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FOREWORD

I
This report is submitted to the Navy Department Bureau of Ships

Electronics Division by the Electronic Systems and Products Division
of the Martin Company in fulfillment of Contract Number NObsr 85577 , /~‘eIndex Number SF099031, Task 1461. Contained herein are the methods
and results of the Submerged Submarine Navigation Aid Study, which
covered the period from 1 July 1961 to 28 February 1962. 1
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• ! I ABSTRACT

I he purpose of this program was to determine the specifications
design of a submarine navigation aid for the operational range of
AUTEC , by studying and optimizing all the factors involved. The de-
sired system is based on accuracy of 50 yards or better at depths of1 150 to 1500 feet , and at speeds up to 30 knots .

Initially, it was determined that the navigation method to be used

~ I was acoustic by nature, due to existing submarine equipment and the
limitations of other techniques under water . From this , two acoustic-

• t type systems can be considered: direct path coverage or bottom bounce
• 

~~ 

coverage. 
4

The first type can be readily designed to give the required system r
~ performance with presently available data. Because only about 5000 feet

of water depth is available , the coverage of this type of system is limited
to a 5-mi range. This required 120 to 150 stations to cover the corn-
piete area with the attendant installation, power supply, maintenance and

- location problems that arise as a result of the large number of stations
involved.

The only other alternative is to use bottom bounce techniques to
I Increase the individual station range. This decreases the number of

stations required to about 15 to 20. Enough data was not available, as
far as signal degradation with range and bottom bounces is concerned,

t 
to be able to comprehensively study this system and compare it with a

- direct—type system. To resolve this problem and to acquire the neces-
sary da ta, an experimental program was planned and conducted In the

T Exuma Sound area.

The analysis of the data from this program has provided sufficient
• input to allow a complete determination of system parameters . TheseI system parameters are :

(1) Navigation method - -acoustic ranges only, with synchronized[ clocks.

(2) Range--6. 5 ml direct , 15 mi with one bounce.

1 (3) Frequency of operation--two bands; 1.8 kc to 2.0 kc and
2.2 kc to 2.4 kc.

(4) Range resolution--25 ft.

(5) Coding--FM pulse , 200 cps linear frequency sweep.H
. 1
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(6) Pulse length--50 ms.

(7) Pulse repetition rate--once every 30 sec.

(8) Processing fllters--20 cps wide , 10 required per channel
(two channels necessary).

F l
(9) Station coding- -four types, ascending and descending FM LI

pulses in each of two bands .

(10) Transducer requirements--1-kw peak acoustic power at H
2.1 kc, with a Q of 4 or less.

In addition to the above items, the configu ration of a navigation corn- - -

puter was determined that would automatically compute the submarine
position.

An accuracy model was derived using pessimistic accuracy values.
Using this model, several beacon placement schemes were studied.
From this, it was determined that the optimum placement of 15 beacons
would give a usable coverage of 2809 sq mi , with an average accuracy
of better than 40 yd. This amounts to 84% of the total area of Exuma
Sound area between the 100-fathom curves.

The cost analysis has been completed and shows tha t there are two
acceptable power supply systems. Both use diesel powered generators
on shore with cable to the deep beacons. In one case, the beacon con-
sists only of a projector and matching network which are driven from
a shore driver through a cable capable of handling the high peak powers .
The beacons in the other system consist of a projector and matching
network, individual deep driver and storage batteries which are charged
through an inexpensive cable from shore. The first case results in the
most reliable system , with a total cost of about 2.7 million dollars for
the complete Exuma Sound range (15 beacons, 84% coverage) . The
latter system, while perhaps not as reliable, has a total cost of about
1.9 million dollars for the same coverage. Neither of these figures in-
clude maintenance costs which may be higher in the second system and
which could decrease the gap between the two. Development cost of the • 

-

shipboard computer is also included in the above figures, but the cost
of the operational computer is not.

The final end product of the study Is the “Specification for a Sub -
merged Submarine Navigation Aid ” which is included as Appendix C.

Feasibility has been proven in the study, and it is recommended that
the next logical step, implementation of a small portion of the range, be
taken to determine and demonstrate the capabilities of the navigation

-; system designed herein. This would be accomplished by installation of
the northern three beacons and their associated shore station , along with
location and accuracy tests and navigation computer development.
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I. PURPOSE

The purpose of this study was to derive a specification for a Sub-
merged Submarine Navigation Aid for the approximately 40 by 100 mi
Exuma Sound Operational Range of AUTEC . The Navaid is to have an
ac cu racy of 50 yd for a submarine traveling at a depth between 150 to
1500 ft and at a speed of up to 30 kn.

To meet the above requirements, the following items were accom-
plished.

(1) Experimental program. Tests on site and attendant data
reduction to determine parameters necessary to the study
but with unknown values.

2) Configuration study. Determination of the navigation
geometry, system parameters and computer configuration
u sing available data as well as data derived from the ex-

- - 
perimental program. —

(3) Operations analysis. Determination of beacon placement,
powe r supply method and growth potential for optimum
system accuracy, cost and reliability.
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L
II. PRELIMINARY CONSIDERATIONS

I Several factors were determined early in the study, such as the
• transmission method, choice between continuous and pulse transmission,

and applicable propagation mode.

Since the operational range covered a fairly large area (approximatel y
40 by 100 mi) , a reasonably long range system was required in order to

r keep the number of installations to a minimum. For instance, if a 15-mi
I. range system is feasible, only about 20 different installations are re-

quired, but for a 5-mi range system about 160 installations are required ,
and for a 1-mi range system about 4000 installatIons are required.

- 
Therefore, it was extremely advantageous to use a system with as long
a range as possible. Of all the possible underwater transmission methods
(RF , magnetic, elect rostat ic , acoustic , etc.) , only the acoustic method was
known to reliably reach the ranges (5 to 15 mi) required for the Naviga-
tion Aid. Therefore , acoustic transmission was the only method con-
sidered in the remainder of the study .

Since the Navigation Aid will use acoustic signals, there is the pos -
sibility that mutual interference will exist between the Navaid and exist-
ing and future sonar systems used with ships, submarines and aircraft .

- To minimize this and , therefore, prevent continuous acoustic cluttering
of the operational area , pulse transmission is preferred over continuous
transmission. Pulse transmission lends itself easily to nonambiguous
range indication, which is a necessity since ambiguous navigation sys-
tems have proven themselves unsatisfactory in many cases of use for

• above water systems. Continuous transmission can be coded to give un-
ambiguous range, but the coding techniques required increase the equip-
ment complexity . For the above reasons, only pulse-type transmission

• was used In the remainder of the study. -

Acoustic transmission was selected, but there remained the choice
of propagation mode. There were three possible modes: direct , sur face
channel and bottom bounce. The surface channel mode was eliminated

~ fl 
immediately because it does not exist all the time and varies considerably

LI with the time of the year , sea state and local weather conditions . The
direct path could be used but is limited to a range of 5 mi , which is suf-
ficient but results in a large number of installations. Enough data is
available to show the feasibility of this method and to accurately predict
its performance. The bottom bounce mode (using one bounce) gives a
range of 15 mi , resulting in a considerably smaller number of installa-

fl tions. Sufficient information was not available regarding bottom losses
U and pulse degradation to determine system feasibility and to reasonably

predict system performance. For this reason the experimental program
described in Chapter III was embarked upon to acquire sufficient data to

U
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permit evaluation of the bottom bounce mode versus the direct mode
and a selection between the two. The comparison and selection is made
later.

At this point , it was determined that the Submerged Submarine Nav-
igation Aid would utilize pulsed acoustic signals using either the direct -

path propagation mode (5-mi range system ) or the single bottom bounce
mode (15-mi range system).
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• III . EX Pi~RI M ENTAL PROGRAM

— The purpose of the experimental  program was to obtain additional
da ta for an intelligent stud y of a lon g range navi gation system versus
a short ran ge system. Previous data was available to allow a design

-- and st ud y for the short range case . The necessary and desired infor-
mation from an experimental setup is threefold .  First , the timing ac-
curacy of the received pulse as a function of range (and therefore nurn-
ber of bottom bounces) , signal-to-noise ratio and pulse modulation

- r characteris tics must be determined , since the navi ga tion system can-
not be any more accurate  than this timing . Second , if sufficien t t iming

— accu racy is achieved , i t must be determined whether the average ye-
• 

- locity of sound is constant or predictable enoug h to determine range
wi th the desired accuracy.  This includes whe ther or not the desired
signal can be separated when more than one is received due to other
propa gation modes. Las t , the bottom bounce loss as a function of fre-
quency and incidence a ngle is required to determine the acoustical and

* electrical power requi rements.

The only difficul ty anticipated was acquisition of t iming stability =

data because the tests were to be conducted once during the year and
only short term variations could be measured. This problem was not
considered serious , however , becau se bat hythermographic dat a for
the whole year were available and a computer stud y of the long term

• effects could be made .

The desired data was acquired by a two-ship operation in the area .
The intended procedure was to t ransmit  AM , FM , and pseudora ndom
signals , pr imari l y in the range of 500 to 1500 cps and at different
source levels from Ship 1 (Fig. 1). Ship 2 was then to make tape re-
co rdings of the signals received at various depths and distances. The
tapes were to then be played back and anal yzed at the Martin Company
in Baltimore . Accurate navigational position was desirable in all cases
fo r both ships but mandatory onl y durin g the acquisit ion of data of the
second type listed above .

In order to meet the above objectives , several steps had to be im-
plemented.  These were the design and fabrication of the experimental
equ ipmen t , procuri ng of ships ’ services, experimental  tests , and fi nall y

- reduction of the da ta . A detailed discussion of these items follows.

A . EXPER IMENTAL EQUIPMENT

1. Ship 1 Equi pmen t

A block diagram of the equipment required on Ship 1 is shown in
- • Li Fig. 2 . The funct ion and source of each item are discussed on pages

8 and 9.

I~~U
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(a) Dual preset counter. Standard item; generates synchronous
pulse width and pulse repetition rate.

(b) Timing control circuits. Starts and stops the various pulse
generators from manual and preset counter signals.

(c) AM pulse generator. Generates the AM pulse.

(d) FM pulse generator. Generates the FM pulse.

(e) Pseudorandom noise pulse generator. Genera tes the pseudo-
random pulse.

(f) Inverter driver. Makes the pulse generator signa l compatible
with the inverter .

(g) l0-kw inverter. Supplies 10 kw to the projector and cable .
It embodies small size , high efficiency, wide frequency range
and loa d immunity . It was developed as part of the Martin
ASW component development program and ~.as supplied for
use in this contract.

(h) Projector cable. Originally to be GFE, but was not available •

because of its continued requirement on the Martin NUOS
Taut Wire Array program. Because of this , 12 ,000 f t of
double-armored coaxial cable (Martin property, used in

-
• Martin-NRL propagation tests) was utilized.

(i) Matching transformer and inductor. Matches the projector
to the low impedance coaxial cable .

(j ) Proje ctor. Originally it was planned to use an available
MBP-2 projector for the tests , but a scheduling conflict ex-
isted with the Taut Wire Array program. To alleviate this ,
a GFE model MBP-2 projector (built by Martin for NRL)
was borrowed from NRL for this program. The unit had
been slightly da maged by NRL and was repaired by Martin
prior to use.

(k) Radio transmitter and antenna. Supplied by ship ’s subcon-
• tractor; used to send a replica of the transmitted acoustic

signals to Ship 2 .

(1) WWV receiver and antenna. Externa l synchronized time
reference.

(m) OSC. Standard item furnished by Martin Laboratory Stock-
room; used as an internal time reference.

CONFIDENTIAL
ER 12316
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(n) EPUT meter. Standard item furnished by Martin Laboratory
1. Stockroom; used to accuratel y check system frequencies.

Other items which were required on Ship 1 but are not show n in the
diagra m are listed below : -

(a) Bathythermographs . GFE .

L (b) B-T winch. Supplied by ship ’s subcontractor.

ii (c) Radar. Supplied by ship’s subcontractor.

(d) Fathometer. Supplied by ship ’s subcontractor.

(e) Decca navigation. GFE (permanent Decca was not available
in time and Decca Hifix was extended to allow utilization on

- 
this program).

(f) Ship-to-ship and ship-to-shore radio. Supplied by ship’s
contractor.

(g) Projector winch. Furnished by ship ’s subcontractor .

- - 
(h) Acoustic pressure levelmeter. Available at Martin; used to

— 

I measure transmitted source level .

2. Ship 2 Equipment

The block diagram for Ship 2 equipment is shown in Fig. 3 . The
function and source of each item are discussed below :

(a) Hydrophone. Available at Martin from another program.

(b) Preamplifier. Same design as FAB but modified to include j
a calibration resistor.

(c) 1500-ft. 4-conductor cable. Purchased item.

(d) Amplifier. Boosts the acoustic signal to ~ reasonable level .

(e) Amplifier-speaker. Standard purchased item; used to allow

0 aural monitoring .

(f) Radio receiver and antenna . Standard item furnished by ship ’s
f fl subcontractor; used to obtain timing reference signal from 

• 

-

Ii either WWV or Ship 1.

(g) Oscillator . Standard item furnished by Martin Laboratory
St~~ki oom; used to calibrate hydrophone preamplifier.

• CONFIDENTIAL
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• 

U (h) VTVM. Standard item furnished by Martin Laboratory Stock -
- room; used to measure calibration voltage .

fl (i) Tape recorder. Standard item furnished by Martin Labora-
U tory Stockroom; used to record the radio and acoustic data .

- (j ) Microphone . Standard item furnished by Martin Laboratory
Stockroom.

Other items required on Ship 2 but not shown in Fig. 3 are as fol-
L lows:

- 

( 1) Bathythermograph. Standard GFE item.

(2) B-T winch. Standard item furnished by ship ’s subcontractor.

• (3) Radar. Standard item furnished by ship’s subcontractor.

(4) Fathometer. Standard item furnished by ship ’s subcontractor.

(5) Decca navigation. GFE (permanent Decca system was not
- 1 available in time and Decca Hifix was extended to allow utiliza-

tion on this program).

(6) Hydrophone winch. Furnished by ship ’s contractor.

• Ship subcontractor items referred to above are items that are subcon-
• tractor-owned shipboard equipment .

The construction of the circuitry largely consisted of transistorized
plug-in printed circuit cards. The same printed cards used on the Taut 3

L Wire Array program were used in most cases to minimize drawing and
construction costs. The differences between the two designs are recon-

4 ciled by using different components and mounting them in different
[j locations .

