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Section I ~ Introduction

1. At the request of the Bureau of Engineering, the Naval Research
ILaboratory has constructed an electro-acoustic SC tube, and has carried
out certain experiments to determine its relative merits as a subaqueous
binaural direction finding device as compared with a standard acoustic
SC tube of the type now in use on submarines in the Naval Service, The
purpose of this report is to describe the instrument and to set forth
the results of performance tests carried out at New London in the period
22 ~ 26 April 1940, inclusive, with submarine number 125 and the
U.S.5. SEMMES cooperating,

Section II ~ Discussion of General Principles

2, The principles involved in the application of the binaural
sense to direction finding in the SC tube need not be covered in complete
detail in this reports In the acoustic SC tube, sound energy is taken
from the water by a receiver of the non-resonant air bubble type and is
transmitted by a vibration-insulated air-filled duct directly to the
listener!s ear as air-borne sound. Iwo recelvers, one at each end of
a rotatable arm, are employed, and each has its own associated trans-
mission duct, The energy from one is led to listener's right ear, and
the energy from the other to his left, By rotation of the aforementioned
arm, the listener is able to center binaurally an audible noise and to
determine the relative bearing of its source., In the electro-acoustic
SC tube, the same type of non-resonant air bubble takes sound energy
from the water, but a microphone within the bubble converts the air-borne
sound energy into electrical energy. This energy is transmitted elec-
trically, with or without selective amplification, to the observation
station, and there reconverted at the listener's ear to air-borne sound
by a telephone receiver, As in the all-acoustic case, two identical
systems are used, one for each of the listener'!s ears, and the relative
bearing of a sound source is determined by centering it binaurally
exactly as with the acoustic SC tubes For a schematic diagram of the
electro-acoustic SC tube, see Plate 1,

3. In binaurally centering an audible noise with such a device,
the listener is adjusting the length of path between the sound source
and one ear to equal the path length between the same source and the
other ear, typical human ears being able to detect a difference of ap-
proximately 10O microseconds in the time of arrival of a given sound wave
front, As the velocity of sound in sea water is 1.5 x 105 centimeters
per second, a path difference in sea water of 1.5 centimeters or .6 inch
is detectable by the average pair of ears. In an instrument making use
of this power of the ears, it is essential that the sound energy in water
incident upon the two receivers be converted to air-borne sound and pre-
sented respectively to the separate ears without the introduction of any
spurious path difference or time delay. In the acoustic SC tube, this
is accomplished by the use of identical receivers and identical trans-
mission ducts for the air-borne sound, Identity in the two transmission
ducts is not difficult to attain, brass tubing of the same length, wall
thickness, and inside diameter being used. Both ducts are in a common
housing and therefore are maintained at approximately the same tempera-
ture, Identity in the receivers is more difficult of attainment, but
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the non-resonant air bubble type has served well in practice. Being
non-resonant, the air-borne sound within the receiver builds up in
phase with the water-borne sound outside the rubber envelope. Receivers
of the air bubble type which are resonant have been shown to be not
practical, as exact identity in two such receivers is unattainable,

Section III - Description of the Electro-~Acoustic SC Tube

4e In developing the electro-acoustic SC tube the non-resonant air
bubble type of receiver was retained without change or experimentation
except that a somewhat larger bubble was used to permit the mounting of
a commercially available microphone within the envelope, Resonance was
carefully avoided on the basis of experience with the acoustic SC tube,

5 Preliminary experiments were conducted by this Laboratory to
ascertain the feasibility of using inexpensive microphones of the sound
power telephone transmitter type for converting air-borne sound energy
within the air bubble to electrical energy., The types investigated were
mamfactured by the Radio Corporation of America and by the Automatic
Electric Company. Briefly, it was concluded that these microphones are
not adapted for use in binaural listening equipment, They are relative-
ly sensitive, but their sensitivity varies very considerably with fre-.
quency, One or more resonances occur in the audio frequency range, and,
as in the case of the air bubble type of receiver discussed above, this
makes the attainment of satisfactory identity between two microphones
of this type practically impossible, For a curve typical of these micro-
phones, see Plate 2, The resonances at 600 and 1200 cycles per second
destroy the usefulness of this device in an equipment where phase dis—
tortion cannot be tolerated,

