stimulation was made in
1800 by A. Volta (ref. 201). He used direct current from a battery of 30 or 40 cells.
Upon placing a probe in each ear and closing the circuit, he first received "a shock in
head", then "a sound, or better a noise, in the ears." Apparently, little serious work
was done with this phenomenon until about 1935, when B. Fromm published his work on
"Studies in the Mechanism of the Weaver and Bray Effect" (ref. 76; also 81), The Weaver
and Bray effect is what we now refer to as the cochlear microphenic. Fromm used the re-
verse of this effect by placing an electrode in the ear and stimulating with an AC current.
He found that ten out of eleven subjects had definite reactions from this electrical stimu-
lation. In 1937, S. S. Stevens published o paper titled "On Hearing by Electrical
Stimulation" (ref. 187). Stevens made use of electrodes placed in saline in the extemal
meatus, with the ground on the arm. He found that the electrophonic threshold was about
20 db above 1 microwatt, which is only 20 db below the shock level. Thus the loudness
attainable by electrophonic hearing is |imited by shock or pain sensation. He found that
the tones were extremely distorted. Popular tunes could be identified but quality was
quite poor. Speech was recognized as speech, but few words were understood. In 1937,
K. J. W, Craik, et.al. (ref. 25), discovered that the use of bias DC current reduced the
distortion of the wave forms. Unfortunately, they misinterpreted the cause of the distort-
ion as being that the positive and negative portion of the waveform act identically at low
frequencies, rather than the fact that the mechanism is actually a square law device. In
1939, Stevens et.al (ref. 189), also suggested applying a DC polarizing current along
with the cltemating stimulus, which allowed the fundamental to be heard where otherwise
only the second harmonic was heard. In 1940, R. C. Jones, et.al (ref. 99), ran tests
involving electrophonic hearing on 20 subjects. This investigation was primarily to in-
dicate the difference in the sounds perceived by normal and operated ears (without

14
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tympanic membrane). Of the 20 operated ears, 9 heard a pure tone, 5 heard buzzing
only, 2 heard buzzing at lower frequency and tones at the higher frequencies, and 4
heard nothing. Of these last 4, 2 had large amounts of scar tissue filling the middie
ear, 1 had no cochlea and 1 had labrynthitus (complete loss of hearing). This work in-
dicated that the pure tone response of operated ears is linear.

Very little has been found in the literature for the period between 1941 and 1952.
In 1952, Gordon Flottorp (ref. 70) did a considerable amount of work with electrophonic
hearing. In this investigation he used a great number of different types and sizes of
electrodes and was more interested in the effects peculiar to a particular electrode type
than in the electrophonic effect per se. His results attributed the sounds to vibrations
set up outside the cochlea, and he postulates four different transducing mechanisms. He
did not feel that the tympanic membrane was involved in converting electrical to mechani-
cal energy. In 1961, A. H. Frey published "Auditory System Response to Modulated Radio
Frequency Energy" (ref. 73, 74, 75). (See Direct Radio Frequency Stimulation.) It is not
known at this time whether this mechanism is the same as that involved in electrophonic
hearing or an entirely different mechonism. There is some reason to believe it may be
direct cortical or nerve fiber stimulation.

Some work has been done recently on direct electrical nerve stimulation by im-
planted devices (ref. 40, 41, 42). These investigations are aimed ot providing some
hearing to totally deaf people. Since these techniques involve surgical implantation,
and as yet are unable to provide intelligible speech to the subject, they are not of
great interest to this current study. A knowledge of the complexity of the auditory
system processing mechanism casts doubt that these experiments will ever produce o
vocabulary of more than a few words. Since the intensity of the tone produced by
electrophonic hearing is quite low, never above 25 or 30 db sound level, and usuolly
around 10 db, and considering that the threshold of discomfort is rather close to the
electrophonic threshold, and for some frequencies is even lower than the hearing thres-
hold, it is obvious that this meons of communication is not practical (ref. 187, 189).
Consider, for instance, that the normal office noise is at least 60 ub (of course aircraft
and aerospace vehicle noise is considerably in excess of 60 db). This would yield at best
a -30 db signal to noise ratio. Experimental work was conducted at Spacelabs, Inc., to
verify these findings (ref to Appendix I11). 1t was found that the perceived sound was
quite faint, and in the Spacelabs, Inc., facility (approximate!ly 60 db noise level), the
sound could barely be detected, even though ear defenders were used by the subject.