B. SHIP’S SE RVICES

F ~~.. A specification for the ship services required was sent to Geraldines
- Ltd . Byrd Undersea Technology Corporation , Marine Acoustical Ser-

vices , U .S. Underseas Cable Corporation , Cleveland Pneumatic Indus-
U tries , Inc., and R. W . Stusch and Company. A copy of this specification

is included as Appendix A .

~~~~ : On the basis of the replies , the choice of ship ’s services was initiall y
narrowed down to Geraldines Ltd and Byrd Undersea Technology Cor-
poration . The first  subcontractor was the most attractive price-wise,
very cooperative , and had ships which were small (97 and 63 f t )  but

CO.~~ ID}~4UAL 
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adequate . The second subcontractor was second low bidder , also very
cooperative , but had much larger ships (130 and 100 ft )  which were very
stable and could operate easily in Sea State 3. The second subcon tr ac-
tor , located in Miami, had a steaming time to Nassau of onl y one day;

- • while the first , located in Annapolis , required six days to Nassau. The
advantage of the larger ships was that the percent utilization would be
considerably higher as far as weather and sea state were concerned
and , therefore, considering steaming time also , the total ship cost in-
curred using Byrd might be the same or less tha n Geraldines.

The decision was then made to use Byrd Undersea Technology Cor-
poration ’s “Sea Search” for Ship 1 and Geraldines Ltd’s “Earl of
Desmond” for Ship 2 as the best combination from a cost and perform-
ance point of view . Shortly thereafter , the “Sea Search ” was required
to stand by for the Taut Wire Array program and could not be sched-
uled for use in this program. In addition , the change to the longer and
larger projector cable put more stringent requirements on the winches
and spools. The modifications required could not be accomplished in
the short time available.

For the above reasons (and the fact that the cost per day was about
the same) , U.S. Underseas Cable Corporation ’s Cable Layer “Omega ”
was then selected for Ship 1. The cable machinery and equipment al-
ready in existence on this ship was more than adequate to handl e the
projector cable.

The Omega needed only a fathometer and a new UNQ- 1. A fathom-
eter was installed on the ship in early October in Norfolk , and since
the projector cable was stored aboard the USS Hunting, which was also
in Norfolk , a transfer of the cable was conveniently made there .

All ships under serious consideration were inspected by both Martin
Engineering and Procurement personnel prior to the final choice.

The f inal ship ’s services contracts were submitted for the Contract-
ing Offic er ’s approval; on receipt of approval the Omega and the Earl
of Desmond were put under contract.

C. TEST PROGRAM 
- 

-

The data gathering portion of the experimental program was then
completed using the equipment arid ship ’s services discussed previ-
ously. The test procedure and the log of ship operation are discussed
in this section.

1. Test Procedure

The test procedure followed the original plan (Fig. 1) and is de-
scribed in the following paragraphs .

[1
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F Ship 1 (the Omega ) transmitted acoustic signals at a depth of approxi-
mately 5000 ft of water  and simultaneously transmitted a replica of this
acoustic signal via an RF link .

Ship 2 (the Earl of Desmond) recorded on magnetic tape the acoustic
signals received at depths from 100 to 1500 ft at 1 -1/2-mi  increments
from the Omega . The RF replica was received and simultaneousl y re-
corded on another channel of the ta pe recorder in order to be able to
de termine acoust ic signal t ravel t imes . Originall y, Decca radio navi-
gation was to be used for above water  navigation to permit a compari-[ son of these travel times with the range between the ships . The Decca
navigation was not util ized , however , due to schedule conflicts and the
untimel y failure of the acoustic projector system.

• FM pulse (swept pulse) signals were utilized most of the t ime in
- - order to acqui re AM a n d FM pulse performa n ce da ta as w ell as bo tt om

loss da ta as a function of f requency .  At the end of every 1 .5-mi incre-
- I ment , pseudorandom noise (P R N )  pulses were t ransmit ted  to compare

the performance of this type of modulation with AM and FM pulses.

The transmitt ing ship was supposed to take five positions (corre-
sponding to init ial  beacon locations) and the receiver  ship was to make
one run from shore toward  and beyond the t r an smi t t e r  ship, stoppin g

- every 1.5 mi to t ake recordings . Due to fa i lure  of the acoustic pro -
- jector system matching t r ans fo rmer , onl y one-half of the Station 1 run

was completed.

1’ One additional test was orig inal l y p lanned to determine the travel
L . time stability over a 24-hr  period. This test was e l iminated  due to the

problem of two shi ps staying on s tat ion wi th in  the 50-f t  position accuracy
- required.

The test procedure and the ship locat ions for a l l  the planned s tat ions
a • are de scribed more fu l l y in the operation pla n which  was included as

A ppendi x A of Progress Report No . 3.

2. Log of Ship ’s Ope ra tion

L The chronolog ical events of the ship ’s operati On are as follo ws:

. 15 Oct Loaded Ship 2 equip ment on the Earl  of Desmond at
Annapolis , Mary land .

1 6 Oct Earl of Desmond departed Anna polis for Nassau , Bahamas.
Loaded Ship 1 eq uipment  on the Omega in Norfolk . Omega

L still  undergoing Coast Guard inspection.

1-
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17 Oct Omega loaded 12 ,000 ft of deep sea cable (for use with
projector) from the USS Hunting in Norfolk . Omega
Coast Guard inspection complete except for test of boiler
safety valves.

18 Oct Omega departed Norfolk for Nassau. - 
-

19 Oct Ships en route .

20 Oct Ships en route.

21 Oct Ships en route.

22 Oct Earl of Desmond arrived at Nassau. Martin personnel
arrived at Nassau. ~- 

- 
-

23 Oct Ship 2 equipment set up and checked out on the Earl of
Desmond.

• I’-
24 Oct Omega arrived at Nassau.

25 Oct Ship 1 equipment set up and checked out on the Omega .
Boiler safety valves being reworked. Hydrographic
Office representative called and informed that the ships 

- -could not be in North Exuma Sound to use Decca Hifix
before its scheduled removal on 26 Oct . Suggested im- ~~~~

mediate removal and transfer of Hifix to South Exuma
Sound .

26 Oct Omega boiler safety valves installed but boiler failed 
—

pressure test due to defective hand hole cover.

27 Oct Ship ready at 12:00 . Waiting for weather to improve. •

28 Oct Depa rted Nassau for Exuma Sound. Weather still poor • -
requiring long way to be taken around north side of
Eleuthera .

29 Oct Extremely heavy seas on east side of Eleuthera . Turned
around and returned to Nassau .

30 Oct Waiting for weather to clear.

31 Oct Waiting for weather to clear.

1 Nov Weather cleared. Departed Nassau for Exurna Sound via
short way (south of New Providence) . Omega at Position
1 (24° 43’ 39” N latitude , 76° 36’ 42” W longitude) . Earl __

of Desmond on course 315° true from the Omega . Tests
started.

CONFIDENTIAL
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2 Nov The following tests were then made.

Hydrophone
Distance Depth

Run No. (naut mi) ( ft)  Modulation Remark s

1 through 7 1.2 100 FM-2 No signal due to
bad splice

Splice re- Signal transmis-
paired sion resumed

a —
8 Ship drift - 100 FM-2 Good signal to

ing noise

9 Ship drift - 100 PRN Good signal to
ing noise

• L 10 Ship drift - 100 FM-I Good signal to
• ing noise V -

11 1 .54 200 FM-i Good signal to
noise

12 2.4 200 FM-i Good signal to
noise

No signal Splice bad again

3 Nov

R epa ired Signal transmis-
splice sion resumed

13 1.7 400 FM-3 Good signal to
noise

14 3 .3 100 FM-3 Good signal to
L noise

15 4.9 100 FM-3
4: ’ -: U 16 4.9 100 FM-3

t~ 17 4.9 100 FM-3 Added f i l ter
L 700 to 1600 cps

- 
~~~ 

18 Ship drift - 400 FM-3
U ing

~~~~~
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Hydrophone
Distance Depth

Run No. (naut mi) (ft) Modulation Rema rks

19 Ship drif t-  800 FM-3
ing

20 Ship drift - 1500 FM-3
ing

21 5.27 1500 PRN Fair signal t~noise

22 6.5 100 FM-3

23 Ship drift - 400 FM-3
ing

‘I24 Ship drift - 800 FM-3 j
ing

25 Ship drift - 1500 FM-3 Good signal to
ing noise

26 8.0 1500 PNG 4
27 9.5 100 FM-3

28 Ship drift - 400 FM-3 Poor signal to
ing noise

29 Ship drift - 800 FM-3 Fair signal to
ing noise

30 Ship drift - 1500 FM-3 Good signal to
ing noise

31 12.5 1500 PRN Good signal to
noise 

j

32 14 .2 100 FM-3 Fair signal to
noise

33 14 .2 100 PRN Fair signal t’i
noise

No signa l M~ :ching trans-
former shorted

I
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- 

I 4 Nov Earl of Desmond and Omega departed Exuma Sound for
Nas sau. No spa re t ransformer avai lable .  Due to extended
ship ’s service (abo ut two weeks)  requ ired , ove rall good

p 

propagation received , repetitious nature of the remaining
tests (except for being in different area)  and unavai labi l i ty
of Decca Hifix after 10 Nov , it was decided that the oper-
ation should be terminated.  Decca personnel in George-

F 
tow n, Great Exuma were informed by radio that the Hifix

- wo uld not be u t ili zed .

r 5 Nov Equipme nt dismantled and packed on Earl of’ Desmond and
Omega . Martin personnel returned to Baltimore .

r 6 Nov Omega unloaded equipment onto Earl of Desmond and dock.
Omega charter terminated.

7 Nov Loading of Earl of Desmond completed.

8 Nov Earl of Desmond depa rted Nassau for Annapolis , Mary land .

9 Nov
1. through

16 Nov Earl of Desmond en route . —

- 17 Nov Earl of Desmond arrived at Annapolis.

17 Nov Earl of Desmonci unloaded at Annapolis and charter termi-
na ted .

D. DATA REDUCTION

The data collected during the experimenta l program was anal yz ed
in three different ways according to whether  information on AM, pseudo -
ra ndom or FM coded pulses was desired. In addi tion , all t he data we re
a nalyzed to determine the propagation characteristics.  Each of these
analysis methods is described in this section.

L~ 1. AM Pulse Anal ysis

i -i Actuall y no pure AM pulses were used ~n the experimental program.
This was because the swept FM pulse resembled a series of short AM
pulses at di f fere nt f req uencies and , therefore , could be t rea t ed as a
composite of AM pulses. The anal ysis consisted of play ing the FM si g-
nals through a set of 10 comb fi l ters , demodulating each f i l te r  output

- L .  received and then record ing these outputs on 10 channels of a paper
recorder as shown in Fig . 4. The radio r efe rence pu lse was r ecorded

~~. on another channel of the paper recorder and used as a timing reference.
The paper recorder has sufficient speed such that the min imum travel
t ime increment  that can be read is 1 ms (5 f t) .

t’
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The 10 comb filters were each 50 cps wide and the FM pulse swept
linearly from 1100 to 1600 cps in 300 ms . This meant that the output
of each fil ter was the same as if a 30-ms pulse had been received in
succes sion at each filter frequency . This can be seen in Fig. 5 where
the radio pulse has been played through the analysis equipment , and
the de modulat ed output s of the 10 fil ter s are shown . Each timing line
corresponds to 100 ms and since the fil ter ce nter fre que ncie s are 50
cps apart , the separat ion of the maximu m fre quency of the fir st and
last of the 10 filters is 450 cps. Thi s mea ns t hat at a sweep rate of 500
cps in 300 ms , the outputs of the filters from the top to the bottom
should progress to the right of the page In 30-ms increment s and the
max imum output of the fir st and last filt er should be separated by 270
ms. The lowest trace In Fig. 5 shows the input signal applied to the
filter bank. The first  240 ms of the original signal covers the fre-

• . - quency range of 700 to 1100 cps and the signal shown has passed through
a 1100-cps high pass filter to attenuate these lower frequencies.

Applying the recorded acoustic signals to the same setup gave the
typical results shown in Fig. 6 for a range of 8 . 5 miles. The first
pulse received came via the single -bounce path since there was no di-
rec t propagation path at this range . There was multipath interference
due to the fact that a double -bounce signal (which was generated be-
cause the pr ojector w as 700 ft off the bott om) came in at abou t the sa me

- ‘ t ime . Almost complete phase cancellation o~ curred at some of the
filt er fre quencies . This interfer ing signal would not be present wi th
the projector at the bottom. Higher order multipath signals are also
apparent after the main pulse .

AM timing accuracy was derived from this type of data by using
higher oscillograph speeds and shorter integration time constants than

- - those shown in Fig. 6, to obtain incr eased accuracy. One of the impor-
tant items that was determine d from this part of the analysis wa s that
the pulse timing accuracy is not affected significantly (insofar as the

. - intent of this study is concer ned) by one or two bottom bounces. Anal-
ysi s of signals received at 8. 5 ml (undergoing one bounce) and 12. 1 mi
(u ndergoing two bounces) shows that the pulse timing accuracy and suc —
cessive pulse-to-pulse travel time variations are on the order of ±3 ms

L total or less for the combination of both effects .  The stability of the
timing was measured over four pulse periods (a total of 40 sec) and did

-S not change measurably In that time . Actually , the ±3 ms value is not
really a measure of the maximu m pulse t iming accuracy and short

: term travel time stability , because this is the minimum time that can
be measured with the signals that were sent and the analysis equipment
being used .

The conclusions t ha t can be d rawn  fro m the above analy sis are that
both short term (40 sec or less) travel time variations and degradation:c
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of signals which have suffered a maximum of two bottom bounces are
-S less than ±15 ft. These two effects , therefore , contribute negligible

error to the navigation system estimated accuracy of ±120 ft. Of course,
-S 

it is imp lied that sufficient signal-to-noise ratio (10 to 15 db) exists
to permit measuring the pulse arrival time to the stated figure.

2. Pseudorandom Pulse Analysis

Pseudorandom pulses were transmitted at a depth of 1500 ft at
horizontal ranges of 1.3, 5.4 , 6.6 , 8.5 and 12.1 mi. The pseudoran-
dom coding was generated by shifting back and forth from a 1.1 to
1.6 kc carrier at a rate and period as determined by the pseudorandom
sequence generator on the transmitting ship. The generated sequence
was 31 bits long and lasted for 310 ms.

The received pulses were recorded and then played back and ana-
lyzed as shown in Fig. 7. The detector (or decision element ) shown in
Fig. 7 decides which of the two frequencies is stronger in successive
bit pen n s and thus continuously creates a sequence as a function of
time. The sequence is random when no signal is received and supposedly
follows the original transmitted sequence when a signal is received.
The sequence is then passed through a digital correlator which senses
when the sequence is the same or at least almost the same as the orig-
inal sequences . This output of the correlator and the radio reference
signal were recorded on the same recorder used in the AM analysis.

The radio reference pulse was played through the analysis equip-
ment to check the system operation under high signal-to-noise ratios
and no multipath conditions. The resulting input to the correlator (the
decision element output )  is shown in Fig. 8. The input to the correlator
is shown instead of the output because degradation effects are more
easily understood when presented in this manner. The processed radio
signal shown is a good replica of the transmitted signal (Fig. 9), and
has a normalized correlation value of 1 (0 db) out of the correlator.

The recorded acoustic signals were also played through the analysis
equipment with the results shown in Figs. 10 through 13 for ranges of
1.3, 5.4 , 6.6 and 8.5 mi , respectively. The correlation values are 0,
-5 , -2 and -3 db for these ranges , respectively. The correlation for
12.1 mi is -5 db . In the runs shown, the signal-to-noise ratio after
processing is sufficiently high so that only occasional noise bursts are
let through and multipath interference is the main concern. As the range
is increased , the interfering multipath signal comes closer in time to
the direct signal (Fig. 11) , and causes the decision element to be con-

-S fused. As the range continues to increase , the multipath signal tends Uto merge with the direct signal , and the resulting signal is improved as
shown in Fig. 12. With a further increase in range , the signal is de-
graded as a multipath signal of a higher order approaches the trans-
mission time of the direct signal and the decision element is again
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I -  confused (Fig. 13) . The projector in the exper imenta l  program was 
-S

~-• 700 ft off the bottom , which gives rise to more mul t i path si gnals than
would be encountered with the projector on the bottom. The results ,
however , show what can happen at positions whe re a mul t ipa th  signal
interferes with the direct signal, as happe ns freq u en t ly at lon ger rang es
and shallower depths .

I The correlation value for noise and differentl y coded seq uences
would be 12 db down from the correct signal value. Multipath signals
can easily reduce this 12-db signal-to-noise improvement to 6 db , which
is not considered significant. A further increase in bit lengt h could
improve the signal-to-noise ratio , but then the sequence would be ad-
versely affected by doppler.

r
— The purpose of using the pseudorandom pulse was twofold. First ,

it is a convenient method of station identification; second , extended
pulse periods can be used while retaining high range resolution (allow-

- ing use of lower peak powers) . In both cases , the pseudorandom coding
- loses its advantage and is unsatisfactory due t o multi path effects.

Pseudorandom correlators have been built that separate the different
arrivals by true correlation (as opposed to postdetection integration

L as used here) but these require fairly complex equi pment in the navi-
- 

- gat ion receiver su ch as a Delt ic cor relato r, and , therefore , will not be
considered.

In conclusion , pseudorandom pulse coding in its conceived configura-
- - 

tion is unsatisfactory fo r use in the Exuma Sound Submerged Navigation
• Aid . I - ,
I--

3. FM Pulse Analysis

FM pulses were transmitted at all the depths and ranges involved
in the experimental tests as discussed previously. The analysis of the
received FM signals is accompli shed as shown in Fi g. 14. The recorded
signal is played back and compared to an internal reference signal and-S the diffe rence frequency between the two is generated . The frequency
is then identified by the set of comb filters . The f i l ter  outputs are de-
modulated and displayed on the same multichannel paper recorder used

L in the AM and FM analysis. Again , the radio ref erence pulse is dis-
played on an adjacent channel and is used as a t iming refe rence . The
particular filter with the maximum output  level ident i f ies  the fine range

L increment while the pulse arrival time gives coarse range. The FM
processing thus uti l izes the full pul se width  to de termine  unambiguous
fine range instead of rely ing only on the leading ed ge ~~ the  pulse as is

- 
-

-S 
done in t he AM case.

The 10 FM filters used give a resolution of 150 ft (300-m s FM pulse
divided by 10 fil ters 30-ms reso lution = 150-ft resolution) . The FM

U
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I pulse length used was considerably longer than that originally contemplated
• for the navigation system (50 to 100 ms). This was done to allow the

tape recorder level meters to respond to the pulses and thus prevent

I 
distorted data recording . The signal-to-noise ratio was sufficient (10

- to 15 db) in most cases so the pulse arrival t ime could be determined
to 3 ms by visual observation of the pulse amplitu de as displayed on the
paper recordings .

Initially ,  the full signal-to-noise improvement was not achievec~ due
to two reasons . First , the FM referenc e oscillator suffered from fre-
quency drif t s and , therefore , t he d i f fe rence  freq u ency did not lie withi n
the correct filter for the full time period. Also , the filter skirts (-12
db per octav~ were not sharp enough to reject adjacent frequencies and
spurious frequencies which are generated during the FM processing
(and which lie outside the frequenc y band of interest) . These two items
were corrected by addition of an Automatic Frequency Control c ircuit to
the FM refe renc e generator and the inclusion of new filters with rejection

• - r bands of -40 db which resulted in considerable improvement .
a—

The result of playing the radio pulse through the FM analysis cir-
cuits is shown in Fig. 15, where each filte r outpu t cor responds t o a
150-ft range increment. The timing lines are 100 ms apart and the in —
put signal to the filter bank is illustrated by the last trace shown in the
figure.  There is some initial feedthrough of the 700- to l lOO-cps portion

-S 
of the pulse as can be seen , due to the fact that the high pass filter cutoff
is not extremely sharp. This effect is not present with the acoustic data
signals because the projector response is poor in this frequency band and
the signals were received wit h reasonable energy only in the 1100- to
1600-cps band . The resolution capability of the processing is clearly
shown and it is obvious that the 300-ft filter has the highest output. By

r observation of the relat ive filter outputs , it is also obvious that the signal
L was received almost equally well on the 150-ft filter. From this it can

be interpolated that the signal fine range increment was about 235 ft.
; r 7  .The typical output for an acoustic signal is shown in Fig . 16 for a

ran ge of 2. 0 mi and a depth of 400 ft. As can be seen , the direct pulse
is received at a fine range increment of 150 ft and the first multipath

-
- signal is received at a range increment of 600 ft. This gives a range

- difference of 450 ft for the two signals which checks with the time delay be—
tween the two signals which Is approximately 100 ms. This illustrates how

C the use of this type of processing allows the corrt ct range increment to
be determined even if t ime is not precisely known to better than a 1500-ft
increment. Many other mult ipath signals are also obvious from Fig . 16.

P Data for other ranges are shown in Figs. 17 , 18 and 19 for ranges of

E 6 . 6 , 8.5 a nd 12. 1 ml , respectively.

These figures graphically show the suitability of the FM pulse (and

[ subsequent processing) for timing purposes.
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4. Propagation Losses

-S The results of the propagation losses in the direct path are shown in
Fig. 20. Theoretical losses assuming spherical spreading and an at-

-S 
1. tenuation of 0 . 01F 2 (k c) db /kiloyard are shown along with the measured

level. The ray paths predict spherical spreading to 5 mi and then a
- r sharp increase in loss. As can be seen , the agreement is good .

Figure 21 shows the single-bounce propagation loss data. Here ,
the theoretical losses start as spherical but the ray paths show that the
losses become cylindrical at the 15-mi point . The predicted losses are

- 
~~ - higher than the direct case at the shorter ranges because the bounce

signa l has to t ravel to the su rface , to the bottom and back to the receiver
instead of directly to the receiver . Attenuation is inc luded as before.
The data points and average level are also shown .

Figure 22 shows propagation loss for the double-bounc e data. A gain
the path length is longer due to two excursions between the surface and
bottom. In this case , however , the receiving ship was proceeding
toward shallow water and the ray paths predict a convergence gain over
and above the cylindrical spreading .

Taking the differences between the ray path predicted losses and the
- 

~~
- measured losses as a function of range and angle gives the curve of

Fig. 23. Figure 23 also has two curves of bottom bounce loss at 1.5
and 1.0 kc taken from ~The Summary of Underwater Acoustic Data
(SUAD) ,t ’ Part VII , March 1956 , by R. Urich and A. Pryce. As shown ,
the agreement between the Exuma Sound and SUAD data is very good.

The FM pulse was swept from 700 cps to 1.6 kc with the intent of :.
getting bottom bounce loss as a function of frequency as well as angle.
However , the source level of the projector used in the tests drops off
ra pidly below 1100 cps and the noise received at the hydrophone increases
rapidly below 1100 cps. The combination of these two effects limits the
usable signal frequency range to the band from 1100 to 1600 cps . Since
this band is only one-half octave wide , the variation in bottom bounce

r signals as a function of frequency is som ewhat lost in the normal pulse

L amplitude variations. The data, concerning bottom loss with frequency,
shows that the losses at 1100 cps tend to be a few db lower than at 1600
cps. For future stud y, the previously referenced SUAD report will be
utilized to obtain bottom losses as a function of frequency and angle since
there is good agreement between it and the Exuma Sound data. The SUAD

-S - - •. data and measured data agreed well within experimental accuracy. Fiot-
— t ing the propagation losses as a function of range and using either direct

or single-bounce losses , depending on which is less , gives the curve
shown in Fig. 24. As can be seen , the direct signal is usable to 6.5 mi
even though it is rapidly departing from spherical spreading.U

II
CONFIDENTIAL

U ER 12316