6. Higher quality microphones, of the type used as transducers in
broadcast studios, were found to be satisfactory for use in binaural
listening equipment in so far as their electro-acoustic properties were
concerned, The sensitivity of such a microphone is relatively low, but
it is very nearly the same (+ 1 decibel) for sound energy at any fre-
quency between 70 and 7,000 cycles per’'second, Being free of resonances
in this frequency range, the electric wave energy builds up in phase
with the air-borne sound energy within the air bubble type of receiver,
Moreover, the sensitivity and frequency response characteristic of this
microphone are very nearly the same for all microphones of the type as
received from the mamufacturer., Four different microphones of the same
type (Type 633A Western Electric Company) were compared in the Labora-
tory by measuring their respective responses to the sound emitted by &
given sound source, the frequency of which was varied, Microphones #2
and #3 of the group were found to have the same sensitivity (+ 1/2 deci-
bel) at any frequency between 100 and 1,000 cycles per second, At fre-
quencies between 1,000 and 4,000 cycles per second, microphone #3 was
approximately 1 decibel more sensitive than #2, As the human ear is
not conscious of differences in sound intensity of less than 1 decibel,
the similarity between these microphones was considered acceptable and
they were used in the assembly of the electro-acoustic SC tube.
Microphone #1 of the group was approximately 1.5 decibels -more sensitive
than #2, and microphone #4 was approximately 2.5 decibels more sensitive,



The frequency. characteristic of this type of microphone being nearly
flat in the audio frequency range, differences in the average sensi-
tivity of any two of the type can, in general, be compensated for very
simply in the associated electrical transmission equipments

7. The low sensitivity of the type of microphone which is suitable
for use in a binaural listening device makes it necessary to employ
amplification, Transmission and amplification of electric wave energy
without deleterious phase or amplitude distortion in the audio frequency
band is relatively a simple matter. For the electro-acoustic SC tube,
two amplifiers were constructed to be as nearly alike as possible, using
readily available components, Each was designed to take electric wave
energy from one of the high quality microphones at a 37 ohm level, and
deliver the energy amplified 70 decibels with very little phase or:
amplitude distortion into a 37 ohm load, The gain-frequency character-
istic of each amplifier is shown in Plate 3, In Plate 4 two curves are
shown, one giving as a function of frequency the tolerable relative phase
distortion which may be introduced by the amplifiers and the other that
actually introduced as measured in the Laboratory. In calculating the
tolerable difference in the delays introduced by the two amplifiers, the
quantity 5 microseconds was used, This is one-half the value detectable
by a normal pair of ears. The curves of Plates 3 and 4 show the suita-
bility of the two amplifiers for use in binaural listening equipment.
Each amplifier was provided with a mamially operated gain control by
which slight differences in the average gains of the two amplifiers might
be compensated. The amplifiers are conventional in design, and no particu-
lar efforts were made in this preliminary model to secure long term
stability or a gain characteristic independent of line voltage fluctue~
tions, The two amplifiers, however, were operated from a common power

supplye

8. For converting the electric wave energy delivered by the amplifier
to air-borne sound for the listenert!s ear, a telephone receiver was used,
Ordinary, inexpensive receivers have resonances which meke them unsatis-—
factory for use in binaural listening equipment, For the electro-acoustic
SC tube, telephone receivers of the broadcast monitoring type were chosen
(Type 705A Western Electric Company). Each receiver had an impedance of
approximately 37 ohms and constituted a satisfactory load for one of the
amplifiers described above, The response characteristics of the two tele-
phone receivers used in the electro-acoustic SC tube are presented in
Plate 5, These measurements were made in the Laboratory with artificial
ear equipment, It is to be noted that these receivers were not completely
free of resonance effects, They were, however, well matched and, in so
far as this Laboratory is aware, were as good as any obtainable at reason-
able expense,

9. Between the first and second stages of each of the amplifiers
for the electro-acoustic SC tube, provision was made for the insertion of
certain electric wave filters, In this manner, variations in the trans-
mission characteristics of the amplifiers could be effected for the pur-
pose of increasing the discrimination between the desired audible noise
and undesired background noise, The filters provided were of the follow-
ing types:



(1) Low Pass - 1,000 cycles per second cut-—off frequency
(2) High Pass- * n " "