15
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SECTION 5

DIRECT RADIO FREQUENCY STIMULATION

In 1961, A. H. Frey published "Auditory System Response to Moduiated Radio Fre-
quency Energy," (ref. 73, 74, 75). In this paper the author reported that the human
auditory system can directly detect radio frequency energy. Several RF frequencies were
used; however, no actual voice communication took place, as the transmitters were not
modulated for this purpose. The transmitters used by Frey were pulse modulated (radar
type) devices. The subjects reported that the perceived sound was more like that produc-
ed by the modulation pulses than by pure or complex tones or square waves. However,
they stated that more high frequencies were needed even when listening to the modulat-
ion pulses by means of a speaker. The mechanism involved is in doubt, but there is rea-
son to believe it may be direct cortical or nerve fiber stimulation.

Lately, several articles have appeared in non-technical magazines describing an
invention of Pat Flanagan (ref. 130). This device is claimed to transmit sound directly
to the brain by radio frequency waves. Attempts to get more information from Mr.
Flanagan or to witness a demonstration have been completel y unsuccessful . It appears
that the claims for this invention are not true. The sound is evidently peripheral in
nature, and could be considered a special form of electrophonic hearing. However,
Specelabs, Inc., experiments indicate that it is possible to produce much more intense
sound than by direct audio frequency stimulation, without the discomfort of shock or
vestibular nerve stimulation. A subjective loudness equivalent to approximately 60 db
SPL is attainable with relative simple equipment (see figure 9). It should be noted that
marked tissue heating (diathermy effect) is produced near the electrodes at the power
levels used. Over-heating could, of course, cause permanent tissue damage (ref. 176).

AMPLITUDE MODULATED
TRANSMITTER RF SULA
AUDIO h INSULATED
e ﬁ GLOBE -Ascour I ELECTRODES

Figure 9. Direct RF Stimulation,

Informal experiments were conducted using the A-B technique (alternate presentation
of RF stimulation and the audible output from a receiver) with pure tones, speech, and
music, These experiments indicated that the perceived sound is relatively undistorted
Although no definite conclusions can be drawn from this work, it indicates the presence of
alinear detector mechanism. This phenomenon definitely deserves further investigation.
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SECTION 6

NON-AUDITORY METHODS OF COMMUNICATION

Many types of non-auditory communications are usable in the aerospace environment.

In 1958, W. R. Uttal (ref. 197) described experiments using pulses from 1/100
millisecond to 10 milliseconds (in areas such as the skin of the arm), which gave sensat-
ions described as slight localized taps. These tests of peripheral excitation, however, do
not suggest that voice communications could be carried out by electrically stimulating
organs other than the ear.

Geldard and others have done considerable work on vibratory stimulation (ref. 11,
78, 79, 80, 183). Experiments were conducted on word recognition by vibratory stimu-
lus of the fingers, but these were not successful. They indicated that it was wrong to
force a receptor system to adjust to the world's hardware. Geldard describes a practical
method of coding (ref. 80) using three steps of intensity, three steps of duration, and
five points of contact. This system has yielded o 90% accuracy ot a rate of 38 words
per minute,

Extra-Sensory Perception (Telepathy) was given consideration as a means of communi-
cation. All available data (ref. 152, 157) indicates that the accuracy only slightly ex-
ceeds chance and then only to so called "sensitives.”" No documentation indicating use-
ful communication possibilities of ESP could be found.

17
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SECTION 7
METHODS OF IMPROVING INTELLIGIBILITY

A number of factors affect the intelligibility of voice communications, especially
in the presence of noise or other interference. This section duscusses some of the factors
which are pertinent to this contract.