~~~~~~~~~~~~~~~~~~~~~~~~~~~ _~. 5- •- -



— —  - 
—

~ J~- 1• -- S - - -S -—~~~- - - 
•- - —~~—~ — - -5— --5- — - -S —

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~-S’1-~~-~_ —— ~~~~ ~~~ ~~~~~~~~~~~~~~~ ~~~~~ -S-S5- - --5-.-—— 

—----5—

B
38 CONFIDENTIAL

_____ _____ 1 _____ _____ ____ 

1 
l~1

10 1.5-kc 
— ___  ____

SUAD
~1 +  

-S-_ -S--

~ 8 ‘.‘
~~~
‘ ________ _______

1) —
-5

0 _
~
__ _, 

-S

_ _  _ _  _ _  _ _  _ _  _ _  \~~ _ _

-

-S 

4 1
~0: 

-~~~ ~~ ~ \ \\ -

~~~~~~data 
____ 

data ____ ____ ____ ____2 
~ Double-

80 70 60 
L bounce

_
30 ~~ 

-S

Incidence Angle 
- I

1 2 3 4 5 6 7 1 0 15
Range- -One Bounce (naut mi)

I I I_ I I I I I  I

1 2 3 4 5 6  7 8 1 0 15
Range--Two Bounces (naut mi)

Fig. 23 . Exuma Sound Bottom Loss Dat a (average of 1.1 to 1.6 kc ,
November 1961, North Exuma Sound)

Li
~~~

5- 

60 — _ _ _  —- - --—• — —---- ___-

4.’

~ 64
‘.4

Direct

— 
68

.
-5-..

.0

.

~~ 7
Singi~

Q \~ bounce r
~ 76 — _ _  _ _  _ _  __ —

0
~~~ - C 

_ _ _  

Li~ 8

84 — --— ____-S ____  ____

0 2 4 6 8 10 12 14 16 18
Horizontal Range (mi)

Fig. 24 . Composite Propagation Loss

1,
r- ’ ~ CONFIDENTIAL

4~1 
ER 12316

_ _  ~~ . • •  - -



r - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-
~
---— 

~
- -.. -

~~~
- — ~~~~~~~~ 

‘
~~~~~~~

--
~~~~~ 

-
~
-

- -- - ~~~~~~~~~~~~~~~~~~~ - — - - -S

~ w ~~~~~ ~~~4 _ —~~~~~. ~~~~~~~~~~~~~~~~~~~~~ 
-S .. _— - - — — - — - . . .• . .  .• — — ‘ —-S — -

1 CONFIDENTIAL

m -S

The conclusions drawn from the bottom bounc e data are that bottom‘5- bounce propagation is good in Exuma Sound and the bottom bounce losses
at the required ranges (5 to 15 ml) are not significant , since the bottom
bounc e propagation loss is approaching 0 db at the maximum range of
15 ml .
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1!
- IV. CONFIGURATION STUDY

-S 
The configuration of the system can now be completely determined

with the additional data inputs of the experimental  program. The con-
figuration includes many factors: basic computer geometry,  propaga-

~~
-- tion mode, optimum frequency, bandwid t h , pulse coding , repetition

rate, rate , station placement , stat ion identif ica t ion , transmitter charac-
- 5- 

teristics , synchronization and navigation computer configuration. Some
of these it ems can be det ermined independent ly while ot hers ~re mutually
dependent to a high degree. Each of these factors is discussed in detail
in this chapter. Section A describes the system requirements and
Section B discusses the block diagrams of the various system components.

— fl The system requirements are covered in detail in the system specifica-
-. tion , included as Appendix C.

A . SYSTEM REQUIREMENTS

- 
1. Basic Computer Geometry

Several types of navigation geometry are possible , depending on two
basic fac tors; first , whethe r the submarine transmits actively or lis t ens

- only, and second , whether range differences betwee n three beacons ,
ranges to two beacons , or ra nge and bearing to a sing le beac on are
uti l ized in the position computation. In any case , a dead reckoning
computer would be used to continuously compute submarine position and
the sonar navigation a id w ould only be required to periodically correct
the dead reckoning computer .

A navigation system requiring an active system can Le ruled out irn-
L mediately on two counts. First , active signals give away the submarine

position too readily and can be used to the submarine ’ s disadva nta ge
— - during an operational exercise. Secondly, the sub marine and beacon

equ ipm ent involved are more complex , since each has to t ransmit and
receive ins tead of t he beacon on ly t r ansmi t t i ng  and the submarine only

- 
receiving as in the passive case. Therefore , the passive system is
best fr om ope rat ional , economical and r el iabi l i ty points of v iew , and
is the gene ral type of system to use for the Navigation Aid .

The choice between the specific geometry involved is easily made
fo r the following r easons . First , any system involving a bearing to a
station can be ruled out because the bearing accuracy required (about
0 .05° at 5 mi and about 0 . 02° at 15 mi) is too high for any existing sys-

& tern and the existing submarine passive systems could not afford to be
tied up in the navigation problem continuousl y. Of course , a separate
passive system (probably using the same hydrophones) could be installedr on each submarine . However , the system would not be accurate enough
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and the installation would be time consuming and costly . The range
differences solution is attractive at first  glance because it doesn ’t
require a digital c lock for synchronization between the beacon and the
submarine , but it requires three beacons to be in range as opposed to
tw o for t he ranges on ly case. However , ma ly digital clocks can be
purc hased for the cost of a 50% increase in the number of stations .
Also , corrections for ray path errors are much more diff icul t  in a range
dif ferences case since t he distance t he soun d ene rgy has t raveled and
the propagation mode are not immediately apparent when the range to
each station is not implicitly known. The only acceptable system left
is the ranges only type . Time synchronization between t ransmit ter  and
receiver is required , b ut this can be easily realized by using digital
clocks to control transmission and to determine travel t ime.

The ranges only computer geometry is shown in Fig. 25. The com- Li
puter position can be solved by either analog or digital means , as in-
dicated. A beacon range of 15 mi would require an overall accuracy of
± 0 . 1%, which can be achieved by analog means . However , it would
require a lot of trimming , adjusting and calibration. It would , there-
fore , seem reasonable to use analog methods if short range beacons are
used (5- to 7-mi range) and digital methods if long range beacons are
used (7- to 15-mi range) .

The passive , ranges only, type of underwater navigation system with -S
digital c lock sync hronization is the n the system that should be used in
the Exuma Sound Operational Range.

2. Propagation Mode

The next item to be considered is the propagation mode to be used.
This , of course , depends on acoustic conditions in the area. Ray path
diagrams are shown in Figs . 26 , 27 and 28 for the average , maximum

— and minimum depth veloc ity profiles in the Exuma Sound area. Only
the rays emanating between ± 10° and +30° to the horizontal are shown
for clarity. As can be seen , direct coverage (without bottom bounce)
extends to only about 5 mi in the 150- to 1500-ft dept h region of interest.
On the other hand , a single bottom bounc e extends the range to approxi-
mately 15 mi. Thus , the choic e of propagation mode is between a 5-mi
range direct system or a 15-mi range bottom bounc e system. Factors
such as cost , variation with veloc ity depth profile , separation of arrivals ,
propagation loss , and pulse degradation with bottom bounc e must be
considered in this choice.

To cover the approximately 40- x 100-mi area of Exuma Sound would
require about 140 of the 5-mi systems and about 20 of the 15-mi systems.

• It is obvious that the cost of installation , location , and maintenance of
the short range systems would be extremely high as compared to the
long range systems (see Chapter V). On the other hand , it is equally

I
CONFIDENTIAL

ER 12316

I -- I - _ ___________



r — 
- J~~~ -~-~.- ,-- - ---‘- - 

~~~~~~

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~- ~~~~~~~ ~~L. _~~~~~ T—~

-t -S----—-------S- - --- -S --———~~~~~~~~~~~~~~~~~

L CONFIDENTIAL 
43

[
I. Digital Solution Analog Solution

(x - x 1)2 + (y - y1)2 = r~ x x1 + r~~sin (a  + y)
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L Fig. 25. Ranges Onl y Computer Geometry
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I
- [ obvious that there is sufficient information available to show that the

direct system is feasible , whereas bottom bounce system suitability is
I - considerably obscure .