(3) Low Pass - 500 ® n " " u”
(4) High Pass- " " " " 10 "

The 500 cepesSs high pass and the 1,000 c.p.5. low pass filters could be
inserted in tandem to give 500 to 1,000 c.pe.S. band pass selective
amplification, Two of each type of filter, carefully matched, were pro-
vided, and also a ganged switch mechanism, so that the transmission
characteristics of the two amplifiers were alike, to within a helf
decibel, for each of the possible choices of filter insertion., In
Plates 6 and 7 the gain.frequency characteristic of one of the amplifiers
is shown feor the five different filter choices provided. The relative
phase difference introduced by the two amplifiers with filters inserted
was not measured for lack of time prior to the performance test of the
electro~acoustic SC tubes, The excellent matching of the filter pairs,
however, indicates that any difference introduced in the pass bands mist
be small, and in practice, with the filters inserted in the amplifiers,
good binaural centering of audible noises was attained,

10, For binaural operation of the electro-acoustic SC tube. the
air-borne sound energies presented to the left and right ears of the
listener were kept definitely separated, However, provision in this
equipment was made for connecting the two telephone receivers in series
and for connecting them in turn to the combined outputs of the two
amplifiers, the latter either in series-aid or in series-opposition.

A switch was provided to enable the listener to make these changes in
connections with ease and rapidity. He was enabled thus to take bearings
on a target binaurally in the normal manner or by adjusting the rotating
member of the equipment for a maximum or a minimum response in the tele-
phone receivers,

Section IV - Performance Test of the Electro-Acoustic SG Tube.

11, The U,S.S. 125 was designated to carry out the performance test
of the electro-acoustic SC tubes The rotating member of the JK~SC tube
assembly of the 125 was removed and replaced by one, without a JK head,
which had been renovated and modified at this Laboratory. The renovation
consisted of the installation of new sound transmission tubing, new
vibration insulation, and new packings in the acoustic SC tube. New
rubber nipples were also installed., The only modification introduced
was the provision of the lead-in wires necessary for the connection of
the two microphones in the outboard part of the electro-acoustic SC tube
to the amplifiers within the boat. As installed, the outboard part of
the electro-acoustic SC tube was mounted on the platform normally used
for the JK heads This arrangement was chosen as it permitted a rapid
and valid comparison of the performance of the two types of SC tube,

The observer, in moving the shaft of the assembly, moved both the rota-
table arm of the acoustic SC tube and that of the electro-acoustic SC
tube and was able to listen to one or the other at will,



12, Comparative performance tests of this equipment were carried
out on 25 April 1940 in Long Island Sound, the U.S.S. SEMMES ass:.st:mg
as target ship. The 125 took a course and ran submerged at periscope
depth at 4 knots, The SEMMES, having dropped astern, steamed on a
parallel course at 5 knots, passing abeam at approximately 800 yards,
and continuing on her course until well out of the range of the devices
being tested, The 1limit of range and instructions to reverse course
were signalled to the SEMMES by the broaching of the 125, The SEMMES
steamed on the reverse course at 5 knots until again out of the range
of the instruments, thus completing run #1, In runs #2 and #3 the
SEMMES went through the same procedure, but at different speeds. In
run #2 she steamed at 10 knots and in run #3 at 20 knots. During the
course of these runs, two observers,trained in the use of binaural
direction finding devices, determined the bearing of the target ship
alternately each minute, one using the acoustic SC tube and the other
the electro-acoustic SC tubes The bearings and time of observation were
recorded, From time to time during the runs, the observers exchanged
listening devices, In the control room of the 125, the bearing of the
stern of the SEMMES and her approximate range, as determined by periscope,
were recorded with the time of observation each minute throughout the
runs, Care was taken in synchronizing the clocks used at the two ob=-
servation stations,

- 13+ These tests were conducted in Iong Island Sound from Hatchet
Reef Buoy to Cornfield Buoy in 150 feet of waters The wind was light
and variable and the sea was calm, The per cent of clouds was estimated
to be 40%. The water temperature was 38° F,