Binaural Hearing

The acuity of two ears is nearly 2 db better than that for one ear (on the basis of
signal to noise ratio) over most of the speech spectrum, increasing above 5K cps to about
5 db at 7K cps (ref. 72). This has been shown to be true for sound levels as high as 120
db. Therefore, it is apparent that binaural systems are to be preferred to single ear,
monoural systems.

Binaural hearing with 90° phase shift between ears

In this system the sound is shifted a constant 90° in phase (ref. 104, 229, 230).
This produces a difference in arrival time between the ears that is frequency depend-
ent. The subjective effect of this is to produce an apparent spatial relationship between
sounds of different frequencies. This improves the ability of the ear to discriminate
sounds in the presence of interference, whether it be noise, other voices, hum, or con-
tinuous tones. This makes use of the so called "cocktail party effect,” (ref. 229, 237),
which is the ability of the auditory system to single out desired signals on a directional
basis. The use of this system is said to produce a 3 db improvement in signal to noise
ratio.

Fully Binaural (stereophonic)

The system has a serious disadvantage in that it requires a larger transmission band-
width. However, if 100% redundancy is desired, the use of a stereophonic system will
improve the overall intelligibility. The advantages of the 90% phase shift system are
retained (" cocktail pary effect" discrimination). In addition, if two completely separate
channels are used, much of the noise and interference will not occur simultaneously on
both of them. This aids the auditory system in discriminating between the desired and
undesired signals.

Spectrum Shaping

It has been well established that various forms of spectrum shaping can effect
intelligibility. Low pass or high pass filtering (bandwidth restrictions) fall in this
category. In general any amount of either high pass or low pass filtering (or both)
have an adverse effect on intelligibility. On the other hand upsloping the spectrum,
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within limits, has a favorable effect on intelligibility in the presence of noise. For in-
stance, Pickett and Pollack (ref. 147, 150) show that, at a noise level of 90 db and
signal-to-noise ratio of minus 6 db, a percent words correct score of approximately 24%
is obtained using flat equipment and noise spectra, and about 72% is obtained using
speech upsloping of 6 db per octave and flat noise. The upsloping is actually an equip-
ment frequency response tilt, producing increasing amplitude with increasing frequency.
Stewart (ref. 190) indicates thot an effective increase of 4 db in signal ~to-noise ratio can
be achieved by pre-emphasis of high frequency speech components (eight or nine db per
octave). It has also been found that upsloped (differentiated) speech may be clipped
with less loss of intelligibility than "flat speech”. Furthermore, if the clipped speech is
integrated (downsloped) at the receiver, it retains much of its original quality (ref. 114).

In general it may be stated that anything which destroys recognizability is a step

backward. Any signal processing for the purpose of increasing intelligibility must take
recognizability into account,
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SECTION 8
CONCLWSIONS

The investigation and experimentation of this contract have indicated that it is
feasible to utilize a single dual purpose sound transducer for voice communications in
the aerospace environment. Two of the several systems investigated deserve further
attention, -

First, the Ear Canal Insert Diplexer: This device is placed in an ideal location tor
receiving purposes, and a reasonable good one for transmitting. In addition, it does not
interfere with the other body functions such as eating. In the opinion of Spacelabs, Inc.,
the resistive bridge diplexer (with hard clipper) used as an ear insert offers very ottract-
ive possibilities as a dual purpose transducer for aerospace vehicles. The use of micro-
circuit techniques such as deposited circuitry makes the fabrication of the ear canal
insert diplexer entirely practical.

Second, the Super-Audible Chopper Diplexer: This system has been neglected in
previous studies, but shows possibilities of providing an excellent diplexer. Unfortunate-
ly, little experimental work could be done on this device under this current contract.

The super-audible chopper diplexer has the potential of providing the highest receiver=-
to-transmitter isolation of all methods investigated. It can also provide excellent repro-
duction fidelity.

