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PREFACE 

The Coast and Geodetic Survey steamer Guide, a recently con- 
ed to the development of radio verted mine sweeper, 

acoustic ranging. Experimenta work IT= clone on the New Eng- 
land coast during October and Kovember, 1923. The necessary test- 
ing of the completed apparatus and develo ment of routine and 
methods was accomplished on the coast of 8 outhern California in 
February and March, 1924. By the end of March the method .rras\in 
routine use, though minor difficulties remained to be adjusted. 
As this was an entirely new development in Coast and Geodetic Sur- 
rey work there were special features in the organization. These will 
be described, and members of the personnel \vho contributed to the 
development of the apparatus, routine, ahd methods will be men- 
tioned by rank or title in the Const and Geodetic Survey. 

Commander N. H. Heck, chief of the division of terrestrial ma 
netism, was assigned 'to expert supervision of the acoustic wo$ 
having had previous experience in such work in conection with anti- 
submarine work during the World War. H e  was assisted by H. E. 
McComb, magnetic observer, who at intervals took time from his 
magnetic survey of the coast of Southern California to  give the bene- 
fit of his skill in precise physical measurements and in care of deli- 
cate instruments, with the result that in these respects the work was 
placed on a high plane from the start. 

Lieut. Commander R. F. Luce, commanding the Guide, gave spe- 
cial attention to the development of methods and routine and took 
over entire supervision as soon as the development eriod was over. 

n. Clore s ecialized in cable work. Lieut. Geo. D. Cowie was in im- 

A. M. Vincent made notable contributions to the development work, 
especially in solving the problem of operating two or more radio 
transmitters on the same wave length and in devising and construct- 
ing under field conditions of a time-recording pen for the chrono- 
graph. 

Dr. E. A. Eckhardt, physicist, and M. Keiser, associate electrical 
engineer, both of the Bureau of Standards, developed the rndio acous- 
tic apparatus, each taking part in the preliminary tests, and Mr. 
Keiser was present at the test of the completed apparatus to insure 
.that the desired accuracy inherent in the apparatus was fully devel- 
oped. 

was 

Lieut. K. T. Adams, executive officer, and Lieut. ( P unior Grade) L. 

medinte c Ip large of radio acoustic ranging. Chief Radio Operator 

IV 



RADIO ACOUSTIC METHOD OF POSITION FINDING IN HYDRO- 
GRAPHIC SURVEYS 

Part 1.-THE HYDOGRAPHIC PROBLEM AND INSTALLATION DETAILS 

By N. H. I-IECIC, Cownander ,  U. S .  Coast and Geodetic S Z L ? V ~ I  

INTRODUCTION 

The making of the hydrographic surveys 011 which the mariner's 
charts of the waters of the United Statrs and the revions under its 
jurisdiction are based has been .one of the principa functions of 
the Coast and Geodetic Survey during the century that it has been 
in existence. During all this time it has been accepted as inevitable 
that surveying operations are subject to weather conditions. It will 
undoubtedly always remain true that no attempt should be made to 
carry on surve work at sea during gales, but until recently it seemed 

durin ' a dense fog. A number of other causes, such as haze, smoke 

der the shore invisible have always interfered with and often pre- 
vented work entirely. Prior to the World War there was no hope 
that this condition would be remedied. 

The water area of a mariner's chart shows ninny figures which 
represent in depth and losition the depth of the water as obtained 

the shores an % various rocks and islands. Every oint on the chart 
represents a corresponding point on land or sea. $he direction join- 

oints on the chart is as nearly as possible the same as for 

tion to the actual distance. The same thing is true of the sheet on 
which the surveys are plotted. On such a sheet the positions of many 
definite objects are shown whose positions aye known as the result 
of triangulation by the Coast and Geodetic Survey.' 

The soundings shown on the chart are not taken at  random but 
in accordance with a fixed plan. The plan most used can best be 
illustrated b assuming that a rectangular area is to be surveyed. 

ing vessel proceeds to follow the imaginary line through the water 
corresponding to the line on the chart. I n  order to do this, it must 
know at frequent intorvals its position on the sheet. This is usu- 
ally done by means of the three-point fix. The objects plotted on 
the sheet may be specially constructed wooden structures lrnown as 
hydrographic signals, or they may be church spires, water towers, 

equally true t -x a t  surveys worthy of the name could not be made 

from 5 orest fires, rain or snow, and any other cause \vhich may ren- 

from soundin s for a de B n i b  state of the tide. The chart also shows 

the ing actua two P points, and the distance between them bears the same rela- 

A number o 9 parallel lines are drawn on the sheet, and the survey- 

1 See SDeclnl Publlcntlon No. 20. Generfil Instructlons for lWld Work, United S ~ i t e s  
.Coast nnd Geodetlc Survey, E. Lester Jon-, director. 