14+ The results of these tests are presented in Plates 8 to 13
inclusive, in which the relative bearing of the target as determined by
the periscope and by the two binaural devices, is plotted against time
of observation in minutes, Approximate ranges are indicated by dage
figures adjacent to the periscope bearing curve, Note that in Plate 9
the observers using the binaural devices were misled and took bearings
on a false target, a small boat not reported to them by the deck officer,
Note also in Plate 11 the complete failure of the binaural observers with
either instrument to locate the target, It is probable that a misunder-
standing by the observers with regard to the time of the start of run
was responsible for this failure, During this part of the second run
the 125 changed course,

Section V - Discussion of the Performance Test

15, An appraisal of the relative merits of the acoustic SC tube
and the electro-acoustic SC tube as direction finding devices on the
basis of the data presented in Plates 8 to 13 inclusive must be somewhat
arbitrary as both devices are far from ideal instruments.  The operation
of either depends to a marked degree upon the operator, the quality of
~his ears, his powers of concentration and auditory discrimination, and

the degree of cultivation of his binaural sense, At the start it must
be said that the results presented in this report are unfair to the
electro~acoustic SC tube in this respect, for the two trained listeners
available for the test were not equally successful with the acoustic
SC tubes All target bearings reported at the longer ranges for the
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acoustic SC tube are those observed by the more successful of the two
listeners, With the electro-acoustic SC tube, either operator had
substantially the same success even at the range limit of the instrument.

16, In consideration of the data presented in Plates 8 to 13
inclusive, Plates 9 and 11 are omitted except that attention is called
to the fact that difficulties will arise in binaural listening if the
observer is not contimuously attentive and if there is more than one
target.s From the other plates, certain general conclusions may be
drawn: (1) neither instrument is a very precise sound locator, (2) the
relative bearing of a target abaft of beam may be determined more ac-
curately by either device than that of one on the quarter, and (3) the
1limiting range of either device in the hands of a competent operator is
substantially the same, With the target nearly abeam and at moderate
range, good bearing measurements were made at the three target speeds
with both instruments, The precision of measure with the target in this
position is presumably somewhat better than the plotted points indicate
as the relative bearings were changing quite rapidly with time and in-
evitable small errors in the recorded time of observation resulted in
quite large differences between the actual relative bearing and the bi-
naurally observed relative bearing,

17. On the basis of general conclusion (2) of the above paragraph,
binaurally observed target bearings were divided inte two groups, one for
the case of the target on the quarter and the other for the case of the
target abaft of beam. In each group all observed points except the two
most in error were included. These were omitted as being mere guesses
on the part of the listener., The results are presented in the following
table:

__Acoustic SC Tube Electro-Acoustic SC Tybe
Max. ‘Min, Avg. Max, Min, Avg.

Error [Error = Error Error Error Error

Target on the Quarter 32° 6° 21° 22° 3° 11°
‘Target abaft of Beam 15° 0° 7° 9° o° 3¢

Considered in this way, the electro-acoustic SC tube is quite definitely
superior to the acoustic SC tube as a sound locator. The larger errors
in the binaurally determined relative target bearings for the case of a
target on the quarter are presumably due to the effect of the wake of
the target ships

18. The following table gives the range of the target at the time
of the last relative bearing determined by the binaural observers in the
various runs, and the corresponding error in the determined bearing,

Acoustic SC Tub g E;gg ro-Acoustic SC Tube
W Error Max,Target Ranze FError
Target on the Quarter
Target Speed 5 knots 1600 yards 30° 1000 yards 1n°
10 knots 2000 yards 15° 1600 yards 21°
20 knots 6600 yards 13° 6000 yards 4°
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Acoustic SC Tube Electro—Acoustic SC Tube

Max.Target Range Error Max,Target Range Error
Target abaft of Beam
Target Speed 5 knots 2600 yards 12° 2500 yards 1°
10 knots 3600 yards  4° 5000 yards 5°
20 knots - 8500 yards 6° 6500 yards 2°

These figures taken from Plates 8 to 13 inclusive should not be accepted
without qualificeation, The noted errors in several cases are a good deal
less than should be expected from consideration of bearing measurements
by the same observer with the same equipment for lesser ranges in the
same run, suggesting that an element of luck entered strongly in some
cases at the extreme ranges, Taking all the data into consideration and
allowing for the difference between the two observers noted in paragraph
15 above, it is concluded that the range limit for the two devices is sub-
stantially the same.