In addition to the preceding, the ear canal insert microphone is practical for pur-
poses other than diplexer system. It provides reasonably good quality speech. The unit
is light in weight, and is located in a somewhat protected location. Its appearance is
unobtrusive, and it could be made nearly invisible by using advanced microcircuit
techniques. The operation of the ear canal insert microphone in the presence of noise
is comparable to other microphone systems, and is greatly exceeded only by the differ-
ential noise~cancelling types.

It is concluded both from previous experimental work and from Spacelabs, Inc.,
work during this study, that the electrophonic hearing method is of no use in any
environment other than an extremely quiet one. It would, therefore, be completely
useless in any present day aircraft or aerospace vehicles.

The other systems and phenomena investigated have failed to yield results indicating
usefulness in the aerospace environment. A possible exception to this is direct reception
of radio frequency energy, which could prove usefull in a quiet environment under cer-
tain limited circumstances. This phenomenon should also receive further investigation,
especially to determine threshold levels and safe power density limits.
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APPENDIX 1

DIPLEXER ISOLATION TESTS

These tests on the Hybrid transformer and resistive bridge diplexer were performed on
breadboard type equipment. In all cases, the receiver was simulated with a Hewlett-
Packard Model 200CD oscillator. The transmitter utilized was the unit constructed for
some of the ear microphone tests (figure 10). Voltage levels were measured with a
Tektronix Model 502 Oscilloscope.

10*

10K

*SELECTED TO ADJ. FREQUENCY

Figure 10. Transmitting Ear Microphone.

A. Single Coil Hybrid Transformer Diplexer

Isolation tests were performed on the circuit shown in figure 11. The receiver out-
put to transmitter input isolation is shown in figure 12. Receiver to microphone loss is
approximately 6 db, and microphone to transmitter loss is between 9 and 12 db, depend-
ing on frequency. The transformer used (EMR 704A-00700) is capable of providing a
minimum of 50 db isolation (at 10 kc) when resistors are substituted for the microphones.

B. Two Coil Hybrid Transformer Diplexer

Isolation tests were run on the circuit shown in figure 13. Use of a second micro-
phone at "balance" yielded results nearly identical with that of the one-coil device.
Therefore no separate curves are given.

The circuit was balanced for optimum isolation (null at 1000 cps) by use of a 700
ohm resistor at balance. The results are shown in curve figure 14, This curve is also
typical of the results attainable with the one~coil device when using passive components
at "balance" .
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Figure 11. Hybrid Diplexer Test Setup - Single Coil Hybrid.
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Figure 12. Receiver to Transmitter Isolation - Single Coil Hybrid,
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Figure 13, Hybrid Diplexer Test Setup - Two Coil.
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Figure 14. Receiver to Transmitter Isolation - Two Coil Hybrid.

C. Resistive Bridge Diplexer

1. Dynamic Microphone. The resistive bridge was optimized for maximum isolation

throughout the voice spectrum. Frequency sweep techniques were used to speed the

optimization. The circuit used with a dynamic microphone (Knowles 1531) is shown in
figure 15. The curves indicate the receiver to transmitter isolation (figure 16), receiver
to transducer loss (figure 17), and transducer to transmitter loss (figure 18), as a function
of frequency.

2. Crystal Microphone. The resistive bridge diplexer was tested with an inexpen-

sive crystal earphone unit in place of the dynamic unit. The optimized circuit is shown
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in figure 19. The curves (figures 20, 21) indicate the advantage of utilizing a transducer
with a more constant impedance characteristic.

0.22 of
AUDIO
OSCILLATOR
HP 200CD
200 TRANSDUCER
KNOWLES BE 1530
TRANSMITTER
INPUT
]
Figure 15. Resistive Bridge Diplexer.
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Figure 16. Resistive Bridge Diplexer - Receiver to Transmitter Isolation.
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Figure 17. Resistive Bridge Diplexer - Receiver to Transducer Loss.
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Figure 18, Resistive Bridge Diplexer - Transducer to Transmitter Loss.
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Figure 19. Resistive Bridge Diplexer - Crystal Transducer.
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Figure 20. Resistive Bridge Diplexer - Crystal - Receiver to Transmitter Isolation.
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APPENDIX 11