1 



2 U. S. COAST AKD GEODETIC SURVEY 

stacks, rominent mountain pealrs, the requirement being that the 
objects !e prominent and easily recognized. To obtain, a osition, 
three objects are se%xted d i i c h  can always be des ipa te f  as the 
right, middle, and left objects, respectively. The angles between 
these objects are measured by two observers on the vessel by means 
of sextants (the same instrument as used in navigation), one ob- 
server measuring the angle between the right and middle object and 
the other-at the same time-that between the middle and left object. 
When these angles are set off on an instrument called the three-arm 
protractor, and the three arms are placed on the sheet SO that the 
edge of each passes through its respective object, the center of the 
protractor niarlts the position of the vessel. Whenever a position 
is obtained the vessel may change course if necessary to remain on 
the desired line; in any case its path is 

There are modifications of the plan described and there are meth- 
ods by which H vessel may extend a survey out of sight of land, but 
in the last analysis everything depends on the obtaining of positions 
at  suitable intervals. It is for this reason that conditions which af- 
fect the visibility of shore objects may prevent a survey of the 
water area. 

There has been peculiar need for  a method to overcome the handi- 
cap on the Pacific coast, especially the coast, of northern California, 
Oregon, and Washington. I n  the wintertime frequent gales pre- 
vent work, and not infre uently the surveying vessel mould be held 
in port during the favora % le weather following it gale by the heavy 
swells breaking on the bars which are.characteristic of all the liar- 
bors. I n  the summer time fog and haze are previilent. 

\ 

HISTORY O F  THE DEVELOPMENT OF RADIO ACOUSTIC RANGING 

The need for methods to use against the submarine menace during 
the World War  led to intensive study of the transmission of sound 
through sea water. The organization of scientists to work with the 
military services added greatly to the knowledge of the subject. 
Methods of transmitting and receiving underwater sounds mere per- 
fected. Accurate means for measuring the time of transmission of 
sound from source to receiver were developed. After the war the 
velocity of sound was made the subject of studv. The subaqueous 
sound-ranging section of the Army, under Col. R. S. Abernethy, C. 
A. C., made a practice of firin small bombs suspended below a 
target, \vhose position at time o f  firing was accurately determined, 
and recording time of transmission to underwater telephones or 
hydroplanes of known position connected to shore stations by cable. 
The results published by E. €3. Stephenson, physicist, who was asso- 
ciated in this work, indicate that, while the velocity of sound varies 
throu h wide ranges with conditions, the variations are according 
t o  de a nite laws and may be known quite accurately. This work was 
the basis of the ado tion by the Coast and Geodetic Survey of a pro- 
ject to apply a simifar method in its hydrographic work. 

I n  this method the position of the vessel is not obtained by the 
measurement of angles as has been described, but by direct measure- 
ment of distances from two or three known points, an equally sntis- 

'See Elernenta of Chart hlnkln Specla1 Publlcatlon S o .  38, by E. Lester Joncs, Dlrec- 
tor United Stntes Coast and G e o d h ?  Survey. 



RADIO ACOUSTIC METHOD 3 

factory method. A requirement common to both methods is that the 
direct control of the observations must be aboard ship, and that the 
results must be available in the shortest possible time after the ob- 
servations are completed. No existing methods provided for accom- 
plishing this, and all methods in use were too elaborate and pro- 
vided more accuracy than required and demanded a large and highly 
trained personnel. 

The method which has been developed is based on the use of the 
radio longitude apparatus developed by Dr. E. A. Eclrhardt, head of 
the sound section, Bureau of Standards, for use in the longitude work 
of the Coast and Geodetic Survey. This provided for direct record- 

such distant regions as Pacific Coast States and 
als from Annapolis. The modification of this 

ship, the development of new and modifica- 
tion of existin apparatus to solve the problem, was undertaken by 
the Bureau of % tandards, the work being placed under the direction 
of Doctor Eclrhardt. 

On pages 7 to 23 a full description of the method is given. The 
organization necessary to carry on the operations is as follows, no 
mention being made of the reliefs or extra personnel that might be 
needed, such as cooks: 

On board the vessel, officer in direct charge of obtaining distances 
from chronograph sheet; chief radio operator, who operates the ap- 
paratus under his direction. On shore, officer in charge of stations 
and one radio operator for each station. Officer lives near one station 
nnd is provided with autotruck to carry equipment, provisions, and 
supplies and to transport himself between stations. 

SELECTION OF SHORE STATION SITES 

A suitable place for the hydrophone must be found in a depth af 
about 60 feet, preferably not more than three-fourths of a mile from 
the shore. The shore should be sandy, and the urea intervening be- 
tween the point selected on shore and the h drophone should be 

by the absence of kelp. I n  any case there should be no rock between 
the high and low water lines. I n  this case the cable will soon bury 
itself to the depth of several feet, and the heaviest breakers will not 
affect it. Theye should be space above the high-water line, prefer- 
ably above the storm high-water line, for the station building. 
Whenever practicable an existing building should be used, but R 
building can be put up which will meet all the requirements without 
great cost. It is important that the rain be kept out, and that the 
generator equipment should be protected from sand. Housing 
arrangements for the party will not be discussed, as this is a common 
enaineering problem. The stations should be, in general, 15 to 20 
miyes apart, though this will vary with possible sites, character of 
work, accessibility of the site, and other circumstances. 

free from rock. This will usually be indicate B on the Pacific coast 

CABLE WORK AND HYDROPHONE BASE 

The laying of the cable, though essentially a simple operation is 
by no means easy. It is usually necessary to exercise considerable 
skill in taking it through the breakers, and this requires expert small- 
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boat work. The method used so far has been to set up the cable 
drum, weighing about 5 tons, on the shore so that it is free to turn. 
The end is hauled through the breakers to a launch, and empty 
gasoline drums are attached to  the cable at  intervals to buoy it up. 
When this is done the launch is able to tow out at  least half a mile 
of cable. When the vessel anchored a t  the point selected for. the 
hydrophone is farther off, a wire cable from a reel aboard the ship 
is towed by another launch until the two launches meet. The ends 
of the wire cable and the conductor cable are connected, and the 
latter is hauled out by taking the former to the vessel's capstan. I f  
the entire distance is much over three-quarters of a mile, the strain 
on cables and machinery becomes very great. 