19, As in all listening devices, the range of usefulness is limited
by the undesired noise, in which or above which the desired noise from
the target must be identified by the listener. Undesired noise in the
case of the acoustic SC tube is of three types: (1) water noises of
various kinds which enter the listening equipment exactly as does the
desired noise from the target; (2) vibrational noise which enters prin-
cipally through the acoustic transmission ducts; and (3) ambient noise
at the listening station,s In the electro-acoustic SC tube these three
types of noise play a part and in addition there is noise introduced by
the associated electrical equipment.

20, Vibrational noise is minimized in the acoustic SC tube by in-
sulating the transmission ducts of the device against vibration with
rubber spacers. This insulation was effective enough that vibrational
noise was not a limiting factor in the subject test. Insulation of the
microphones of the electro~acoustic SC tube against vibration was pro-
vided, and in this device also,vibrational noise was not a limiting factor,

2l, Ambient noise at the listening station during this performance
test was at a very low level and did not really enter as a factor, How-
ever, with normal operating activity in the forward torpedo room of a
submarine ambient noise might well play an important role, With the
electro—-acoustic SC tube, the rubber—capped telephone receivers employed
very effectively insulate the listener against the ambient noise and
let him take observations in comfort without undue strain or concentra~
tions In the case of the acoustic SC tube, the listener uses a stethe~
scope which is not as comfortable for his ears, and which is less
effective as insulation against ambient noise,

22, Water noises were the important interference in both SC tubes
and limited the range of successful target bearing measurements in both
casess In the electro-acoustic SC tube, electrical noise also was of
sonme significances A hum, not noted in the Laboratory, appeared in the
equipnent as installed on the 125, presumably due to the difference in
the primary source of power, This hum was of the same order of magnitude
as the water noises as heard by the listener, but was of such a character
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that target noises could be identified through it if they could be
identified through the water noises, It was an added impediment for

the listener, however, and should be eliminated in service equipment

if it is ever supplieds The amplification available in the case of

the electro-~acoustic SC tube was, of course, not effective in extending
the useful range of the device beyond that of the acoustic SC tube as
both desired and undesired noise were subjected to the same amplification.

23, In the electro-acoustic SC tube, the gain-frequency character-
istic of the binaural amplifiers could be readily changed by the listener
as described in paragraph 9 of this report. Curiously enough, the first
of the experienced listeners, after trial, chose the low pass 500 C.peS,
cut-off frequency characteristic, whereas the second chose the high pass
500 cepese cut-off frequency characteristic, In the acoustic SC tube,
the higher frequencies are very mich attenuated and the first trained
listener, accustomed to the acoustic SC tube, was evidently biased by
his experience to favor the low frequencies for binaural listening, To
an inexperienced observer, the choice of the second trained listener
seemed better, Discrimination against the very low frequencies was ad-
vantageous as the amplifier hum was eliminated as an interfering element,
Aside from this, the higher fidelity of the electro-acoustic SC tube was
definitely an adventage for the inexperienced listener. With the low
frequencies only eliminated, the initiate could hear and recognize the
target ship, and at near and moderate ranges could center it binaurally.
The acoustic SC tube with its low-pass characteristic was useless in his
hands as he could not identify the sound from the target ship. The ex-
perienced listeners made good bearing measurements on the target using
each of the various choices of filter insertion in the binaural amplifiers,
It is believed that a fairly wide band-pass characteristic, giving fair
fidelity but eliminating the very high and the very low frequency compo-—
nents, is the most desirable for the average listener, Cut—off frequencies
of 250 and 1500 c.p.ses are suggested as the limits of a desirable band-
pass characteristic for binaural amplifiers,

24e¢ Bearing determinations with the electro-acoustic SC tube were
successfully made using both minimum and maximum telephone receiver
response, as described in paragraph 10 of this report. These determina~
tions were made with the target at rather close range when the noise from
the target was well above the background of noise. The minimum settings
in these cases were very definite and sharp and easy to make., The maxi-
mum settings were rather broad and less definite, The target could be
located, however, at longer ranges using binaural operation of the device,

Section VI -~ Conclusions and Recommendations

25, The electro~-acoustic SC tube as a binaural direction finding
device is better than the acoustic SC tube in the following respects:

(a) It presents sound energy to the listener's ears at a
comfortable level., This reduces the strain on the
listener and is conducive to better results,

(b) It presents the target noise to the listener with
greater fidelity than the acoustic SC tubes This
is an advantage to the average listener, aiding
recognition and discrimination,
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(c) As electrical transmission and amplification are
employed, a desirable frequency transmission char-
acteristic may be readily attained in the system
by means already available for comminication cir-
cuits, A characteristic may be chosen which dis-
criminates against important interfering components
while preserving sufficient fidelity to yield
maximum discrimination between desired target noise.
and undesired background hoise,

(d) In performance tests, it has determined the rela-
tive bearing of a gliven target at various ranges
with appreciably greater precision than an acoustic
SC tube and has a range limit, set by water noise
level, not substantially different from that of
the acoustic SC tube, _

(e) 4s telephone receivers are used at the listener's
ears rather than the stethescope of the acoustic
SC tube, a certain hazard to the listener is
avoideds With the all~acoustic instrument there
is danger of serious damage to the listener'!s ears
if a depth charge explodes within a certain radius
of the submarine due to the destructive pressure
wave which is set up in such a case, Quite aside
from this factor of safety introduced by the electro-
acoustic device, telephone receivers are more com-
fortable to wear than a stethescope, and at the
same time give the listener a greater degree of
insulation against ambient noise at the listening
station.

26, The electro~acoustic SC tube compares unfavorably with the
acoustic SC tube in the following respects:

(a) It is more complicated, requiring expert maintenance
and periodic performance checks with specialized
auxiliary equipment,

(b) It is less rugged, The type of microphone which
is adapted for use in binaural listening equipment
is essentially a delicate mechanism. As constructed,
it is protected against ordinary changes of hydro-
static pressure, but it is questionable whether.
the protection is sufficient against the rapid
changes to which it might be subjected during crash
dives, It is even more questionable whether it is
adequately protected against damage by depth charge
explosions, Further experimentation is necessary
to determine the adequacy of the protection at
present provided and to devise adequate protection
if the existing arrangements are not satisfactory.



(¢) The low sensitivity of the type of microphone
which is adapted for use in binaural listening
equipment makes amplification essential in the
electro~acoustic SC tube, Its operation is
therefore dependent upon the ship!s power supply,
of which the acoustic SC tube is completely in-
dependent,

27. Neither the electro-acoustic SC tube nor the acoustic SC tube
compares favorably as a subaqueous direction finding device with other
devices already in use in the Service (e.ge the JK). Either one, installed
in a submarine, would be a standby instrument, Moreover, the superiority
of the electro-acoustic SC tube over the acoustic SC tube lies principally
in that it is easier to operate and can give results in the hands of a
less well trained or gifted operator, With a well trained operator,
endowed with a good power of concentration, substantially the same results
cah be obtained with the acoustic SC tube, In view of these facts, it is
the considered opinion of this Laboratory that the substitution of an
electro~acoustic SC tube for the acoustic SC tube in the Naval Service
is not warranted, As a standby instrument, available for use in emer-
gencies, the acoustic SC tube, being simple, rugged, and completely
independent of the ship's power supply, is to be preferred.

28, Invthe course of the development and test of the electro-
acoustic SC tube, certain ideas were brought forward and are noted as
follows:

(a) An experienced listener in using the electro-acoustic
SC tube cobserved that its operation and listening
qualities were superior to those of the JL type of
sound locating device, now in use in the Naval
Service, In a comparison of these two equipments,
the electro-acoustic SC tube would definitely hold
an advantage from the point of view of simplicity,
bulk, weight, and cost. If there are instances in
the service where a rotatable sound locating device
can be installed quite as well as a non-rotatable
device, an experimental, comparative performance
test between the JL and the electro—acoustic SC
tube should perhaps be carried out in order to deter~
mine the actual performance superiority of one over
the other,

(b) Inasmuch as the use of electric wave filters in the
transmission systems of the electro-acoustic SC tube
improved its performance, it is suggested that an
all-acoustic SC tube be devised employing acoustic
wave filters, In this manner, a desirable trang=-
mission characteristic might be given to the instru-
ment, improving its performance, without affecting
its inherent ruggedness and without making it
dependent for operation upon the ship's power supplye
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