EAR INSERT MICROPHONE INTELLIGIBILITY TEST

Problem Statement

Communications in many noisy environments would be facilitated if an obtrusively
mounted diplexer (combination microphone-receiver) were available as a replacement for
the often encumbering and uncomfortable lip microphone and earphone headset equipment
presently in use. Several body sites, including the teeth and the forehead (ref. 224), have
been suggested as potential locations for a diplexer. Examination of the available data led
Spacelabs, Inc., to the conclusion that the ear canal provides the optimum location, be-
cause of the apparently adequate bone-transmitted speech power present, combined with
the superiority of the ear as an auditory input. Furthermore, it is felt that improvements
can be made on previous attempts to locate a microphone in the ear (ref. 10, 133-138).

An ear canal insert microphone-receiver was designed, using a commercially
available miniature hearing aid microphone as the sound transducer, and an individually-
molded plastic ear canal insert as a coupling means between the sound transducer and
the ear canal. Several units, fitted to laboratory personnel, were then fabricated, and
a small-scale experiment designed to evaluate their performance. This appendix presents
the experimental method, and results. Please note that in this appendix only, the word
5&&'2; refers to a person, while the word receiver refers to an earphone (sound producing

evice).

Approach

Intelligibility information transmitted through the ear canal insert units was of
primary concem. Spacelabs, Inc., was interested in how well the ear incerts functioned
both as microphones and receivers, how well their performance compared with the best
presently available equipment, how well they performed in noisy environments, and how
their performance was affected by individual speaker characteristics.

There exist many intelligibility tests ranging from examinations of the reception
of isolated nonsense syllables to the reception of coherent, highly-redundant sentences.

The Fairbanks Rhyme test (ref. 54) was selected as an articulation measure on the
basis of recent reports (ref. 132, 143) attesting to the ease of administering this test, its
low intersubject variance, small learning effect, and good correspondance with more
established, phonetically-balanced, communications tests. In the Rhyme test, the
subject is presented with a test sheet consisting of 50 words lacking their initial conson-
ants. He is asked to fill in these missing letters after listening to the speaker intoning
the complete word. Several choices exist, since the word roots are all members of
rhyme families; e.g. soon, moon; or hecl, deal, seal, The test thus incorporates some

element of the redundancy inherent in English words, and also permits a detailed com-
pilation of troublesome consonant sounds.
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The larger the experimental speaker and listener populations, the more meaningful
the articulation results. The present experiment involved minimal populations, two
speakers, and four listeners, and consequently its results must be accepted as more in-
dicative than definitive. The speakers and listeners functioned within an experimental
design, which, through confounding, limited listener exposure to a reasonable length

testing period, yet provided adequate information on important main effects and inter-
actions,

EAR INSERT

Figures 22 and 23 illustrate the ear insert schematically, in relation to its associated
microphone, and in use. Note that during use the insert was always covered by a muff
type ear defender which is not shown for clarity. The plastic ear mold was custom-made
for each subject by the Royale Laboratory in Glendale, California, and, if necessary,
altered until a perfect fit had been achieved.

PLASTIC INSERT
FILLER

LEADS

COUPLING
CANAL 1530
MICROPHONE
Figure 22, Ear Insert Microphone Figure 23, Ear Insert In Place.

The hearing-aid microphone used is a Model BE 1530, manufactured by Knowles
Electronics, Inc. The typical response of this unit when used as a microphone is shown
in figure 24, differences among the several units employed were small. Figure 25 pre-
sents the response of the BE 1530 when used as a receiver, either directly coupled to an
acoustic chamber or coupled through a 0,91-inch length of 0,12-inch ID tubing. The
coupling canals used were approximately the same length, but slightly larger in mean

inside diameter, Most likely, the high-frequency boost fell somewhat below that
granted for the test case,

Electrical connection to the microphone was made through fine twisted leads. In use,
the ear insert was always covered by a noise attentuating muff-type ear defender
(Willson Sound Barrier), The leads did not noticeably interfere with its normal seal.
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Figure 25. Response of Knowles BE 1530 as Receiver.