Another method is to haul the cable out from the shoro as far as 
it can be readily towed by a launch. Then the end of a similar 
cable, mounted on a reel aboard the vessel, is towed to meet it. 
The connection is made in a junction box. The objection to this 
method is that the splice requires more than an hour, and it is diffi- 
cult to do the work in a small launch. The advantage is the slight 
strain put on the cable. The cable is seyen-eighths of an inch in 
diameter and is strong, flexible, and capable of withstanding sea 
water under high pressure. It is a single' conductor cable with 
special1 good insulation. 

The K ydrophone base (Fig. 1) is designed in accordance with 
standard practice but is much lighter in weight than is customary. 
It is found to give good service under Pacific coast conditions. The 
essentihl parts are a frame and a holder which securely holds the 
hydrophone in a horizontal position a t  a proper height above the 
bottom, and a junction box. The hydrophone has two conductors 
leading from it, ono of them attached to the conductor and the other 
to the cable armoring as a ground. The purpose of a junction box 
is to protect a splice and to provide a means of transmitting strain, 
so that the cable will not be weakened at a s lice. An iron collar 

armoring is turned back over it and laid along the cable parallel to 
its axis. Inside the junction box the cable is clamped so that the 
Turks-head presses on the clamp when strain is put on the cable. 
The cable leaves the box through a groove slightly larger in diameter 
than the cable. 

The armoring is laid back SO 
as to give sufficient length of conductor for the necessary operations. 
The wires of each conductor are bared for several inches, and the 
adjacent insulation is tapered by means of a razor blade. The wires 
are connected with care after being carefully scraped, and the whole 
is washed with gasoline. The joint is covered first with rubber ce- 
ment and then pure para rubber, which is self vulcanizing, is care- 
fully wrapped around the whole len tli of the joint. This is then 

friction tape. These precautions are necessary to keep out the water 
and give the desired strength to the splice. 

known as a Turks-head is slipped over the en (f of the cable, and the 

A splice is made with great care. 

wrapped with ebonite tape and fina f ly with a protective layer of 

BOMB FIRING 

As small bombs are used and the position of bomb firing is not 
determined from the shore no target is necessary and a simple and 



quick nietliod can be nsrtl. 'I'lie 1)omb is f i i d  by operating a switch 
in the rtidio rooin, and  there ninst therefore bc :L continuous circuit 
€i*oni switch to  bo1111) when in  position foi* firing. T h e r ~  is a, perlllix- 
nent circuit fi.on1 r:itlio roo111 t o  htrim, which contains :i safety switch 
whicl~ is k q i t  o p ~ n  at a11 tinicJs until ~ w t l y  to  fire bonib. h rope 
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riglit, so that the bomb mill bo held a t  the desired clepth b tlie 

an explosion when in contact might part the upright. The opera- 
tion qf setting out the bomb and getting back the end of the coii- 
ductor is very quickly mcoinplishecl. A testing lamp should be 
placed across the ends of the conductors at intervals to see tliat the 
circuit is intact. 

The bombs that have been used are half-pound, ~ O U I I C ~ ,  aiicl two- 
pound tin cans of tlie coininercial typP, containing 'I'. N. T. -4 tube 
is inserted in the can in such a way tlitit the detonator need not be 
brou ht near the bomb until ready to put overboard, a precaiition 

must not be less powerful than S o .  8 electric blasting caps. 

sinker, but i t  will not be in contact with tlie sinker or uprig 9 It, as 

wliic P i minimizes tlie danger froni use of explosives. Dctonntors 

VELOCITY OF SOUND 

This subject is of great importance to tlic. opc'r:ition of radio acous- 
tic ranging. It lias been studied by British, Fi*encli, and Aiiierican 
observers. As u result of a cruise of the Guide! during which known 
vertical determinations of velocity of souiiJ were macle, a theoretical 
method was devised for obtaining the relocity from known condi- 
tions of the sea water. This is discussed fully in the publication 
Velocity of Sound in Sea Water. by K. 14. Heck and Jerry 13. Serv- 
ice, published by this bureau. Even with this theoreticnl lrnowl- 
edge and the vnrious work of scientists of inany countries it is neccs- 
sary to actually fire bombs at a time when accurtite visunl deter- 
minations can be made, and thus determine tlie velocity of sound and 
also to make physical determinations of the sea water a t  intervuls. 
The velocities obtained by taking into account all the data are used 
in  the determination of position. 

The question is frequently brought up whether tlie higher relocity 
of the ex ilosive wave near the actual explosion introduces a serious 
error. Tfie conclusions froni investigations made by the British and 
American observers is that tlie distance through which tlie higher 
verelocity exists iff negligible, and tliat the wave trai7els wit11 the 
velocity of soiind almost inimediately. 