I - One item to be considered is the effect that different depth-velocity
profiles have on the average velocity of sound and the variation of path
length. The average depth-velocity profile as well as the two extremes
are shown in Fig. 29 . The information shown is derived from data
gathered by the University of Miami and the U. S. Hydrographic Office
including the latest Hydrographic surveys in Exuma Sound , conducted
late in 1961. The effect of these profiles is shown in Fig. 30 . The
variation over the 5-mi direct path is about ± 15 ft . while over a 15-mi
bottom bounce path , the variation is about ± 100 ft or less , depending on
the depth. This variation at 15 mi could possibly be neglected , but since

~
. a correction can be easily inserted into the computer on a seasonal ,

weekly, or even a daily basis (depending on the depth-velocity profile
- . .  for that day) , it is well worth the improved accuracy. Range errors due I -

to depth-velocity profile variation are therefore no real p roblem .

-~~ The various arrival times of different propagation paths are shown
in Fig. 31 for variations of up to 1400 ft after the desired signal.
No undesired arrival occurs before the desired pulse , although many
occur after it. The dead reckoning computer can be used to range gate
the signal with as muc h leeway as ± 2000 ft about the estimated travel .- -

distance. The first pulse to arrive within this time is the correct pulse .
The various arrival times are then no problem in either the direct or
bottom bounce system.

The question of propagation loss and pulse degradation can be easily
determined for the direct system. The propagation loss can be derived¶ from the ray path diagrams and in any case is very close to spherical

._- spreading . The pulse degradation is low over the direct path , and timing
accuracies of better than 1 ms (5 ft) have been achieved many times in

• tests involving the Martin-BuShips Fixed Acoustic Buoy Array in Bermuda -S

and the Mart in-NUOS Taut Wire Array in the Tongue of the Ocean. On - -

the other hand , since bottom loss and pulse degradation as a function of
- bottom bounce incidenc e angle and frequenc y were not known for the

bottom bou nce system , the experimental program described in earlier
progress reports was embarked upon.

- 
I The results showed that AM and FM pulses were not degraded

significantly (fo r the purposes of the navigational aid system) after two
bottom bounces , and had sufficient short time stability . The Pseudo-
random Pulse , however , had its pulse coding destroyed by multipath
signals (in the simple postdetection integration employed) an~ therefore ,

- I :  lost its main advantages , ease of station identification and elongation of

- u
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the transmitted pulse. The use of true correlation can resolve the
multipath signals and achieve the desired result wit h pseudorandom
signals . However , the equipment (such as a DELTIC) is considered
too expensive and too complex for the navigational aid system . The
losses at the 15-mi range are not significantly greater than for the 5-mi
direct path system. In fact , they are quite reasonable . : -

— The results at this point are that the 15-mt range system , using up
to one bottom bounc e and with either AM or FM pulse coding , is feasible -S

for the submarine navigation aid. The 15-mi bottom bounc e system is
preferred to the 5-mi range direct path system strictly because of cost ,
as will be shown later. - .1

3. Frequency

There are basically four factors to consider when choosing the
optimum frequency. These are propagation loss , submarine noise
levels , mutual interference wit h othe r sonar systems and doppler
effects. The effect of the latter depends on the coding and will be
discussed under that subject.

The total propagation loss consists of spreading loss , bottom bounc e
loss and attenuation , the last two of which are frequency dependent . As
discussea previously, the experimental program showed that the spreading
losses were spherical to 5 mi and then cylindrical to 15 mi , which gives
a maximum of 85 db spreading loss at 15 mi . Bottom bounce losses were
found to agree c losely with those of the SUA D report . Attenuation losses
were neither significant nor measurable in the experimental program .
Therefore , the attenuation losses are taken as a commonly used value of L

0. 01 f 2 db /k yd where f is in kc. The total propagation loss as a function
of frequency is shown in Fig. 32 for the 15-mi range condition. Bottom

-S losses as a function of frequency were taken from the SUA D data which is
reproduced In Fig. 33 .

The noise levels at the bow of the Shipj ack at 25 kn were taken to ber typical of high submarine self-noise (the Albacore has a self-noise that
is 10 db lower in the range of interest for the same speed) . The noise I -

level as a function of frequenc y is shown In Fig . 34.

The combined effects of propagation loss and submarine noise as a
function of frequency are shown in Fig. 35. The source level required
for a 20-db signal-to-noise ratio and a lO-cps effective processing
filter is plotted against frequency. What is important at this point is
not the absolute values but at which frequency is the least power re-
quired. It is obvious from Fig. 35 that a frequency of 2 to 3 kc is opti-
mum. Allowing a devi ation of 6 db from optimum , to permit compromis-
ing with other factors , gives an acceptable frequency of between 1.4 and
7.5 kc.

1
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The frequenc y range of various sonar systems is shown in Fig . 36‘5- from which it is apparent that active ship and submarine sonars occupy
the region of 3. 5 kc and above . It Is a 1so reasonably certain that future
active sonars will not operate at any significantly lower frequency, due
to size requirements of the sonar transducers arrays . To eliminate
the mutual interference problems , the navigation aid system should
operate below active sonar frequencies. This narrows the range of an
acceptable frequenc y to between 1. 4 and 3 kc. Many passive sonars
operate in this range , and it is impossible to p ick a freq uency that will
not be detected by passive sonars .

The interference effects on existing passive sonars can be separated
into essentially four ca tegories , depending on the type of passive signal
processing used. These are:

(1) Narrow band frequency analysis .
- [- (2) Wide band , long term averaging.

(3) Wide band , short term averaging .

(4) Specific system effects.

The effect of the syst em on each of t hese is described in more detail
in the following discussions .

a. Narrow band frequency analysis —

In this type of processing , a la rge number of comb filters is used
- I direc t ly on t he signal , or a fast scanni ng fil t er is used on a r eplica of -S

the signal. In either case , ~i line spectra of the received noise is made. - 
-.

The filters are narrow a:~d , t herefore , have a medium integrating time
constant . This time constant is on the order of 1 to 0 . 1 see , and is in a
range that will allow some portion of the navigation signal to get through.

Postdetection integration is used by either the addition of long time
constant integrators (on the order of 10 sec or more) and by visual
observations on paper recorders . In the first  case (electronic post-
detection integration) , none of the three pulse modulation systems con-
sidered would interfere wit h the operation of the passive system. In
the second case (visual postdetection integration) , the pulses would beU discernible since the signal-to-noise ratio will be very high in many
instances .

To minimize or eliminate the interfe rence , the pulse amplitude
should be kept as low as possible and the bandwidth as large as possible.
This condition can be met to some extent with an AM pulse sinc e narrow-
ing the pulse period increases the bandwidth , but this in turn requires a
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higher peak power for a given pulse energy and , therefore , for a given
signal-to-noise-ratio. The interference situation improves as this is - -

done , but only at a slow rate because as the bandwidth is doubled (giving
about one-half the energy In a given band) the power output has to be
doubled , bringing the energy in the given band back to about the initial
level. The reason that the AM pulse still offers improvement is that
only the first 10 to 20 ms of the pulse are important to this application
(because of timing accuracy considerations) and until the width is
decreased significant ly below those values , the situation can be improved.

-S 

On the other hand , FM and pseudorandom modulation can simul-
taneously be arranged to give a wider bandwidth and amplitude for the
same pulse energy. For instance , doubling the bandwidth would decrease
the energy in a given band by one-half. The pulsewidth could be simul-
taneously doub led and the amplitude cut in half (giving the same pulse
energy) to decrease the energy in the given band by another one-half , or
a tota 1 of one-fourth. The range resolution of the system would actually
stay the same under the above manipulations . The price paid , of course ,
is double the complexity In the modulating and demodulating portions of
the system. Thus , to minimize interference in a passive system using —

narrow band processing requires the navigation signa l pulse to have a wide
bandwidth and a low amplitude.

b. Wide band , long term averaging

This type of processing utilizes a long integration time (tens of
seconds to a minute , or more) over the band of interest and a comparison
is made with either previous noise averages or to noise averages from
other directions . In this case , the energy in the navigation pulse is all

F that matters from an interference viewpoint (assuming the passive band-
width en m~ a~ ses the total pulse bandwidth) and should be minimized.
This is directly~~ppos~ d to the navigation system requirements. There
is still a fair degree of compatibility, however , since the long averaging
times will essentially decrease the effect of the navigation signa l by the -S
duty cycle of the signa l , which gives a rejection of 20 to 40 db , or more .
Passive equipment also has a muc h wider frequency band t ha n that of
interest to the navigation system (whiclI~is approximately 1/2 of an oc-
tave and helps to limit the interference). This~ is especially true when
the passive equipment extends to the lower frec~Ime~ cies where the noise
level is greater. Thus, the methods of minimizing iñte-r-fQrence in a
passive system using wide band, long term averaging are td iis-e~minimum
average energy (low duty cycle and minimum pulse energy), and hi
frequencies.

c. Wide band, short term averaging
• ; In systems using signal processing of this type, the information is

either displayed visually or monitored aurally. In either case, the I ipulse energy should be minimized and spread out over as long a time as
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fl possible to decrease the instantaneous signal-to-noise ratio . Again ,
wider and lower passive system bandwidth helps to hide the navigation
signals.

Random or pseudorandom repetition rates can be used to disguise
the signals , particularly on the visual display, so that no periodicity
may be noticed and the signal appears as a random noise burst . This

I may help only slight ly in ~he au ral case , since all three types of modu-
lat ion are easily picked by the most versat ile signal p rocessor : the
human ear and brain combination . One possible method of hiding this
signal from the ear is to use the same sample of thermal noise centered I -

U at two different frequencies as the transmitted signal. This was
- - originally considered for use with the SPUME system and gives a signal

- . which sounds and looks like a noise burst.  However , this is not con-
- L sidered necessary.

d. Specific system effects . -

The Submarine Sonar Branch of USNUSL was contacted in order to
gain a better insight into the interference problem and to learn the -S 

-

-S - design details of these various passive systems . This group was the
original design specification group for the equipment in question. The
following information was determined:

( 1) The most susceptible circuitry of the passive systems is the
-S ATF (Automatic Target Following) used to give f ire control

tracking information .

- . (2) The time constants of these circuits varies from 70 ms at high
signal-to-noise ratios to 250 ms at low signal-to-noise ratios .

(3) Any signa l that approximates in length or is longer than the
above time constants , and falls somewhere near the ATF
passband , will interfere with the ATF equipment action . Amount
of int erferenc e will , of cour se , depend upon signal level rela-
tive to target noise level.

ii (4) The ATF passbands (3-db down points) are:

(a) AN/B QR -2B 5 to 10 kc

b (b) AN /BQR-7 0.5 to 1.4  kc low speed (own ship)
1.0 to 2 .0  kc high speed (own ship)

- U (c) AN /BQS-6 (passive) 3 to 4--kc. (estimated)

U
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I.

r (5) The interferenc e will be in the form of an error introduced in
- 

I. the overall fire control solution .
-S 

r (6) The recorder passbands are:

- 
5- (a) AN/BQR -2  1 to 4 kc

-S rT 5to lO kc

(b) AN / B Q R -7  0 .5 to 2 kc

(c) AN/B QR-4  A/ R O- 7 0 .6 to 4 . 8 kc

(7) The audio , or direct listening , c i rcu i t ry  of the different equip-
ments can select dif ferent  upper and lower cutoff frequenc ies.
An operator listening in the correct band would be able to
dist inguish the signals that are on the order of 100 ms or longer.

(8) Based on the above , it is apparent that the short AM pulses
would give the least interference. The longer or PRN pulses

- 
are expected to be readily noticed .

.~-. The saving grace here is that passive sonars use correlators and/or
postdetection integration with effectively long integration t imes .  There-

- fo re , the visual display will not be detrimentally affected by the rela-
t ively short pulses and low repetition rates that will be used in this sys-
tem. The navigation signals will be heard aurally, but again will not

r affect  the performance of the passive sonar.

There are two other systems that have possible mutual interference
problems in this f requency range . One is SESCO and the other is
E 2R.  The Navaid will not interfere  with  SESCO because its short pulse

-S - - modulation and low repetition rate will  not have any effect after passing
t hrou gh t he w ide band , long averaging time correlation used in the SESCO

- receiver. The SESCO transmission , on t he othe r hand , will possibly
~_ ! blank out the receipt of the Navaid pulse , depending oh the amount of

feedthroug h from t he SESCO projec tor to the bo w hydrophone or hydro-
-S phones being used for reception of the Navaid signal. At worst , all that

L can happen is that the navigation signal will  be lost during SESCO trans-
mission and t he subma r ine posi t ion will  have t o be compu t ed by dead

-S - ,  reck oning during this period . This is not considered a serious inter-
- 

I ferenc e problem.

E 2R employs char ges tha t resu lt in an echo freq u ency spectru m as
shown in Fig. 37 . As shown in the figure , the spectrum of interest is

L 700 cps to 10 kc , which complet ely covers t he 1 .5 to 3 kc satisfactory
— region of operation for the Navaid system. Obviously, the Navaid signals

-S will  be heard on the E 2R sonobuoys and the noise from the charges will
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be received by the Navaid system. In the former case , little inter-
ference will result since the Navaid signal is not similar at all to an
explosive echo and will be easily recognized by a Julie operator . There
will be a finite probability that a strong Navaid signal may be received
simultaneously with a target return  and prevent or at least confuse the -

-S recognition of the target echo . This probability is extremely low , how-
ever , as the pu lse lengt hs of t he Na vaid and especially t he exp losive echo
are short and the repetition rates of both signals are very low . The ex- 

- 
j

plosive signal will possibly (depending on the range to the submarine
and the Navaid puls e coding) give a false range and position. The Navaid
computer will reject this false range and position information in all cases
except when the false information is close to being correct.  This will
also occur with a low probability and is not ~— o serious when it does
happen.

The conclu sions tha t are r eached af t er cons ideration of all th e ab ove
factors are :

(1) A frequency for the operation of the Navaid cannot be chosen
to elimi nate all mutual  interference and still permit reasonable
system design. -S

(2) Operation of the Navaid in the optimum 2- to 3-kc frequency will
res ult in mutual interference systems . However , t his wil l  not
significant ly aff ect the performance of other sonar systems and
will only occasionally and temporarily affect  the Navaid system.

( 3) The Navaid system should operate in its optimum range of 92 t o 3 k c .

4. Bandwidth I
Two factors affect the determination system bandwidth.  The first

is the range resolution required and the second is the number of d i f ferent
opera ting bands necessary to permit station identt f icat ion and to prevent
inte rsta t ion int erference . The second factor is independent of the f i rs t  -

and is a function of the method Station identific ation . It will be discussed
later under that subject. U

The range resolution desired in a Navaid with a 150-ft accuracy
would normally be one-tenth the accuracy value , or 15 ft .  The reasons 11
for this are to let the resolution contribute negligible error , to allow LI
more consistent position determination and to permit more accurate
station keeping . Since bandwidth increases as the resolution is im-
proved , this may be too stringent a requirement and a resolution of
one -t hird , or 50 ft , is about the acceptable limit . Improving the re~ olu-
tion to a value smaller than 15 ft would contribute little to the system
accuracy. Therefore , the acceptable range resolution for this Navaid
system Is between 15 and 50 ft.