EXPERIMENTAL METHOD

Design: The experimental variables are summarized in Tublg 1. Five variables
each appeared at two levels, yielding a complete factorial of 2° = 32 treatments, An
experimental treatment consisted of one complete 50-word test list presented under the
specified combination of variables. The experimental measure applied was the percent-
age of words correctly identified. Each subject heard four different lists, read by a single
speaker. The complete set was presented once during the moming of the test day, and
once in the aftemoon. The lists were assigned to the experimental treatments at random.
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Subjects were not previously told the contents of the lists they would hear, and it was
assumed no leaming took place.

These 32 treatments were administered to four subjects, randomly assigned blocks of
8 treatments each, following a design outlined in Kempthom (ref. 100). Table 2 summar-
izes this design. In this table, a variable is shown if it appears at the '1' level, and not

shown if at the '0' level (the term (1) represents a,, b, <o 9 °o)' The following three
effects were confounded:

A - Difference between speakers,
BCDE - No apparent meaning,
ABCDE - No apparent meaning.

Thus all other main effects, as well as all two and three factor interactions, remained
statistically testable at the expense of the ability to test mean differences between speakers.

The distribution of initial consonant sounds in the test vocabulary of 200 words is
presented in Table 3.

TABLE 1. A SUMMARY OF EXPERIMENTAL VARIABLES

LEVEL
SYMBOL 0 1
A Speaker 1 2
b Microphone lip insert
c Speaker ambient noise level 70db 110db
d Receiver headset insert
e Listener ambient noise level 70db 110db
TABLE 2. A SUMMARY OF EXPERIMENTAL TREATMENTS
SUBJECT TREATMENT
1 4] be bd de cd ce de bede
2 a abc abd abe acd ace ade abcde
3 b d e bed bece bde cde
4 ab ac ad ae abed abce abde acde
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TABLE 3. DISTRIBUTION OF CONSONANTS IN THE STIMULUS VOCABULARY

CONSONANT FREQUENCY CONSONANT FREQUENCY
s 22 | 13
t 18 f 12
b 17 d 11
m 16 n 8
! 16 g 7
p 14 d3 3
r 13 \ 1
w 14 i 1
k 13 y4 1

The complete vocabulary can be found in reference 54, lists RT-1 through RT-4,

Experimental Variables: The insert microphone and receiver unit has been des-
cribed in a previous section. The lip microphone and headset used for comparison pur-
poses were, respectively, a Roanwell M87/AIC dynamic noise-cancelling microphone,
and a Model H143/AIC earphone in an MX-2508/AIC headset. Because speakers and
listeners were fitted with inserts only for the right ear, the left earphone of the headset
was disconnected during the test sessions.

The normal noise level within the test enclosure formed the low-noise ambient
environment. The high-noise ambient condition was produced by playing a GR Random
Noise generator with filtered output into a public address amplification system having
dual -speaker output. Figure 26 presents the resulting spectrum as measured at the com-
bination speaker-listener station with an H. H. Scott, Inc. Model 412 sound level meter
used in conjunction with an H. H. Scott, Inc. Model 420-A sound analyzer. This

spectrum is similar to many previously reported for aircraft and rocket noise (ref. 71,
205).

Subjects: The two speakers were both familiar with the test material, and neither
had any marked abnormalities of accent, inflection, or delivery. Three men and one
woman constituted the listening group. Audiometric subject data were not available,
but no listener reported any hearing deficiency. The subjects were judged to have
equivalent familiarity with the rhyme words, but were not familiar with the actual
test material

Apparatus and Procedure: A schematic diagram of the experimental apparatus is
shown in figure 27. Each speaker's lists were simultaneously recorded through the |ip
microphone and through the ear insert microphone. An extemal VU meter, matched to
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Figure 26. Sound Power Spectrum of High-Noise Environment Plotted by Octave Band.

the recording level meter of the tape recorder, was attached to the output of the noise
cancelling lip microphone channel. The speaker monitored this external meter as he
read the lists, endeavoring to maintain peak word power at a constaat preset optimum
recording level. This procedure was facilitated by speaking the cue word "write" be-
fore each test word. Recording level on the insert microphone was likewise set to an
optimum point at the initiation of reading. Neither level wos changed during the speak-
ing session. Two speaker lists were recorded in quiet and two i nojse. For each set

of two, one list was arbitrarily designated the "lip microphone" list and the other the
the "insert microphone" list.