ACCURACY O F  DETERMINATIONS 

The work lias been carried on such a short time under field condi- 
tions that there has not been a great accumult~tion of observations 011 
wliicli final conclusions may be reached, and until such 8 t h e  i t  is 
not good engineering practice to make claims in regard to its ac- 
curacy. The indications are that the radio acoustic determinations 
will give accuracy quite as satisfactory for tlic work at present being 
carried oil by the metliod ns is given by visual methods. 



Part 11.-APPARATUS AND METHOD OF OPERATION 

BY E. A. ~ C I ~ € I A l l I ~ l ~  alld 31. KEIBEIL, B U W U U  Of SikI?tdUrd8 

The nonrisuul determinution of the offshore position of ii vessel witli. 
reference to fixed shore points may be accomplished in  a variety of 

Direction nieasurements can be made on either sound o r  

ends of a shore base line gives the desired position.’ Other methods 
involve the meusurement of time intervuls. I n  one such method the 
intervals between the arrival times of a single souncl signal a t  three 
or inore different shore points are  observed. The position of tlie 
source is deriwble from these i n t e r ~ a l s  and the speed of sound.2 In 
another iiietliod a sound imd radio signal are started simultaneously 
tit one point, and the interval of thew arrival times is observed a t  
:inother pointea The macmitude of tlie interval depends on the dif- 
ference between the speexs of the two signals and on the distnnce be- 
tween the two points. The  speed with which radio signals progress 
throuplr spwe is so great, compared to sound speeds, that  the time 
in w l h h  the radio signal pusses from the transmitter to the re- 
cchiver niay be ignored, m d  the arrival time of the radio signti1 y a y  be 
considered identical with the departure time of the sound signal. 
I f  tlie two signals are trnnsmitted simultaneously from a ship, the 
observed interwil u t  u shore station is practically the time in which 
the souncl signal travels from the ship to the shore station. Under- 
water sound signals nre preferably used. The observed time mnl- 
tipliecl by the speed of sound in the sen mater gives the distance from 
the ship to  the sound receiver of the shore station. Two such dis- 
tiuices froni two shore stations at  the ends of a shore base line com- 
pletely cleterniine the position of the ship. 
In the present instniice the following considcwitions cleteriiiined 

tlie choice finnlly mnde : 
( u )  Diitii for position rleterniinntion to becoiiie directly uvail- 

able on the vessel. ( b )  liecep- 
tion of sonncl signals to Le a t  shore, nvoiding. coniplicntioiis due 
to ship noises. (e) JIoldity of sliore instullutions. ( d )  Require- 
ment that  vessel be the base of operutions, including tlie locnting 
of shore stations. 

’Yi+ ra io signals. The  intersection of two lines of direction through tlE 

This  avoids transniission of data. 

* 11. Keen Dlrectlon nnd Powltlon 1~’lndlng 11 Wlrele8fl. \\‘lrelex& l’rew (Ltcl.), 1,ondon; 
I!E!L I.!giitliouse 
Scrrlce, United Stiiteb IJepiirtmrnt of Commwce. 1U24. 

’ A .  Trowbridge, Sound Ilunglng. Jour. Frankl. I n ~ t . ,  180, )I). 13!i-140 ; 11320. J. C. 
alchnnun, Science and 11s A pilcntion to JInrine I’robicnis. !cnpiiit=erina. 108, 1b1 .  128, 
120 ; 1011). C. V. Dryhdtile, Jruderu Nnrlne I’roblenis I n  W i i r  untl l’eucv, l~lescu~tl l  \ < ~ l v i n  
Lecture. Jour. I n b t .  1Slec. IZng.. GH. pp.. 685, i58U : 1020. 14’. IC. Slnltll, Jfoderll NfIVlgn- 
tlon Devlci.6, E~ip., 117,  ,I)  2I)D 300’ 1024. 

a ~ ,  13. Il’ood t u i t ~  11. 10:. \tiown<, A ltiudlo .\coustlc Jlelliod o i  rmatlng PoNitioiir nt sea. 
Proc. I’liys. Sac London, vol. 35, )p. 188-108: 11)YH. A. U. Wood. 11. 1E. Urowne, and C. 
Cocliime, ~ p e e i  of Hrnull ~ ~ x p ~ o s l o n  \\’riveR 111 ~ c n  \\riiter, etc. Itostil sac.  roc., 105, 
pp. 284-203. 11)!?:i. Pliys. Ilev., 21, 
~ i p ,  181-186 i 1U23. 

7 

G .  1;. l’utnnm 11iidio ~ ’ o p  ~ i g i i u l N  a n d  n e l r  ~m 111 SnvlgiitJon, etc. 