1
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The bandwidth required for a given resolution is the same, regard-
less of the coding system used, and increases as the resolution is im-
proved as shown in Fig. 38. The resulting bandwidth is between 100
and 340 cps corresponding to a resolution of 50 to 15 ft. Taking a geo-
metric mean of the resolution limits gives a compromise of approxi-
mately a 25 — ft  resolution and a 200-cps bandwidth. Of course , these
values can be varied up or down somewhat, but it is a good compromise
in that doppler causes an increase in bandwidth of 100 cps In any case
so that only 50% more total bandwidth is required to halve the range
resolution from 50 to 25 ft.

5. Pulse Coding

Early in the study it was determined that the modulation should be
of pulse form , since continuous transmission would clutter up the fre -
quency band of interest continuously and fa irly complicated coding
would be required to get unambiguous range. Also, multipath signals-S would make selection of the correct arrival almost impossible.

Three pulse modulation types were considered: AM , PR (pseudo-
random) and FM (linearl y swept in frequency). AM is the simplest
ar ~~. therefore, hi ghly desirable from that point of view . The AM pulse
coding performed in a satisfactory manner during the experimental
tests. The only drawback (a serious one) is that the optimum AM pulse
is narrow for the range resolution required and needs a correspondingly
hi gh peak power (Fig. 39). A resolution of 25 ft requires a 5-ms pulse,
wi th a peak powe r of 5000 acoustic watts for a 20-db signal-to-noise
ratio. A 10-bit length PR pulse , or an FM pulse (with 20-cps filters )
requires only 500 acoustic watts peak, which con siderably eases the
requirements on the pulse driver and acoustic projector even though -S

the pulse length is increased to 50 ms. The PR pulse has the additional
attribute in that it can be used to identif y the various stations conven-
iently within the same bandwidth. The choice then narrows to that of
either PR or FM pulse. The two modulations have inherently the same - -

characteristics as far as resolution , multipath rejection, peak power
- :- and pulse length are concerned. To achieve these characteristics, the

PR signal requires use of digital correlation techniques, while the FM
can use either digital or one of several analog techniques. The optimum
PR processing requires a Deltic type correlator which was ruled out
as being too complex and costly for the Navaid computer. A less so-
phisticated and considerably simpler technique of postdetection integra-
tion was contemplated since the input signal-to-noise ratio was suffi —

- / - - clen tly greater than one at the detector input. Tests with PR pulses
during the experimental program showed that this technique would not -S

work properly in the presence of multipath signals, which exist in abun-
dance in the Navaid system. Thus , the PR pulse was ruled out.
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This leaves the FM pulse which can be processed by the relatively
1-A simple analog means of subtracting (in frequency) an FM pulse replica

from the incoming signal and analyzing the difference frequency in a
bank of comb filters. The acoustic power level required depends on
the filter bandwidth as shown in Fig. 39. A 30-cps filter requires 730
acoustic watts at the transmitter, a 20-cps filter requires 500 watts
and a lO-cps filter requires 250 watts. The corresponding pulse lengths
are 33, 50 and 100 ms. The number of filters required in the FM sys-
tem is a function of the resolution required and the processing filter
bandwidth (Fig. 40) . A 25-ft resolution system requires 20 , 10 and 7
filters for processing filter bandwidths of 10, 20 and 30 cps, respec-

- .  tively.

Doppler effects have to be considered when choosing the filter band-
F widths. Two effects are produced by doppler acting on an FM pulse.

One effect is to shift the center frequency and the other is to charge
the apparent rate (or slope) of the frequency shift . The first effect
amounts to 50 cps for a 30-kn submarine when a 2 .5-kc frequency is
used. This effect amounts to a shift of 5, 2.5 or 2 filters for a 20- ,
10- or 7-cps wide processing bandwidth , respectively, for a 25-ft
resolution system. Translated into range, this gives errors of 125 , 63
and 50 ft , respectively, which are too large to neglect and should be
compensated for in the navigation computer. The second effect is pro-
portional to the FM sweep width , which is 200 cps for a 25-ft  resolution
system. This is less than one-tenth the first effect , and amounts to
shifts in range during the pulse reception time of 5, 10 and 14 ft , re- -S

spectively, for the three previously mentioned examples. This error - -

is considered negligible since it is les~ than the 25-ft resolution.

What is desired (for a given resolution) Is a narrow bandwidth to
minimize transmitter power requirements, a wide bandwidth to decrease
pulse length (and therefore minimize Interference), a wide bandwidth
to minimize the number of filters required and a wide bandwidth to de-
crease doppler effects. A reasonable compromise is to use a 20— cp s
filter which requires 10 fIlters, and a 50-ms transmitter pulse of 500
acoustic watts peak power.

6. Repetition Rat e
-S 

Submarine position will be continuously computed by a dead reckon -
ing-type computer which Is corrected by the sonar data , as stated

- - previously. The repetition rate required is a function of dead reckoning
error buildup with time.

-S
-S

-
-S

fl Three basic sources of errors are involved in the dead reckoning
computer. These are errors in the input parameters, errors due to
water currents and integrator drift errors. The input errors are gen-
erally on the order of ±0.10 in heading and ±0.1 kn. At 30 kn (50 fps),

~ jj
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I
I this amounts to position errors of approximately 0. 1 fps and 0.2 fps,

respectively. These are both negligible compared to the error intro-
duced by a l-kn current , which gives a 1.7-fps erro r . The 1-kn current

I is a typical value that can be expected near the surface. The integrator
drift depends on the hardware components being used , but a value of
±0. 1% of full scale input is typical. Assuming a 30-kn full scale input

I 
value gives a 0.05-f ps position error. Therefore , all the errors of the
dead reckoning computer are small compared to the drift error of 1.7
fps -

L The total drift error should be less than 1/3 of the accuracy desired
- or about 50 ft , so as to contribute negligible error. Since a repetition

rate of one pulse every 30 sec would give a 50-ft error due to drift , no

I lower repetition rate should be considered. Anothe r factor that influ-
ences repetition rate is the desirability of unambiguous range from
each beacon. Since the range will be as much as 15 mi (91 ,000 ft) , a
travel time on the order of 19 sec will be encountered. This means
that the repetition rate should not be less than once every 19 sec. There-
fore , the repetition rat e should be between once every 19 sec and once
every 30 sec.

I The repetition rate is derived from a standard clock and for con-
venience it should be an integral factor of 60 sec. Since the factors of

I 60 are 1, 2, 2, 3 and 5, the choice of repetition rates are once every
1, 2 , 3, 4 , 5, 6, 10, 12 , 15, 20 , 30 or 60 sec. The choice , due to the
previous factors 1 is then limited to once every 20 or 30 sec. A repeti-
tion rate of once every 20 sec would appear to be more favorable , due 

- :[ to the fact that the navigation position is computed more often. How-
eve r, once every 30 sec is necessary to prevent interstation interfer- -:
ence . - -

1. 7. Beacon Placement

Fifteen beacons are preferred over the 20-station configuration , - -

since it is more easily expandable and covers most of the area (84%)
with the minimum number of beacons (Fig. 41) . Additional beacons can
then be easily added at any time to increase coverage to 100%.

The beacon placement is basically a group of diamond patterns con-
sisting of four beacons (except for the extreme northern end) giving a
total of 15 beacons as shown. The positions for these beacons are:

i-S

Nort h West
Station No. Latitude Longitude -:

1 24° 4 7’ 30 ” 76° 31’ 30” L —

2 24° 41 ’ 00” 76° 40’ 00”
3 24° 38’ 00 ” 76° 29 ’ 00”

‘ E l
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I-
‘ 1

~ f North West

I 
‘ Station No. Latitude Longitude

- - 
4 24° 30’ 30” 76° 10’ 00”

ii 5 24° 28 ’ 30 11 76° 20 1 00”
6 24° 2 0’ 00 ” 76° 22 ’ 00 ”

~ 1 7 24° 21 ’ 30” 76° 12’ 00 ”
8 24° 12’ 00” 75° 59’ 00”( 9 24° 15’ 00” 75° 48’ 30”

10 24° 02’ 00” 76° 01 ’ 45”

~ r 11 24° 05’ 30 ” 75° 51’ 30 ”
12 23° 52’ 30” 75° 41 ’ 30”

1 13 23° 54’ 30 ” 75° 311 30” -S
14 2 3° 43 ’ 00” 75° 45 ’ 30”
15 23° 45 ’ 00 ” 75° 35’ 00”

8. Beacon Identifi cation

r Ideally, each beacon should be individually coded but since each
beacon requires a 300-cps bandwidth , this would prove to be impossible. -S 

-
-S

On the other hand , the dead reckoning computer calculates the subma-
I -. rine position continuously, and , therefore , can tell which beacons are

being received when . Of course , when two beacons are received at ap-
- proximately the same time , the dead reckoning computer doesn ’t have -S

enough accuracy to determine the particular station that a given signal
belongs to , if all signals are the same type. This means that at least
two distinct identification codes are required . Howeve r , as a subma-
rifle proceeds through Exuma Sound , two stations of the same identifica- -S
tion would be encountered frequentl y with only two different codes

- available. This could be alleviated by having three codes , but the re
are still cases (when the submarine is on a base line between two sta-
tions ) when two stations of the same code would be required to give an

I accurate position . This nappens less frequentl y than with the one or
two code systems, but st ill wou ld be a fai r ly common occurrence.
Therefore , a mi nimum of four separate codes , A, B, C and D, are re- -S

I quired (Fig. 42). The coding is such that the two beacons of the same
- - coding are a minimum of 25 mi apart , and there is never a need to use

two beacons of the same coding in determining position.
i- -S .

I ~~
- I Since a 200-cps bandwidth is required , p lus 100 cps (due to doppler

effects) for each diffe rent coding (if they are coded diffe rently by a
frequency separation only), an excess of 1 .2 kc total bandwidth is re-

I quired for the Navaid system. This is a fair amount of bandwidth , and ,

1-S I
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I
j while it is possible to use this much , the requirement can be cut in

half . This can be accomplished by sweeping the frequency of one sta-
tion with an ascending frequency and sweeping the frequency of oppo-

- - I site stations with a descending frequency. This means that only two
frequency bands are required for four different codings. Only 700 cps
of receiving bandwidth and 600 cps of transmitt ing bandwidth are re-

T quired if a lOO-cps guard band is inserted between the two received
bands . The bands chosen for transmission are 1.9 to 2 .1 kc and 2 .3 to
2 .5 kc , since these are in the optimum frequency range and allow ap-

-S 
-
~ ~. proximately l-kc separation from the high powered active sonars.

L The corresponding receiving bands are 1a 85 to 2.15 kc and 2.25 to 2 .55 
i 

-

kc. -S

-

- - 
- 

r The reverse sweep signal will be received by the receiver that is -S
set to accept the normally swept signal and vice-versa. The amoun t of
rejection of the unwanted signal depends on the range resolution and
processing filter bandwidth used in the system (Fig. 43) . For a system
with a 25-ft resolution and 20-cps filters , the rejection is 22 db. Since
the propagation losses between 0- and 15-mi ranges are on this order of

-~~~ 
magnitude, the undesired signal can be as strong as the desired. How-
ever , it will be rejected since the approximate arrival times are known
from the internal dead reckoning computer and the unwanted signal will

— be blanked out. When the desired and undesired signals arrive at ap-
-S proximately the same time , th e propa gat ion losses are obviously about I -=

the same and the unwanted signal will suffe r a 22 -db rejection loss as
compared to the desired . This is sufficient so that no mutual beacon
interference occurs.

Several beacons with the same type of coding will be heard on the
Navaid receiver, because the stations are as close as 24 mi. When the

-
~ unwanted station occurs at a different t ime no problem exists , since it

will be blanked out. When it occurs at approximatel y t he same time ,
it has traveled 20 sec (if a repetition rate of once every 20 sec is used)
or about 16 mi further. If the submarine is close to the desired station ,

L the incoming signal is more than 20 db down . Howeve r , if the sub ma-
rifle is 15 mi from the desired station , the u n w a n L e d  si gnal suffers  onl y

• a 3-db spreading loss (due to cylindrical spreading at this point )  plus
an additional two bounces at about 2 db per bounce . This gives Onl y a
7-db advantage to the desired si gnal which is not considered sufficient .
An increase of repetition rate to 30 sec increases this rejection to 10
db, which again is barely sufficient.  However , the inc reas e of range
diff erence to 24 mi makes receipt of the two signals occur far  enough
out (15 mi from one station and 39 mi from the other) so that the best

I pair of beacons would have codings different than those being discussed.

All that is required to ensure that signals from the opposite swept
stations and signals from the same type of station are rejected in the
previously discu3sed manner is to have all stations transmit  simulta- -S
neously. Since the pulse width is only 50 ms , the 15 stations could

- I I -S
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- 

-

transmit sequentially in time according to position down range and -S -S

still accomplish the same objectives. Of course , a repetition rate of
once every 30 sec is required for this operation. 

-

9. Transmitter Characteristics -

Enough of the system parameters have been ascertained to allow
the transmitter characteristics to be determined. The frequency of
operation consists of two bands of 1.9 to 2 .1 kc and 2 .3 to 2.5 kc. Since
it is desirable to have a single projector design , the projector should -S

cover the complete range from 1.9 to 2 .5 kc at the 3-db points. Taking 
- 

-

a center frequency of 2.2 kc gives a projector Q of 2 .2 / 0 . 6  or approxi-
-S mately 3.5. Allowing a little more leeway allows a Q of 4 or less to be

acceptable for this application. -

Figure 39 shows that 500 acoustic watts are required for the 25-ft
-S resolution and a 20-cps filter width FM system is required for a 20-db

signal-to-noise ratio. This 20-db signal-to-noise ratio is considered
necessary for proper automatic threshold detection. The 500 watts
have to be doubled , since the projector will be working 3 db down and at

-S 
times within its band , there will be some electrical mismatch due to
the wide band that the projector has to cover. This means that the
projector must be capable of delivering 1000 acoustic watts at its reso- -

‘

-S nant frequency in order to meet the 20-db signal-to-noise ratio for a 
-S

typical 30-kn submarine. The fact that the projector has a low Q re-
quirement generally means short ,.thin walled ceramic cylinders (if a
ceramic-t ype design is used) . The requirement of 1000 acoustic watts r - 

-
:

w ill probably require more than one projector section , which can be
-S used to an advantage since the longer ranges (6 .5 to 15 mi) use energy Li 

-

that is radiated in the sector of approximately 10° to 20° from the hori-
- I zontal. Spacing the elements about 1/2 wavelength will give an increase I 

-

of about 3 db at 0°, and locating the unit on the bottom will give another - J -S
approximate 3—db gain. The actual beam pattern for the FM signal has
to be calculated from the autocorrelation function in the following man-
ner:

n j - l  n
- 

~~ e2 + 2 e .e. p1.

R ( e )  lO log 1 = 1  
2 

i 1

N e  ~- -
~

where 
-S

R ( 0 )  = the beam pattern relative response to a projector with - 

-

the N elements closely spaced . - -S

e = the level at the observer of a single projector element. F-
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1~
- a.

e., e -  = the level at the observer of the ~th or ~th projector
element or bottom bounced signal from that element.

N = the number of projector elements.

! 
r n = 2N (N direct signals plus N bottom bounce
L signals).

p. - the correlation of the ~th and ~th signals as seen by the
observer.