During administration of the Rhyme Test, the listeners received the test words from
either the lip or insert channel, and listened either through headsets or an ear protector
covered insert. A volume control was made available to the listeners and they were
instructed to adjust the incoming sound to a preferred level for each condition. Each
test list was preceded by an identification phrase which could be used to determine
preferred loudness and, as mentioned, each test word was preceding by the cue "write."

To exemplify the test procedure: Assume the treatment to be administered is
'abde’. (This can also be writen a, b, o, d, e.) In this case, the list placed on the
tape recorder would have been recorded by speaker 2 in a low=-noise ambient. The
listener would listen to the ear-insert channel using an ear-insert receiver in a high-
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Figure 27, Experimental Apparatus,
noise environment,

Analysis: The design was analysed as outlined in Kempthorn (ref. 100), using
analysis of variance techniques. The analysis of variance table is presented in Table 4.

TABLE 4. ANALYSIS OF VARIANCE SUMMARY

SOURCE d.f SS MS
Among Blocks (confounded Effects) 3 269.8
Treatments
(Unconfounded Effects, 2 and 3 factor interactions) | 24 1415.0
Error
(Unconfounded 4 and 5 factor interactions) 4 116.0 | 29.0
TOTAL; 31
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An estimate of the error variance was obtained by combining the sum of squares of
the higher order interactions. The corresponding estimates of the main effects and lower
order interactions, each having a 1 d.f., were individually tested against this error term.
In this case, an F test with 1 and 4 d.f. or a 't' test with 4 d.f. were equivalent tests.
Those effects which emerged significant are summarized in Table 5. In the results section,
the higher order interaction effects are plotted which were not embedded in a third order
interaction. That is, if ADE is a significant effect, DE is almost certain to be one also
by the present method of analysis. Thus the plots of ADE and ABD contain the informat-
ion enabling us to envision DE and BD, Similarly the interactions BC and BE clarify the
differences within the significant main effects B, C, and E.

TABLE 5. A SUMMARY OF SIGNIFICANT EFFECTS

EFFECT | LEVEL OF SIGNIFICANCE INTERPRETATION
B .01 Microphones differ
C .01 Speaker ambient noise influences dis-
crimination
E .01 Listener ambient noise influences dis-
crimination
BC .02 Speaker ambient affects microphones
differently
BE .05 Listener ambient affects microphones

differently

DE .02 Listener ambient affects receivers
differently

BD .05 Performance of mikes differs with
receiver used

ADE .02 Receivers performance in listener noise
depends on speaker

ABD .05 Combined performance of mikes and
receivers depends on speaker

RESULTS

Figure 28 graphically presents the significant interaction between receivers,
listening ambient, and speaker. Although the interaction effect is more marked for
speaker 2 than for speaker 1, the differential relations are largely the same for both
speakers, In quiet, the headset receiver appears to slightly outperform the insert. In
noise, however, the intelligibility scores observed for the insert exceed those recorded
for the standard headset - slightly so for speaker 1 and greatly so for speaker 2.
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Figure 28. Differences in the Performance of Receivers as a Function
of Listening Environment and of Speaker.

Considering, in figure 29, the effect of speaker on differences in the performance
of microphone-receiver combinations, we again see a greater variability for speaker 2, but
also an equivalence of effect for the two speakers. Two factors are evident; (1) the lip
microphone, on the average, provides higher intelligibility than does the insert; ond
(2) combinations of insert and standard units do not perform as well as unmixed systems.
That is, the lip microphone appears to function slightly better when used with a headset,
and performance of the insert microphone is definitely improved by coupling it with an
insert receiver.