I<:. U. StephenKon. Vrloclty of Sound in Sen Wnter. 
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The requirenients of the sei*\-ice. tliei*eforc, suggesttd tis the 
preferred nietliocl one in mliicli ti sound signtil is started froin the 
vesseI, and in whicli the arrival of the sound si nul at  the shore sta- 
tion sounc~ receiver :iutomaticully results in t f e  transmission of a 
radio signal which in turn is received and recorcled aboard the ves- 
sel. The time interval between the initiation of tlie sound signal 
and the reception of the raclio signal is measured by suitable 
chronographic apparatus. This ~nultipliecl by the proper ~ a l u e  of 
the speed of sound in the sea water gives tlic distance of the vessel 
froni the corresponding shore stntion. All the apparatus is here 
assumed to function instnnttineousl-j. The question of lags will 
be discussed Inter. Two clistances from two shore stations are suffi- 
cient for :i position determination. ,4 third shore station provides 
a check. 
THE SHIP APPARATUS-GENERAL DESCRIPTION OF FUNCTIONING 

The apptiratus 011 b o d  tlie vessel must perform the following 
functions : ( a )  Produce the sound signal. ( b )  Record its departure 
time. ( e )  Receive the radio signals frorip the shore stations. ( d )  
Record their arrival tinies. (e) Provide continuous calibration of 
the chronogrtipliic apparatus. ( f )  L’rovide for coiniiiunication with 
the shore stations. 

The sound signal is produced by the detonation of tt T. K. T. 
bomb of suitable size snspended by cal)le froin I float being tomecl 
by the vessel. Mercury fulmiuiite cletoiiutors which tire firecl elec- 
trically are used. The firing is done from 11 snap switch which closes 
three circuits siniultaneously. One circuit fires the bomb, another 
keys the radio transmitter, thus sending out a radio signal, and thc 
tliird operates a clwonograpli pen which records the jnstant of firing. 
This operating switch is tiCttiiilly snapped through the ” on ” to tho 
‘( off ” position in order tlitit the clironogrtipli record of the time o€ 
fire and the radio sigiial slionltl not be inconveniently long. The 
radio signal merely conveys tlie infoniititio~i to tlie shore operiitors 
that tlie boarb Iii~s been fired. 

As soon :is tlie bon1b has been firccl tlie ship opcrutor switclies his 
radio apparatus from ‘* transiiiit ‘‘ to ’’ receiw.” The radio signal 
returned froni tlir slioi-c sttition then pii5ses tlirougli tlie radio re- 
ceiver and power aniplifier, lifter which tlie signtil energy has been 
suficiently uniplifiecl to operute ti i-e~ay. T I ~ C  relay controls the local 
power used i n  operiiting the signril p i 1  of the chronogrnpli. The 
sclieinatic layout of the ship tippirat us shown in Figure 2 shows 
how the snnie signti1 pen is o )eratecl to record both the instant of 
sound signti1 cleptirtrire tind t I itit of radio signal arrivnl. Aiiotlier 
pen records ti second‘s scale tidjacciit to tlie signtil line, tlie second’s 
signals being proviclecl by a Lrenk-circuit clironometer. 

GENERAL DESCRIPTION OF FUNCTIONING OF SHORE STATION 
APPARATUS 

The shore stntion apparatus must respond autoinatical.ly to the 
receipt of it sound signnl by the transiiilssion of ti rad10 s~gnttl tincl 
provide inems of coniniunicntion with the s h i p  At  each shore sta- 
tion a liydroplioiie mounted on ii suit tible support is plnnted on the 
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sea bottom and coiinected by cable to the shore station proper. h 
hydrophone is a niicroplioiie for underwater service. I t  converts 
the ressure variations of sound waves in the water into variations 

of the transmitter of n telephone. The current variations are am- 
plified by the hydrophone amplifier, the output of which provides 
sufficient power to operate a relay. A sound pulse in the water, 
therefore, results in a momentary closing of this relay. The opera- 
tion of this relay results in the keying of the shore station radio 
transmitter, which thus sends out the radio signal to be received on 
the ship. 

The .radio traiisinittiiig set is not keyed directly by the hydro- 
phone-amplifier relny for retisons among which two are of paramount 
importance. The direct operntion would involve close association of 
the high potentials of the rndio transmitter with the amplifier. This 

of e f ectric current in its circuit. Its functions are analagous to that 

l<>O. 2 

would present 'rent clitticulties in the control of the latter. It is 

with a radio signal instantly on receipt of the sound signal, as this 
would, in genernl, make it difficult to identify each radio signal 
with its station of origin. I n  order to facilitate this identification, 
n clockwork mechanism is provided at  each shore station which i5 
set in motion by the hydrophone amplifier. This cloclr\vorlr or 
autoiliatic key rotates n code wheel which controls the transmission 
of radio signals at  definite t h e  intervals after the clockwork has 
begun to operate. By having tliese time intarvals properly spaced 
for the dieerelit shore stations the identification of the signal with 
its origin is great1 7 simplified. 

by each automatic ltey must be known and 
subtracted from the recorded time to obtain the actiiul t rawl  time 
of tfie sound. The apparatus is so designed that this delay and thc 
lags inherent in the operntion of the apparatus may be currently de- 
temined. To this end the rnclio receiver o f  the shore stntion \diicli 

furthermore un h esiriible that n l l  three shore stations should respond 

The dellny introcuced i 

2007-24-3 
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is used to receive tlie radio trtuisniission from tlie ship may be 
switched so as to replace the hydrophone circuit. When so arranged, 
the operation of the shore station apparatus may be initiated by a 
radio signal. It trips the hydrophone amplifier relay, which starts 
the automatic key, which in turn controls the signal transmission 
as before. With all of the shore stations switched in this manner for 
a lag determination tlie vessel transmits u radio signal and records 
its departure time. The shore station :iutonintic keys are started 
simultaneously (except for difference in their respective lags), and 
each shore station sends back its radio signal, which is received and 
recorded aboard ship. The times thus recordecl give tlie total lags 
which must be subtracted from the observed times to give the actual 
travel times of the sound. 