The correlation is obtained by determining the relative time delay
f between two signals (a function of 0) and reading the correlation value

- k from the autocorrelation function shown in Fig. 44 . The FM signal in
Fig. 44 is for a 250-cps wide FM pulse instead of 200 cps , and , there- g -

fore , the autocorrelation function is slightly narrower, but not signifi-
cantly so.

The resulting beam pattern is shown in Fig. 45 for a two-element

~

- t projector array where the elements are spaced 1.6 ft apart , and where
the lower element is located at various distances from the bottom.
Bottom losses as a function of incidence angle have been taken intor account in the calculation of the beam pattern. A 0-db level of the beam
pattern corresponds to the level received from two elements spaced
close together without bottom effects. Increased heights from the bot-
torn have the effect of narrowing the beam since there is a virtual source
below the bottom and the effect is to make a longer array. There is no

- -S point in increasing the height above the bottom more than 1.6 ft . since —

the beam pattern becomes too narrow and the level at 20° starts to de-
crease too much .

At first glance it might seem that some improvement mi ght be gained - -
-S — I by steering the beam up to about 10° . This can ’t be done to any advan-

— I - tage because the effect of the bottom is to give a virtual source with the
beam steered down and the net result is no steering, as shown in Fig. 46 ,
where the beam has been phased between the two elements for a 20° steer

- 
up. Four or more elements are required in order to steer up properly,

-S 
and the improvement would be only 1 to 1.5 db at 10° . Since only about
two elements are contemplated , the 0° steer position will be used and the
bottom will be used to advantage .

One important point here is that spacing, phasing and posit ion above
the bottom are not critical due 1o the wide frequency bandwidth used
(Figs . 45 and 46) .

The effect of the improvement by spacing and placing the projector-S close to the bottom is to give an excess signal-to-noise ratio (Fig. 47) .
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Fig. 45. FM Pulse Transmitting Beam Pattern, Two Element Vertical Array - -

S 
Spaced 1.6 ft (h 1 = distance of lower element to bottom)
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r
This excess is required in any case to allow for normal variations in
the propagation losses and for possible partial shielding of the bow
hydrophone by the submarine at stern aspect.

110. Synchronization

Synchronization of the beacons is required to an accuracy of about
3 ms (15 ft) . The only way that this can be accomplished reliably is by
cable. If power is supplied by cable from the shore, synchronization
presents no problem since the same cable can be used. If power is not
supplied from shore, an Inexpensive cable is required for synchroniza-
tion. The only methods that are economical Involve sending power of
one form or another over cables to the deep beacons. Therefore, accu-
rate synchronization, while required, imposes no serious problems. -S

11. Cable Link

Two systems have been proven to be satisfactory from a perform-
ance point of view as indicated earlier and as discussed in detail In
Chapter V. One has a low-loss cable with simple beacons and a shore
driver; the other has inexpensive cable and a more complex beacon
(including driver and a battery supply) with only control and battery
charging circuits on shore. The first system has the highest reliability
but is more expensive than the second. The second may have a suffi- S

ciently high reliability, but this cannot be ascertained without some on- -S -

site tests which are included in the recommendations. Without the re-
su-lts of these tests, the only system that can be recommended with a - 

I

high degree of certainty is the system using the shore driver , low-loss
cable and simple beacon. In the remaining system conf iguration dis-
cussion, and in the system specification (Appendix C) , only the design
of this higher reliability system will be considered.

The cable link is required for both synchronization and power supply
purposes. Since cable costs are the largest single cost item, several
things were done to decrease cost with no loss In performance and to —reach a reasonable compromise between cost and performance. An
example of the last item is the tradeoff between driver size and cable
loss, which resulted in the choice of a 20-kw driver and an allowable
loss of 8 db for the cable over a 30-mi run.

Two factors lead to an improvement of the fi rst type. First , about
one-half the beacons are closer than 30 mi to their respective stations ,
and second, it is less expensive per circuit (both from an initial and
installation cost points of view) to lay a cable with two complete cir- -S

- -S 

cults than to lay two cables with a single circuit each (Fig. 4 8).
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I 19 m1 
i m i quad

external armor

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Shore station

V Far
- beacon

I Fig. 48 . Beacon Cable Layout

As shown in Fig. 48, a high- and low-loss pair make up a cable called
- - I Quad 1. The high-loss pair Is used for the closest beacon and has a

- - loss of 8 db for a 19-mi run. (This is a typical value for most of the
close beacons.) The low-loss pair is joined at the closest beacon with
a second cabl e type called Quad 2. The Quad 2 cable and the low-loss
pair of Quad 1 combine to give a total of 8 -db loss for a 30-mi run.
(This is a typical value for most of the far beacons.) Thus , both close

F. and far stations have the sam e loss incurred and the cable siz e is a
minimum in every case. In addition, the fact that two cable pairs are
laid together on the 19-mi run to shore saves both cable and installa-
tion costs.

— 
A further reduction in cost is made by using internal armor and

this particularly lends itself to a Quad cable construction. Internal
armor as opposed to external armor is satisfactory in a location such

~ r as Exuma Sound due to the prevalent smooth mud bottom and depth of
-S 

~~~~ water. Within one mile of shore, however , external armor is required
for protection from abrasion and other types of damage. The external
armor Is fairly expensive and again considerable cost saving is made
due to the double pair construction. The interconnecting cable only
requires one pair , but one pair is not a stable construction for internal
armor. Therefore , two smaller pairs in parallel are used to form the[ Quad 2 cable.

Since Beacon 3 has no related pair beacon , it is powered over 16 mi

I of Quad 2 cable by Itself. All other beacons are in pairs and are powered
as shown in Fig. 48. Of course , the last mile for Station 1 (1.5 mi for
Station 2 ) near the shore station is externally armored.

I
H I
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Normally, cables are installed with 5% slack (excess of cable length
as compared to distance covered) and an additional 10% to allow for a -S
safety margin in case of navigational errors and extra slack for future 

- -Sretrieval. This additional 15% is included in the cable runs shown in - -

Appendix C.

12. Navigation Equation

The navigation computer can easily derive travel time from the two-S beacons being used for navigation by timing the difference between the -S
clock output and corresponding received acoustic pulse from each bea-
con . Once these two times are derived, the computer has to convert
them to horizontal ranges before it can compute the actual submarine
position. This conversion of time to horizontal range is not easily -S

accomplished as can be appreciated by looking at the ray paths of
Figs. 26 , 27 and 28 and considering the effects of submarine depth,
source depth, deviation from a flat bottom, and depth-velocity profile . -

changes. A study of the ray paths has provided a means of accomplish-
ing this. Straight line ray paths are assumed initially and this gives two
right triangle solutions, one for the direct path and one for the single
bounce path (Fig. 49). In the single bounce case, the triangle is formed - 

-

by successive mirror images of the actual sound path . In the case of
the direct path, the triangle has sides R and (dr-ds-dFO and a hypotenuse,
Vt (v = average velocity of sound and t = travel time). Solving for hori- 

-

zontal range gives -

-S

-S 

R = 4y4vt )2 (dr ds dR) 2 
- 

- 1
In the case of the single bounce path, the sides are R and (dr-ds-dR

+dr-dB+dr-dlB-dR) and the hypotenuse is again vt. In this case, solving
for R gives

R = ,/(Vt )2 
- (3dr -2dB -ds -dR) 2

.

which is really similar to the equation for the direct case, but is more 
-

I -S general. It will he the only one considered since It gives the direct
case by making dB 0 and dr = 1/3 dr. This equation takes into account 

-S

travel time, submarine depth , source depth and bottom bounce depth, but .1- -~

- - 
doesn ’t account for changes In the average velocity of sound and depar- I

ture of the actual ray path from straight lines. These effects can be
- ! - approximated to any desired degree of accuracy by Incorporating range,

source depth, submarine depth, bottom bounce depth and depth-velocity

U profile changes into the average velocity (v) term. The accuracy of the
corrections can be improved by increasing the order of the equations
involving each term. A study of the ray path diagrams indicates that
second order equations are sufficient, but this should be compromised and
modified by onsite accuracy tests as described in paragraph 4 .3.7 of

~
-S
0
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Appendix C. Incorporating these second orde r corrections gives the
following equation :

R 
~~~~~~~~~~~~~~ 

_ _-S ----S  -S~~~~~~~~~~ -- - -S— ---

~~~~~~~~~ , 
[1

K Bd R ~ K 9dR ]  
- [.dR - 2dB~

ds ± 3d 
j

where

K 1, K 2 arid N .~ are ~i U J I i  pa i ie l  adjustments  (to compc- ~~ te fo r
-- changes in the depth-velocit y profile) and provide com pensation b r  r~~y

bending with range.

K4 and K 5 provide correction for average velocity changes due

to different beacon depths.

K6 and K7 provide corrections for bottom bounc e depth variations.

K8 and K9 provide for average velocity changes with submarine

depth and correction for increased ray curvature with depth . - -j
All the constants (and any additional ones) can be deterrmned by the

previously referenced accuracy test described in Appendix C. -S

t = travel time and is easily determined from the t iming
and acoustic inputs .

dr = a reference depth (5000 ft . for instance)

k d5 a beacon constant (dr-ds is the beacon depth )

dR = the submarine depth

dB the difference between the bottom bounce depth and the

reference depth .

The last item is a function of not only the particular beacon but the
range and bearing from that beacon. It Is the only item that is not
explicitly known. It can easily be derived, since the computer has to
determine range and bearing to the clos e beacons in order to decide
which two beacons to uti l ize.  The bottom bounce depth can be derived

-S 
by a cam on the bearing servo which contains the average bottom slope

Li
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-S 

as a function of bearing over the range of 4 to 11 mi (since the only
bottom bounce signals of any interest hit the bottom at these ranges).

I 
- 

This slope can be multiplied times the estimated range and used as
the bottom bounce depth. A discussion and development of the above

• equation is contained In Appendix E.
-S Another function of the computer is to select the two beacons to be

used for position determination. The computer does this by determin-
ing the closest A, B, C and D beacons from its estimated position and

-S known beacon positions . Once this is done, the computer can easily
compute range, bearing and range rate from its estimated position,- .  submarine velocity input , submarine h eading input and known beacon
coordinates. The two closest beacons (each of a different coding) are
to be selected in all cases, except when their relative bearings are

- within ±150 of either 1800 or 00 . The reason for this is that the base
line errors can become excessive in these cases and the best two
beacons are then the closest and third closest beacons . The range
rate signals can be used to correct for doppler and the estimated range
signals can be used to range gate the incoming acoustic signals.

- One other item that the computer has to take cax-e of is the fact that
usually one beacon signal will be received and its corresponding range
determined at a different time from the second beacon. The actual

- position computation cannot be made until both ranges are available,
and if the submarine is traveling at 50 fps (30 kn), it can possibly in-

-S crease the first range as much as 800 ft by the time the second signal
- -S is received (for an 18-sec difference in travel time) . This can be easily

compensated for by applying range rate correction, which ha s already
-- - been derived for doppler correction, to the f i rs t  range received and

-S 
thus update it until the second signal is received.

B. BLOC K DIAGRAMS

The block diagrams of shore equipment , beacon s, shipboard equip-
ment, the navigation computer and a computer analyzer are discussed

- 

-S . in the following paragraphs .
- 1. Shore Equipment

The block diagram of the northern shore station is shown in Fig. 50,
L and the basic parts of the shore equipment are discussed in detail in

the following paragraphs.

U a. Timing

-S 
The basic timing reference for the whole system is a digital clock

4~~I (
~ 

located at Station 1, which has an ove rall accu racy of ±3 ms for an

U
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- I i  1-S
unattended 24-hr  period . Thi s amounts to a ± 15-ft navigation error and , -therefore , ha s negligible effect on the system accuracy. The clock
timing is continuously checked against WWV transmissions in the WWV - -S 

-

comparator. Pe riodicall y (at least once every 24 hr ) , the di gital clock
is manuall y brought into synchronism with WWV . The clock is also -S 

-S

provided with a visual display of time, for synchronization and infor-
mational purposes. Station 2 receives its timing from radio trans-
mis sions derived from Station 1. Li -

b. Control

The control circuitry takes the clock or radio signals (for Stations
1 and 2 , respectively) and generates the four  station coding sequences
required. In addition , it provides gating signals suc h that the output
of the driver is automaticall y switched to the appropriate beacon cable
pair ju st prior to pulse transmission. Manual switches are provided
on this unit so that any one of up to twelve beacons can receive any one t
of four codes , or be inactiva ted in any sequenc e desired . Capability
of handli ng up to twelve beacons is provided , since this covers the re-
quire men ts of fu t u re range expansion, allows more versatile testing

— and requires only the addition of a few more switches.
-S The control c i rcui t ry is really the heart of the system sinc e it is 

- 

- -

the unit that determines all but the power level of the transmitted
signals . Changes of pulse characteristic s can be made at any time Li
(al though a corresponding change is required in ;he navigation corn-
puter) wi th in  the frequency limi tations of the projector system.

c . Power dr iv e r 
-

The signals generated by the control circuitry are amplified up to
a power level of up to 2 0 kw by the power driver . The power output of --
this driver is controllable from 1 to 20 kw. Protection is provided by
internal c i rcui t ry  for open circuit load conditions and by buses and
breakers for shor t circuit  load conditions.

d . Synchronization

The radio t ransmit ter  is used initiall y t o t rans mit t imin g reference
signals to the test ship during the loc ation tests and initial accuracy
tests , thus eliminating the need for digital cloc k synchronization with 

UWWV . As the program proceeds the digital clocks will be , of necessi ty ,
lock ed in the WWV . Th e radio t ra nsm itte r will serve two purposes
af te r the ran ge is opera t ional . One is t o su ppl y timing reference signals
to surfac e ships desiring to use the underwater navigation aid and the
other is to provide the source of timing signal for the South Exuma
Sound station (Station 2) at Stevenson , Great Exuma Island , and t h us

-~~ eliminate the need for an additional digital  clock. —
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- e. Communications

A ship- to-shore radio will be included at the shore station for corn-
munication with surfac e ships and submarines during instal lat ion ,
location, accuracy and ope rational tests . It will also be used for emer-gencies and as the main source of communication to Georgetown ,
Nassau and Miami .

2. Beacon Block Diagram

U The block diagram for the deep beacons is shown in Fig. 5 1. The
matching transformer matches the characteristic impedanc e of the -S

- cable to the projector in the frequency range of interest. A double
tuned network is used so that the projector will be matched at both the

- frequency band s of interest (1 . 8 to 2 .0 kc and 2 .2 to 2 .4 kc) . A matching
transformer is also included in the close beacons to matc h the two
di fferent characteristic impedances between the low-loss Quad 1 pair

• and the two parallel pai rs of the Quad 2 cable that go to the far  beacons.

• 3. Shipboa rd Equipment

The shipboard equipment that will be required to perform the lo-
cation and accuracy tests of Appendix C is shown in Fig. 52 . The
hydrophone-p reamplifier assembly will be lowered on a cable t o

• duplicate the conditions of a submarine at various depths between 150
and 1500 ft.

- 
a. Hydrophone-preamplifier assembly

• The hyd rophone-preamplifier assembly should consist of a pressure
equaliz ed hydrophone and a low noise transistorized prea mplifier  de-

- .  signed to operate at 3000-psi ambient pressure, or more. The hydro-
phone-preamplifier combination should have a sensitivity of -70 db/volt i
bar , or better , flat within ±2 db from 0- to 3000-psi ambient pressure ,.
an output impedance of 100 ohms or less, and a response flat (±1 db)
from 1.5 to 3 kc.

U b. H ydropho ne test rig

-
j - -S The hydr ophone-preamplif ier  should be mounted in a small pro-

U 
tect ive housing with acous t ic isola t ion t o preven t cable and water noise
from being coupled directly to the hydrophone. This ri g should be
attached to at least a 250-lb concrete anchor to provide the necessary -S

sinkin g force.
i , L~~

L
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c. Test cable

• An electrical-mechanical cable 1600 ft long will be required to lower
• the test hydrophone to any depth between 0 and 1500 ft . This cable

should have two dry double-shielded twisted pairs to provide the nec-
essary connections to the hydrophone preamplifier. The cable should
have two layers of opposite wound steel external armor for protection,

• antitorquing and to minimize acoustic noise.

d. Experimental computer

The experimental computer will compute position continuously, and
periodically correct the computed position with sonar position. The
computer will contain all the functions for the navigation computer ,
except that it will have manual switching of beacon constants, no J
doppler correction, manual depth corrections and a visual rectangular
coordinate output instead of the more elaborate functions of the opera-
ti~ naJ -type computers . The reason for the above is that the intent of ç
this part of the program is to determine the computer configurations
and constants and system accuracies, and not to prove out portions of
the system that can readily be designed. The latter is the function of
a prototype operational-type computer. :

A surface ship will be used for the tests and the ship will essentially
• stay on station since the hydrophone position and depth will not be known

accurately if the ship ’s speed is above a few knots. This means that no
doppler corrections are required and there is plenty of time to insert
the numerous beacon constants and corrections manually. This also
provides the most flexibility which is highly desirable in this portion
of the tests.

Initiall y, the timing reference will be derived directly from the
radio timing signals sinc e this doesn ’t require any effort to keep two
digital clocks locked in the WWV . This is especially desirable in the
initial portion of the tests where the equipment will probably be turned
on and off frequently and the station site will be manned only during
test intervals . The digital clocks require about 4 to 8 hr continuous
operation to stabilize out to the point where only 24-hr corrections are
required . As the problems and navigation computer constants are
worked out , the digital clocks will be locked in with WWV, and overall
system accuracy and performanc e using the synchronized clocks will
be demonstrated and determined.

After the range is operational , the digital clocks can be left operating
all the time so that the warmup time is eliminated . Even in the case

- 

~4 . of cold startup, the operator w ill have no other primary function than
to monitor system operation and it will be no problem to synchronize

1.1
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the clock periodically. Of course, the digital clock used with the experi-
mental computer will be used with the prototype computer to give a corn-
plete system, capable of operation with one submarine.

1. 4. Navigation Computer (Fig . 53)

The purpose of the navigation computer is to continuously compute
the submarine position . The computer should be constructed of solid-
state components only, to minimize size and weight. The individual
blocks are discussed in the following paragraphs .

a. Time reference

The time reference is derived from a digital clock of the identical
• - design described earlier , except that a BCD digital output will be pro-

vided for recording. The complete clock will be a purchased item.

b. Receiver

The function of the receiver is to limit the wide band hydrophone
input to the desired frequency bands , to provide sufficient amplific ation
of the signals up to a convenient level and to provide AGC action to
compensate for varying noise levels. A total of 70 db of AGC dynamic
range will be provided to allow compensation for noise levels from
0 speed at sea state 0 to 30 kn or more at sea state 6. The receiver
will have a maximum voltage gain (with 0 AGC voltage) of 100,000 .

c. FM Reference Oscillator

The FM Referenc e Oscillator provides a synchronous reference
signal for the four different station codes on the basis of the timing
signals received from the digital clock. This portion of the system is
roughly equivalent to the control circuitry of the shore station and is
easily modified to new or different station codings ; doppler correction
is provided by data supplied from the DRC .

d. FM Demodulator

The FM Demodulator performs the function of analog correlative
demodulation of the input signals and the FM reference signals. This

n is accomplished for the two signals from the two best beacons as
determined by the dead-reckoning computer (DRC) . The FM Demodulator
also determines the fine range increment of the received signals by
passing the demodulated signal through a bank of 10 comb filters .