The figures 30 and 31 explain the relatively poor performance of the insert micro-
phone in this study. Somewhat below the lip microphone in quiet, the insert microphone
deteriorates radically as soon as a noise source is introduced into the system. The almost
perfect correspondence of figures 30 and 31 indicates that it is immaterial at what point
in the system noise appears, the average number of words correctly identified remains
virtually the same for noise surrounding the speaker or the listener. It is seen that
noise also affected lip microphone intelligibility scores, but only to a slight extent.

This point is further emphasized by Table 6, which presents average percent correct word
discrimination scores for the two microphones when no noise sources were present, one
noise source (either in the specker or listener environment) was present, or two noise
sources (both in the speaker and listener environments) were present,
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Figure 29. Differences in the Performance of Microphone-Receiver

Combinations as a Function of Speaker.
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Figure 30. The Effect of Speaker Noise Environment on Microphone Performance.
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Figure 31. The Effect of Listener Noise Environment on Microphone Performance.
TABLE 6. A SUMMARY OF MICROPHONE PERFORMANCE IN NOISE
NOISE MICROPHONE
AMBIENT Lip Microphone Insert Microphone
No Noise Sources 92.5 83.5
One Noise Source 88.8 75.0
Two Noise Sources 86.0 52,5

In figures 32 and 33 are plotted initial consonant discrimination scores for the
insert and lip microphone, respectively. Two scores (percent correct) are given for
each consonant, one associated with the insert receiver, and the other with the head-
phones. Two previously noted facts are immediately evident; (1) the overal! performance
of the lip microphone exceeded that of the insert; and (2) performance of the insert
mucmphone improved when it was used with an insert receiver. In addition, discriminat-

ion differences among consonants were more marked for the insert mic
sounds |k|and|p| gave the most trouble with this unit, and the sounds |

hone. The
“Tlmlanam

presented the least difficulty. This follows expectations, since |k|and]p|are both stops,
depending almost solely on changes in the air stream leaving the mouth, changes which
are transmitted poorly by bone conduction to the ear canal.
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APPENDIX 111

ELECTROPHONIC HEARING TESTS

Tests of electrophonic hearing were conducted to determine the loudness obtainable.
The equipment setup is shown in figure 34, Room noise averaged approximately 60 db mea-
sured on the C scale of a Scott, Model 412 Sound Level Meter. In addition, the ears were
covered with Wilson Sound Barrier Protectors. The first experiment was conducted without
the dc bias. The active electrode consisted of an insulated wire with about 1/2 inch bare.
The bare portion was carefully covered with a wad of cotton, soaked in saline, and placed
in the external meatus. The indifferent electrode was a standard Welch ECG cup electrode
(adult size), used with electrode paste, located on the forearm. A very limited dynamic
range was noted. The threshold of pain was reached at approximately 1.4 volts AC while
the hearing threshold was about 1.0 volts AC. The second experiment included the addit-
ion of DC bias which produced little change in subjective effect. The experiment was
repeated with cotton covered active electrode replaced by a wire dipped in a saline filled
meatus. No change in effect was noted.

500 OHMS 0H
+ S _—

= > 1YY, EAR
v L
s b 1 1.0 1.0
..T MFD MFD
AUDIO
OCSILLATOR
DC HP 200CD AC
VOLTMETER VOLTMETER

l WELCH CUP
ON FOREARM

Figure 34. Electrophonic Hearing Test Setup.

At best, the sound was difficult to hear unless the frequency was wobbled slightly up
and down. Audio signal (music and speech) from an FM receiver was substituted for the
oscillator output. Even though the voltage levels were similar, no meaningful intelligence
could be heard. This was undoubtedly caused by the speech and music peaks being so much
higher than the average levels that pain resulted before the necessary average level could
be reached. The music and speech voltage levels were monitored with o Tektronix 502
oscilloscope in place of the AC voltmeter and 1 mfd capacitor.

From these tests it was obvious that quantitative data could be gathered only with the

aid of a sound proof room. Since the perceived sound level was so low it was decided that
no further tests were warranted,
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