In the lag determinations the operations abonrcl ship are unchanged 
except that no bomb is fired and that the apparatus must be switched 
from (( transmit ” to (‘ receive ” more proiiiptly. This is nccessar+y 

RBDIO 
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because the interval between signal departure from the ship niid 
signtil return from the shore station is only a fraction of a second 
larger than the delay introcluced by the automatic key. It is for 
this reason that tlie automatic keys hare beel? so adjusted that at  
least five seconds are available to effect this swtching operation. It 
should be noted that in the Ing determination practically all the 
meclianiciil operations are identical to those tnking place in the posi- 
tion determination proper, and that the electrical circuits are identi- 
cal except for the substitution of the radio receiver circuit for the 
hydrophone circuit at the shore station. It is quite certain, there- 
fore, that the lag determination is esact within tlie limits of the 
other measurements involved. 

The general arrangement of the shore station apparatus is shown 
intervening between the 

automatic key and the transmittin set ins not yet been mentioned. 
schematically in Figure 3. 

It is highly insulated, because it Sirectly controls the high poten- 
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tials of the transmittin I n  this manner the automatic key 
operates at low potentia 7 s which simplifies its design considerably. 

set. 

OPERATION 

A brief r6siimC! of the operations in\Tolvecl in a position determina- 
tion mill nom be in order. It is first iiceessary to insure that the 
radio transinissioiis of all the shore stations give strong signals at 
tlie same setting of tlie radio receirer aboard ship. I f  this condi- 
tion is not satisfied, some of the shore station transmitters must be 
retuned. After code transmission from each of the shore stations 
has been received satisf actoiily without a readjustment of tlie re- 
ceiver and tlie readiness of each shore station in other respects has 
been established by radio phone conimunication tlie ship operator 
transmits the warning “ One minute to go.” The shore operators 
are nom all listening on their radio receivers. At the expiration of 
the minute the ship operator snaps the operating switch firing the 
bomb, sending 11 radio dash and.recording a signal on the chrono- 
graph sheet. At each shore station the following operations resull 
on arrival of the sound. Tlie hydrophone amplifier relay responds 
and starts the nutoniatic key. Immediately after the stnrting of 
the autoinatic key the shore station operator switches the radio trans- 
mitting set to “ tmnsmit.” At  the proper times the code wheel op- 
erates the high insulation relay, which keys the traiisniitter and 
sends a, radio signal from the shore station. Several signals are 
sent from each station to avoid loss of record for one sttition owing 
to interference or other accidental causes. The radio signals are 
received aboard ship and there recorded. The final record contaiiis 
the sound clepnrture signal and several radio reply signals from eacii 
station. 

I n  a lag deterinination the operations itre entirely siiiiilar except 
that no bomb is fired. The chronograpli record on the ship gives the 
time iiitervnl between radio signal dep;irture from the ship and ra- 
dio signal return from each shore station. This time interval is the 
I n u  correction. 

S’hus fa r  we have confined our attention to the fiinctionnl relations 
of the rnrious units making up the apparatus. Some further dis- 
cussioii of the incliviclunl parts will follow. 

THE SOUND SIGNAL 

An explosive source of sound hns  substantiid ndvuiitages. Be- 
cause of t h  occasionnl character of the position clcterminations the 
cost does not beconie n serious factor. A wide range of iiiteilsity may 
be secured by adjustnieiit of the size of the charge to the conditions 
of operation. Tlie explosive sound provicles the further advantage 
of a steep wave fiwnt. The stee er mare front results in greater 
rate of current wriation in the hy 2 roplione circuit, and consequently 
in a greater voltage in the secondary of the transformer through 
which the hydrol~lione is connected to the first tube of the amplifier. 
The system is thus selectively sensitive to the esplosire sounds in- 
volvecl in o >eration and relatively less sensitive to other perhaps 
cqually lou a! souncls characterized by lower rates of pressure raria- 
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tion. This  theoretical coiisidcJ*ation is wrifiecl in practice by the 
r e l a t i d y  great distances a t  \vhich mercury fnlniinate cletonators 
alone give strong signals at  the shore stations. 

Esperinient lias shown that  \\-hen a sufficientlp large voltage is used 
for firing the primer tlie interval between the closing of tlie circuit 
aiicl the esplosion of tlie bomb is less tlinii a tliousancltli of a seconcl 
and niay therefore be ignored. 

Sound sources other than bombs such as oscillators, involve the 
question of tlie building up OS nmplitucle a t  the start and the coiise- 

FIQ. 4 

qiient doubt as to the point in the resulting \raw train at which tlie 
receiving apparatus tliresliold is reached. Finally, the distance 
range of coiiiiiiercially available oscillators is insnfticicnt fo r  thc pur- 
poses of this work. 