~~~ r l U
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e. Range computer

The range computer determines the fine and coarse horizontal
range, by digital means, to each of the two stations from data and timing

Li inputs from the FM Demodulator and digital clock, and path corrections
from the DRC . It also provides updating (from DRC data) of the first
range signal received until the second range signal is received.

f. Position computer

The position computer computes the submarine position by digital
means from the two range inputs of the range computer and the beacon
coordinates supplied by the DRC . Two solutions are computed and the
ambiguity is removed by present position information from the DRC.

g. Dead-Reckoning Computer

The Dead-Reckoning Computer continuously computes present
position from the last known position in a hybrid analog-digital manner

- — from submarine velocity, heading and depth inputs. It accepts cor-
rected position data from the position computer if the acoustic position
agrees with the computed position within 1/3 of a mile or less. If three
successive acoustic positions disagree with the corresponding corn-
puted positions , a warning light is activated.

The DRC also supplies doppler correction and code selection to the
FM reference oscillator; range gating, depth correction and bottom
corrections to the range computer; and beacon coordinates and present
position to the position computer .

The output of the DRC is in rectangular and latitude-longitud e co-
ordinates on visual indicators. Eithe r of these two outputs are selectable
for recording in digital form and f~- r- X-Y plotter display in analog form.

5. Computer Analyzer

The purpose of the computer analyzer is to provide a means of
calibration and testing of the navigation computer without requiring on-

-
; 

- - site tests. The block diagram of this unit is shown in Fig. 54 .

Submarine velocity, depth and heading outputs are simulated by
- 
i manual vernier dials which control synchro transmitters. The simu-

lated beacon signals are derived by generating two selectable codes
with accurate adjustable time delays from the navigation computer
digital clock output. In addition , these codes have manual relative

- - dopple r variation adjustments.

i [ 1
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The normal calibration procedure (once the analyzer is attached -

~~~

to the computer) is to put given values into the analyzer and given
values of present position into the navigation computer ’s DRC . It is
then determined if the desired functions occur in the prescribed
manner and if the corrected positions are compr ..ed to within the spec i- -

lied limits of the known position solutions.
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V. OPERATIONS ANALYSIS

3 r
Initially, the operations ana lysis was used as a guide to determine

• 
- the qualitative and quantitative objectives of the experimental program

- and therefore help set up the experiment. After  that , t he purpose of
this part of the Stud y was to obtain the optimum compromise between
the opera t ional requirement s, area coverage , accuracy, power suppiy
method , cos t of the system and growth capabilities. The objectives of• the experimental program were discussed previously; the remaining

• - items are discussed in detail below .

A . OPERATIONAL REQUIREMt~NTS

A stud y of the operational requirements of a submerged Submarine
Navigation Aid System in Exuma Sound concluded that the installation
shou ld:

- 

1 ( 1) Provide an area where the submerged submarine is able to
deter mine its position with a high degree of accuracy for
weapon and equipment development evaluation. Acc u racy
is the principal requirement of this function. The size of
the ins onified area depends primarily on the range of the
weapo n or equ ipment being evaluated and usually does not
require an extremel y large area .

- (2 )  Provide an area where fleet ASW operations can be effec-
tivel y evaluate d. The size of the area is the principal re-
quirement  for this function. It should be of sufficient size
to permit large complex ASW formations and exercises.

- The accu rac y requ ired will be dependent upon the deviat ion
- of er rors of the ASW search , locali zation and kill system.

- - -i 1. Evaluation of Operational Exercises

There is a need for an area where the ASW fleet forces can con -
Li duct exercises with one or more submerged targets and have accurate

positioning information of all forces pa rticipating in the postexercise
eval uat ion.  Installation of the conventional above-water navigational

• 

- methods on the surrounding isles at Exuma Sound would provide the
sufficient accuracy for the air and surface forces and installation of a
50-yd acc uracy underwater  system would provid c~ a method of ac-

-

~~~~ 
curately determining the submarine ’s position.

- 
- - 

- - The size and scope of the exercises conducted in Exuma Sound
would be determined by the area insonified by beacons . The area be-

L.
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tween the 100-fathom curves is about 3300 sq mi and coverage of a t J
large portion of this area would permit fleet ASW units to exercise
all phases of ASW operations . Shore-based or carrier-based aircraft
could conduct fixed area searches, and track charts of the exercise
would confirm or deny their reported detections . In the localization
phase of the exer cise , the degree of error of their sona r patterns could
be accurately determined. Knowing the position of the submarine and
the attacking forces at the time of a simulated weapon drop, a realist ic
kill assessment could be made . In all phases of the exercise, a true
evaluation can be made of procedures , equipment and operator per-
formance. 

--  j

2. Search

The positioning error of the submarine with a 50-y d navigation
accuracy will be insignificant when compared to the system errors of
Jezebel, aircraft  radar , or long range active and passive sonars of
surface ships or submarines.

3. Localization

In all ca ses , except that of active sonar search at short ranges
(1000 yd) by surface ships or submarines , the navigation errors of a
50-y d system will be insignificant compared to the localization errors.
For the short range active sonars , the contribution of the submarine
positioned error will be approximatel y equal to the localization errors.
The localization errors and attack errors for airborne equipment are
show n in Table 1. This includes all pertinent errors , in luding air-
craft navigational errors, etc. Surface sonar errors are also given - :

in Table 1.

Elimination of significant submarine position error permits a
better evaluation to be made of equipment parameters, tactics, t rain-

3 
ing, etc . The significant errors are those associated with equipment ,
operators and vehicles of the ASW forces . It also permits a better
evaluation of parameters such as false contact rate , minimum and
maximum detection ranges , reliability, etc.

TABLE 1
Localization Errors

L

Erro r Range
System (yd) (yd)