RADIO RECEIVING A N D  TRANSMITTING APPARATUS 

These units are staiichrcI aiid require no special description except 
that  they c o ~ e r  tlie h o d - c a s t  range of wave lengths, and that  the 
ti :~nsmitter is a 50-watt tube set perniitiiig rncliopllone. bnzzcr moclu- 

. lated and continuous w a w  code t ransn~iss~on.  These units are iden- 
tical for  the ship and s1ioi.r st a t '  1011s. 
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P O W E R  AMPLIFIER (SHIP)  

This is a two-stage amplifier with the windings of a relay in the 
output circuit. The output of tlie radio receiver is fed into this 
amplifier. By adjusting the niettn grid potential of both tubes the 
circiiit is brou lit to n condition in which no current flows in the 
plnte circuit o f the output tube, and consequently there is no cur- 
rent through the relay windings unless a signal comes through. 
in wliicli case the current rises sufficiently to operate the relay. 

The meter indicates the 
alnouiit of current available to operate the relay, and therefore serves 
11s tt rlieck on the proper functioning of tlie aniplifier. A schematic 
miring diagram is shown in Figure 5. 

The amplifier is shown in Figure 4. 

T H E  CHRONOGRAPH 

The chronograph used for recording the signals \vas specially 
built for use on board a slii 3. It is shown in Figures 6 and 7. The 
motive power is provided t y a series inotor tlie speed of ivhicli is 

rlc. 3 

controlled by means of u centrifugal governor. The iiiotor speed 
is 1,800 revolutions per niinute, and tlie clironogra 111 drum speed is 
one revolution in either 30 or GO seconds. The re a ucing gear train 
inclitdes a gear shift wliicli engages to provide one or tlie other of 
tliesc clruni speeds or which may be set in “ neutral.” In this latter 
position the drum may be rotated freely by hand, mhicli is convenient 
for nioiiiiting the chronograpli sheet in piace. 

Tlie gem triiin and governor are inclosed in 11 ~nctiillic housing 
pnrtly for protection ngiiinst dust mid partly to shield outside appn- 
ratus from the sptirlting incident to the oimxtion of the governor. 
1ho liousing is ensily opened to provide ticcrss for oiling and nd- 
jiistiiicnts. 

’J’lic clectricul circuit of motor nncl governor is shown in 
Fipurc 8. Tlic iiiotor being series wound tencls to speed iip. \VI.ien 
the criticnl spcecl for \vhich tlic governor has h e n  atljustccl has 
been sliglitly exceeded, the govei-nor f iuictions to open 11 contact 
which previously lins short circiiited n resistnnce in  tlic form of nn 
inciuidcscent Innip. ‘I’lie throwing of this Ininp into tlic circuit 

r -  



, 





decreases tlir voltage :ICIWSS tlir motor tei*niin:tls and c a m v  it to 
slom clown. Tliis is followed by the closing of tlir contact, incre;m 
of motor sped ,  and a repetition of the cycle. I n  n o r n i ~ l  operation 
the cycle is iy)etitcd sonio 30 or 40 tiines a wconcl. Whrn  the system 
is fnnct ioning ]"qwIy ,  the lniiip slioms H nniform flickn-. T,acIc 
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of uniformity in the flicker indicntrs iindne v;irinbility of the load 
01' else i~~alf i i~ict ioi i ing of the governor contact. 

In the initial design of pon c:ti'riagc, :IS slioivn in Figures C, and 7, 
a sjnglc pen served to record hoth olwrating and clii~ononieter sig- 
nals, the two coils shown in  Figui-e 2 h i n g  \vonnd clifferentially on 

F l G .  0 

the sanie magnet. In view of the small number of operating sig- 
nals, the  operating personnel .found this systein inconvenient, ant1 
difficult to  interpret when an operating signal and n chronometer 
signal came close together. Foi. this reason independent pens for  
recording the two kinds of signals were substit ntetl. 
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RELAYS 

The apparatus involves tlie use of a number of relays of standard 
design which h a w  been modified in sonic particulars, however. A 
modification common to all is the substitution of jeweled bearings 
and ground ivots for the malcers’ mounting of the armature. This 
is done to re B uce pivot friction and to gain a corresponding greater 
constancy of performance. The relays whose coils are in the plate 
circuit of an amplifier tube haw been rewound to a resistance of 
approximately 1,200 ohms. This iniikes tlie combination of tuh  
and relay inore efficient. Finnlly, the liiglily jnsuluted keying relay 
(shore station) has its windings carefully insulated froni the frame, 
as the frame is part of a high potential circuit while the coils 
are in a low potentinl circuit. This relay is slionw in Figure 9, 
together with a standard uninodified relay. The changes in the 
nitinner of pivoting tlie armature ore clearly discernible. It is hardly 
necessary to point out that the consistent performance of the relays 
is of fundaniental importnnce in the attninment of the required 
accuracy. 

1.10. i n  

THE HYDROPHONE 

This is the device which converts tlie pressure variations of the 
sound wave into variations of an electric current. A typical liydro- 
phone is shown in section in Figure. 10. Its essential parts are a thick 
rubber diapliragm to wliicli is attached the lighter electrode of a 
microphone button, the heavier electrode providing inertia. When 
the rubber diaphragm inoves as a result of pressure variations in 
tlie water, the inertia electrode does not fully share tlie motion, and 
there is u relative displacement of the two electrodes of tlie button 
ivliicli results in a resistance variation. Since a constant E.M.F. is 
impressed upon the circuit, a current vnriation is produced in the 
microphone circuit. 

The hydrophone must be planted near the sea bottom at il suitable 
depth. It is connected by ineans of B single conductor cable to the 
shore stntion. A ground return circuit is used. 

THE HYDROPHONE AMPLIFIER 

This instrument serves two important functions. I t  amplifies the 
current vnriatioiis tnlring plnce in tlie hydro hone circuit when a 

current is sufficient to operate a reluy. It also ninplifies the current 
sound wave passes over the liydyophoiie until t Y ie resulting amplified 
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variations in the radio receiver due to a received radio signal to the 
same end. The  change over from the one function to the other is 
accomplishecl by throwing the triple pole switch on the front panel 

1 

in the appropriate direction. I n  either case this relay initiates the 
subsequent operations involved in the transmission of :L series of 
radio signals. 

The cable termi- 
nals are connected to the binding posts marked " Hydro  '' (seen in 

The amplifier is shown in Figures 11 and 12. 
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fig. 111. The terminals for tlie hydrophone supply battery, the con- 
trol r ieostat, the current indicating meter, and the single-pole 
switch for opening the hydrophone circuit are seen a t  the left. By 
plugging a telephone into the jack S the amplified effects of dis- 
turbances in the hydrophone circuit may be heard. The jack R is 
used to connect the radio receiving set to the amplifier. I n  the mid- 
dle is shown the triple pole switch, tlie position of which determines 
whether the amplifier rela response is to a sound or a radio signal. 
The meter on the right in B icates the current in the relay circuit, and 
the switch and rheostat serve for the tube filament control. On the 
extreme riglit are the output terminals which are connected to  the 
automatic key. Figure 12 shows the relay and amplifier tubes. The 
schematic wiring diagram in shown in Figure 13. 

The grids of the tubes are adjusted to a potential -which is nega- 
tive with respect to the filaments, so that no current flows in the 
relay circuit when the hydrophone current is steady or in the " lag " 
switch position when no signals are coining through the 1' a d' io re- 
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ceiver. This grid potential ndjustnient is commonly known as a 
" bins." The bias permits the use of the relay at  the adjustment for 
maximum sensitivity. The biasing has a further advantage that if 
at the adjustment just described water noises and other extraneous 
disturbances occasionally tr ip the relay the grids may be made more 
negative until no further trouble from this C U U S ~  results. This ad- 
justment, to be sure, decreases the sensitivity to the sound signal, but 
this can be offset by using an increased explosion when unusually 
nois sea conditions require heavy biasing. Nornially water noises 
can t e rendered harmless by moderate biasing. 

T H E  AUTOMATIC KEY 

The automatic key is a clockwork mechanism which is set in motion 
by the arrival of a sound or radio si a1 and which resets itself 
after a complete cycle of its motion. T E S  cycle is one revolution of 
tlie escapement wheel. The clockwork is a modification of a standard 
metronoine mechanism. A notched code wheel (shown at g in fig. 
14) is mounted on the escapement-wheel shaft. A small wedge at 
the end of a short stiff sprin rests on the convex surface of the code 
wheel and falls into the notc s ies as they pass. This operation closes 

2 a circuit at h, which in turn operates the radio transmitter keyin 
relay. The schematic diagram of the code wheel and its associate 
circuit is shown at the left of Figure 15. 
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The starting of the clockwork is effected by the relay b (see fi s. 

clockwork is in operation. . I n  the '' stan$-by " condition the arma- 
ture of the relay is therefore held away from the magnet by the 
spring. An extension of the pendulum rests on an extension of the 
armature, with the pendulum held in approximately the position 
of maximum displacement. When the si nal comes in, the armatuzle 

armature remains in the " attracted ".position until the clockwork- 
c cle is completed, whereupon it is released. The release is so timed 
t&t it  catches the pendulum at its maximum displacement and holds 

14 and 15). The coil circuit of this rela is open except when t a e 

of the relay is attracted, thus removing t a e pendulum support. The 

it. It is now ready for the next operation. Winding of the spring 
is the only attention required in normal operation. . 

The armature of the automatic key relay is held in the 
" attracted " .position from the beginning to the. end of the cycle, 
although the hydrophone amplifier relay which controls this opera- 
'tion (see. fig. 13) is closed only momentarily. The manner of ac- 
complishing this may be understood from Figure 15. An extension 
d on the code wheel g opens the contact c on the last swing of the 
pendulum in the cycle. On the first swing of the next cycle the 
arm d advances, so as to permit this contact to close. It remains 
closed until again opened by the arm d. In  this manner the coil 
b remains energized, and the armature remains attracted until the 
cycle is completed. Since the contact c is in parallel with that of 
the amplifier relay, the functioning of the automatic key is inde- 
pendent of the latter after the sthrt. 
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The spacing of the notches on the code wheels is different for 
the different stations. This difference in spacing is an aid in 
identifying the recorded signals with their station of origin. The 
interval from the starting of the clockwork to the first signal of the 
code may be altered by changing the position of the arm d wibh 
respect to the notches on tho code wheel. The interval between 
signals may be adjusted by changing the pendulum rate, using the 
sliding weight on the pendulum rod a for this purpose. The 
automatic key with cover in place is shown in Figure 16. 
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