Localization Equipment (airborne )

~~~~~~~~~~ 
Range only sonobuoy 200 to 400 2200

Directional listening sonobuoy 200 to 400

Julie sonobuoy 100 to 200 4000
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TABLE 1 (continued)

- Error Range
System (yd) (y d)

11 MAD 100 to 250 345 to 980
Surface Sonar 10 to 25 250
Surf ace Sonar 15 to 30 500

Li Surface Sonar 20 to 40 1000
Surface Sonar 50 to 70 2000
Surface Sonar 125 to 150 5000
Surface Sonar 200 to 250 8000
Attack (airborne)

Ro-Ro sonobuoy contact with
weapon 200 to 400

• DLDL sonobuoy contact 200 to 200

• MAD-weapon 100 to 250

4. Weapon Evaluation

The inability to accurately position the submarine in relation to the
- - weapon delivery vehicle has previously precluded a reliable evaluation

of the weapon performance in the case of a dummy weapon drop or the
- reliable assessment of a kill in the case of a simulated weapon drop.

Conducting kill exercises in the Exuma Sound area utilizing the navi-
gation system described will permit an undistorted evaluation of the
weapon effectiveness since the accuracy of the navigation system is
very high ( 50 yd) . The resulting errors, due to the navigation system,
are negligible when compared to the range of the weapons .

Table 2 shows the effective ranges of current ASW weapons . In
all cases, the navigational positioning errors of a 50-yd submerged
navigation aid permit an accurate evaluation of the weapon ’s perfor-
mance , or assessment of a kill (in the case of a simulated drop) . If

I postexercise evaluation finds that the delivery unit actuall y dropped
‘- - the attack exercise weapon within the weapon ’s effective range but

failed to register a hit , the cause for the miss can be limited to weaponp performance.  if a simulated drop is made ari d, from the comparison
Li of the tracks of the submarine and attacking units , it is determined

that the drop was made when the submarine was w ithin effective range ,

- 

• a kill can be realist ically assessed.
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ii
TABLE 2

Table of Effect ive Ranges of ASW Weapons

Detection or Submarine
Kill Range Depth J

Airborne Weapon (y d) (ft )

MK43 800 -- 
J

MK44 1000 --

MK4 6 1000 --

MK9O 1400 400

1525 1000

-
. MK1O1 980 50 

-

1160 100

1360 250

1660 500

Hedgehog 285 300

5. Navi gational S af e t y

In all sub marine ope rations , the safety of the submarine is para-
mount . Operat in g in an area covered by submerged navigational bea-
cons wi l l  provide a safe ty factor in navigation and collision prevention
that the submarine  has no t previousl y enjoyed. As long as the sub-
marine  is wi th in  the acous tic range of two beacons , he will be able to
deter mine his position with an average error of approximatel y 50 yd . 0

This posit ioning accuracy is particularly desi rable in an area like
Exuma Sound where  the water  shoals rapidly near the surrounding
islands.

The conclusion at this point is that a 50-yd accura te navigat ion
- : underwater  navigation system covering a large portion of the area be-

tween the 100-fathom curves in Exuma Sound will  provide a suff ic ient  U
• accuracy and operating area to permit accurate  weapons , systems

eval uations and exercises in all cases. In cases where the ship’s and
submarine~s sonar ranges are less than 1000 y d, the navigation system j .5
will contribute more error than the sonar ’s; but sufficient accuracy to
evaluate the outcome of the exercise still exists.

LL~i
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B. AREA COVERAGE

i r -1 Considerable emphasis was placed on obtaining comparisons of the
area sonified and the accuracy to be expected . The beacons w e r e
initiall y positioned by considerin g the area to be a 40- x 100-naut mi

- rec tangle. The separation of the beacons was obtained by solving the
I following set of equations:

N ( m + l )  (!2.~~+ l ) ,

2a + m b 4 0 ,

2 ( R-b )  + 2R 2 - x 2 = b

2 2a n d a R - x

r w here:

N = the total number of beacons and is rounded off to the
• next largest integer x

R = the maximum range of a beacon

- 

- 

m + 1 = the number of rows
- b = the sepa ration distance between beacons in a column

a the distance between the nearest row and the side of the
rec tan gle

- x = distance between rows .

- - 
Solution of the above equations for beacon ranges of 5, 10 and 15

nau t mi are tabulated in Table 3 . The results are based on solving-. the equations for values of m, b and x that give the minimum N .
H TABLE 3

Number of Beacons Required for a 100- x 40-naut mi Rectangle
- - Distance Distance

Beacon Range No. of Beacons No. of Between Edge Between
(naut mi) Required Rows Columns Distance Rows

15 18 2 12.5 8.5 23 .3

1 10 39 3 8.65 5 15
5 140 5 3 .73 3 .33 8.33

‘ - 1
I
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NOTE: Nu mbers 1 through 20 indicat e beacon positions .
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It is indicated from the above table tha t the requirement to use di-
rect ray paths with a range of 5 naut mi would require 140 projectors.
Experiments in Exuma Sound demonstrated the feasibility of using the
bottom bounce technique and obtaining a range of approximately 15 naut
mi. Using this projector range, the number of beacons is greatly reduced.

The next step was to lay out positions of beacons on a map of Exuma
Sound such that  all portions of the Sound beyond the 100-fathom curve
were within 15 naut mi of at least two beacons. A minimum of two
beacons is required to provide a submerged submarine navigational
range. A number of configurations were tried, ranging from a single
pair of projectors up through 20 beacons. The 20-beacon installation
would insonify approximately all the area within 100-fathom curves

-~ (Fig. 55). The difference between this figure and the 18 beacons in-
dicated in Table 3 is due to the irregular contour of the Sound, and the
requirement to ensure that the base line (the line extended between
two projectors) is covered by a third beacon from the adjacent pair.

• 
- - 

Several different concepts of beacon grouping~ were investigated.These ranged from a string concept where the projectors were equi-
spaced from one another, to a pair concept with pairs ‘i beacons equi-
spaced and a triangular concept where groups of 3 beacons were used.
A comparison of the accuracy versus area curves for each of these
concepts is given in Fig. 56. As can be expected, the plotted curves
indicate that as the number of beacons is increased the accuracy and
the area sonified increases. However, the cost of the range also in-
creases and is roughly proportional to the number of beacons installed.

The string of eight beacons installed down the center of Exuma
Sound, with an optimum distance of 13 .4 mi between beacons, covers a
comparatively large area (over 2000 sq mi, see Fig. 57). However, an
extremely poor accuracy (positioning error over 100 yd) is present in

• 
- the vicinity of the base line between projectors. This would result in

a poor accuracy area strip through the center of the operating
area .

Positioning three beacons in the form of an equilateral triangle
with 10-mi sides gives an area coverage of 625 sq mi. The poor ac-
curacv in the vicinity of th base lines is eliminated , since each base
line is covered by the third beacon . Using this configuration, and in-
stalling the projectors in one group of three and three groups of four,

- 
L the 15 projectors would cover 2809 sq mi (approximately 84% of the

total pissible area ) and  provide the maximum accuracy coverage as

D shown in Fig. 41. This large an area would permit unlimited fleet
ASW exercises and , at the same time, provide areas of high accuracy
(25 yd or less) where new development operations could be conducted.

L
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NOTE: Numbers 1 through 8 indicate beacon positions.
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C. ACCUHAC Y Dt~TERM INAT I ON

F 1. Source of Errors

The errors associated with the navigational aid range were divided -

into the following groups.

a. Sonar errors -

These have been considered a function of range and bottom bounce .
This is the major error when either or both beacons are greater than
5 mi from the submarine and, consequently, significant reduction in L

the error of computing the submarine position can only be achieved by
reducing this error.

b. Submarine movement errors

These errors arise because the submarine will not usually be equi- j
distant from any two projectors and , consequently, the signals from
two beacons will not arrive at the same time . The submarine motion
be tween the time of arrival of the two signals must be computed.
~ rrors a rise in est imating the submarine ’s speed and course as well
as est imating drift due to any water cur rents present . This is a sig-
:iifican t source of error when one of the beacon ’s si gnals is received
by the direct propagation path and the other is received a signif icant  -

time la t er by a bou nce path.

c. Computational errors -

This source of error arises from computational inaccuracies.  It 
-

ca n be made as small as r equired and will not be a major error source.

d. Display errors

This error is present from the charting inaccuracies and the read-
in g and display in g of informat ion on the charts .  The display error can
be made as small as desired by inc reasing the chart scale or by use 

- —- 
- of an automat ic  navigation computer .  The displa y error will not be a J

major error source .

e. Beacon positioning error

The exac t locat ion of a beacon wil l  not be known , but can only be
de termined  to th~ acc uracy of the above-water navigational equipment
(s uch as l)ecca ) used dur ing  location tests.  This introduces errors in
deter min ing  the submar in ’  position which are s igni f icant  onl y if the
above -water nav iga t ion  sy s t em errors are not less th an the sona r
er rors . 

- 

I]
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2. Accuracy Model
I 

- A total error analysis was made for two beacon separation distances ,
one of 10 naut mi and the other for 15 naut mi. The position uncertainty
area in which the submarine will be (with a probability of 47%) varies
from slightly less than 1000 sq yd to 12 ,000 sq yd. The average is
slightly less than 5000 sq yd, which is equivalent to an error circle of

U less than 40 yd radius. A second method of averaging is to compute the
radius of a circle containing the submarine position , wi th a 39.5% prob-
ability (circular normal value of 0 ) ,  by the method contained in the
following accuracy model . This gives an equivalent average , a , value
slightly greater than 40 yd. Any desired probability can be computed
by multiplying the 40 yd by the appropriate square root of the chi -squared —

value obtained from the accuracy model. —

The variation over the Exuma Sound area for the 15-beacon system
of equivalent a value is from less than 15 yd to approximatel y 75 y d.
It appears that the submarine could use the average value for its pur-
poses, whereas greater precision could be obtained in postevaluation
done ashore by using the value associated with the submarine ’s
location.

The derivation of the analytical accuracy model to determine the
accuracy of the system as a function of the range and station separa-
tion of two beacons is described below . ?

a . Accuracy model (using two projectors)

Let A and B denot e sonar beacons in the navigation aid system as
shown in Fig . 58. Let RA and R B denot e the true pos ition of the

submarine from beacons A and B, respectively. Let a A a nd 0 B denote

the standard deviation of the range measurements about the means
BA and 

~ B’ respectively, distributed normally. The area formed by I 

-

the arcs of the circles RA ± and R B ± 0B is approximately that of

a pa rallelogram with A = 4 0A O
B

/ sin e , where 0 is the angle be-

tween the radii to A and B from the true position . The approximation
is an excellent one , provided that RA > >  0A arid R B > 

~~ 
0

B 
and 0

is not too small .

The error about the true position will now be defined anal ytically in -- -‘ --

terms of 0 and a , provided that the errors are independent . The

joint distribution of RA and R B about the true position is

CONFIDENTIAL
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‘ 4

1 2

f (R , Rb~ 
dRa dRb 2~ 0A 0B 

€ 

- 

[(R
a R

A )

+ 
( R b - R e )21 dR dR

b

where - RA denotes the error in RA along RAP and Rb - RB denotes

the error in R8 along RB. Let rA = Ra - RA and rB = Rb 
- RB.

I S i  -
:

f (rh, ra) drA drB 
= 

________  E 

- 

~~ 

2 
+ (
~

) 21 drA drB

Let us now transform the error in position Into errors along the RA -

axis now called the x axis and an axis perpendicular to the RA axis , !~ I
say R J.., now called the y axis .

Then,

x = r A -

rA cosO rB
- -I y =  

~~~~~

This gives - 
1 Li

g (x , y) dxdy IJL 2 (1-p2) ~~ -2 f,,~
, 

- -

2
~’~~x~~y 11-p 2 L\ XJ 0x Y

2’l 
t _

+ _L 1 d d  
—(~) 

~where~
ar 8r [j

B B 
~~ 

5. 1 1 0 1 .
- -~~~ — -~~~-- or i — 1s~~

8rA OrA El
.5w-

2 2
V

U
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Li

sin O
2 2 0

p2 = 2 ~0A COS O + 0 B I L
This bivariate normal distribution can be transformed Into one with
the variables independent (p = o) by rotating the axes x arid y through
an angle 0 . Call these new axes y1 and 

~ 2 - Li  - -
Then , 1 2 2 -

~~~ 
-

h 
~ 1’ y 2 ) d~ d 2~ a~ a

~2 ~ 
+ (

~~) ~ d~ d~

where 2 2 2
a cos 0 0

(a + a ) 
gjfl

2 0 
+ aA + ST h e ) 

‘

and 2 2 2a cos 0 a
(a

~ 
— a~2

) = 

sIn2 
~ 

+ (cA 
— sin

_ _ _ _  

-J0y 0y~~~ sin G

The probability that rAP RB lies Inside the ellipse

(k;) + (
~~

) 
= 2%~~ U

is given by
9a2

P~~~1 - E  
I

The area of the ellipse is w a
~ 

c~ 4 2 , 
0A 0B

The radius of the circle about the true position , having approxfmately
the same portion of the distribution in it is given by

:~
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I
- I R = 4’ (0. 477 a + 0. 523 a- )y 1

for

-
~~~ 4’ (0.477 a + 0 . 5 2 3  a- ) > Z a

—

I where Z Is the abscissa of the normal function defined by

z 2

~~~~~~~~~~~~ 

~~~~~~~~
r otherwise, R ~ Z a where a is the semimajor axis of the ellipse.
I. y 1 y 1 —The values of navigation errors computed using the above approxi-

mations are estimated to be less than 3% off from the correct value
of the navigation error . This inaccuracy is, of course , considered
negligible.

The equations can now be used to estimate the positional accuracy
- L as a function of RA D R B and the angle of 0 between them . This was

completed for separation distance between the beacons A and B of 10 , —15 , 20 and 25 naut mi , and ranges out to 15 naut mi. The results are
discussed in Section VC2d. The standard deviation is taken to be a
linear function of range and the number of bottom bounces and is given

- by
- 

a~~= R 1 +~~~~b1
where a Is in yd , R is in naut ml , and b is the number of bottom bounces
that the propagation undergoes. At present , the propagation paths are
taken in 5-mi increments. Thu s, b = 0 for direct paths out to 5 ml ,
b = 1 for a single bottom bounce path from 5 to 10 ml, etc.

The positional accuracy can be defined in a number of ways, one
of which is to specify the area about the true position that the corn-
puted position will lie within, with a specified probability . This area
is elliptical. A second method would be to specify the circle about
the true position which the computed position would lie within , with a
specified probability . For this case , let P be the probability of the
contour ellipse defined by

-
~ U I Y 1\

2 
IY2~~

2 
2

f .___
) + ~7 ____~ = 24’ ; where a is the semimaj or

\
o_y21 

p yj

U
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axis of the ellipse. The equivalent circle is given by

R ~ 4’ (0.477 a + 0 . 523 a- ), when 4’ (0.477 a- ÷ 0. 523 a )
• y 1 y 1 y 2

> Z ~~~~~ , otherwise R Z a
~ 

A third method would be to specify

the average area , or circle , averaging over the entire operational
exercise area.

The area within which the position is defined, with a specified
probability, is greatest when a-A and cE are large , or when sin 9

approaches zero. Consequently, the error can be reduced by de-
creasing the range and by ensuring that the beacons are positioned
such that it is not necessary to compute the position of the submarine
from those beacons along whose baseline the submarine lies.

b. Analytical accuracy model (three-beacon)

An analytical accuracy model was also derived to determine the
accuracy when the position is estimated by range data from three
beacons. Figure 59 is a typical representation of the situation which
results when the position of a submarine is estimated by range data
from three beacons. Point 0 is the assumed true position of the sub-
marine, as well as the origin of a system of rectangular coordinates.
The latter is defined by taking the X-axis coincident with a line from
one of the beacons through the submarine position and then constructing
the Y-axis perpendicular at 0. For each beacon , the range measure-
ment errors (B~ ) are taken to be independently and normally distributed
about 0 according to

N(O , o~~) ,  I = 1, 2 , 3, etc.

(Errors are considered to be positive when the range is overestimated.)
Angles are measured counterclockwise from the positive X-axis to the
line segment representing the positive portion of each distribution.

Normally, the submarine position is estimated as the intersection
of two circles having centers at the beacons and radii equal to the range
estimates. By way of simplification, the circular areas are replaced
by straight lines perpendicular to the endpoints of the estimated range
lines and passing through the origin. In general , the result will be
a very good approximation, since the distance from a beacon to the
submarine is many times larger than the range estimation errors .
With three beacons , three separate estimates (P1.) of the submarine

- - position will result , each of which is defined by two rectangular co-
j ordinates. It is desired to find the j oint distribution of the average

X and Y coordinates.

CQNFID~~~TIAL
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I
The slope of the range lines through the origin is E

tan G1, 1 = 2 , 3

and zero for I = 1. (The X axis is coincident with this line and , hence ,
the angle is zero. ) Consequently, the corresponding slopes of the
perpendiculars are

—ctn 0~ , i 2, 3.

The coordinates of the end points of the line segments representing
the errors are

(R1 cos e1, R1 sin O~)~ 1 2 , 3

and

(R 1, 0), i = 1.

Since the respective perpendiculars pass through these points , their
equations are

X = R 1 
(1)

Y = (-ctn O~) X + sin
1
e~ 

, I = 2 , 3. (2)

The three possible estimates of the submarine position are ob-
tam ed by determining the point of intersection of each pair of these
lines .

Case 1. Beacon 1 is a member of the pair . Solving (1) and C

(2) sTmultaneously, it is found that

X = R 1 0

R - R c o s 0
1 1 1 1 — 2 3

sin e1 
— ‘ -

Case 2. Beacons 2 and 3

The simultaneous solution of Eq (2) yields

- 

~-I~-
~~~ 

- R., sin O .~, - R,~ sin 8
n 2 3 -
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/ 81~fl 0 ctn 
~2 1 cos

+ sin 92 )  
R 2 3in (o _ e )  R 3

The average coordinates can now be written as

— 1 sin 03 sin O 2x = -
~~

- 
[2R 1 

- sin (0 2 - 83) 1(2 + sin (0 2 - 0 3) R 3j

/sin 0 ctn 0 2 2y  

~~ 
[- (ctn 82 + ctn 83) R 1 + 

~~~~~~ (82
_ 0 3) 

+ sin o2j 
R 2

/ cos 0 2 1
+ sin (8 2 - 0 3) + 0~ ) 

R 3

In order to simplify the notation , the foregoing expressions are
written as

X = .4 (2R 1 + AR 2 + BR 3) (3)

Y = 
.4 

(CR 1 + DR2 + ER 3). (4)

Since the range measurements from the three beacons are inde-
pendent, the joint density function of the associated three errors is

1 1 [R1
2 R2

2 R3
2

(211.~~3f2 a1a2 a3 
e- --~- La 1z + 

a 2
2 + 

a3~

The joint moment generating function of X and Y is, therefore,

• (t i, t2 ) = ç ~~~ e t1~ + t2Y (2w) 3/2 a1 a2 a~

1 rRl
2 

___ 

R 321
e -2

~La + + —
~
_J dR1dR2dR3

- U  

0
2 

03

~~~~~~~ EI
- 
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LI

Substituting (3) and (4) and collecting terms in the exponent results

— 

~~~~ 3/2 a;a2a3 
exp~~~ L c )  

R 2
- -~ . (2t 1 + Ct 2) R1 ~~~~~~~ - ÷ 

(At 1 + Dt 2) R2 + 
(s.)

- 4. (Bt 1 + 
~~ 2~] 

dR 1dR 2dR 3

Now lettIng

r ‘ __.!_ ,1 a 1
or

a1 r~

the Jacobian becomes

a1 a2 a3.

Hence

(2~ ) 3/2 exp~~~~~[r i
2~~ 4 .(2t i +c t 2) a ir i

+ r2
2 

- 4. (At 1 + Dt2) a2r2 + r 3
2 

- ÷ (Bt 1 + Et
2

) g
3r 3 dR 1dR 2dR

3]

Simplifying the notation by setting

El
G 1- (At1 + Dt2) a2

- - ~~
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Ir

H 
+

(Bt i +~~~2) a 3

Ii and

• 
= 

~~~: ~: ~: 
(2~~~~t2 exp~~~~ [(ri

2 
- 2Fr 1) + ( r 2

2 - 2Gr 2)

+ (r 3
2 

- 2Hr 3)] dR 1dR 2dR 3

Completing the square for each of the three terms in the exponent

- = 

~: ~: ~: 
(2~r~~3/2 exp T [(r i - F) 2 + (r 2 

- G) 2

+ (r 3 - H) 2 - F2 - G2 - H2] dR 1dR 2dR 3 F I
H

j = e4_ (F 2 + G 2 + H 2) S S S (2 ,r) 312 exp ~ [(r 1 _F) 2

+ (r 2 - G) 2 
+ (r 3 - H) 2] dR 1dR 2dR3.

The value of the integr al is unity, since the integration is per-
U formed over a trIvariate normal distribution. Consequently,

-~~ 

[j 4 (t~ ,t~) ~ e4. (F2 + G 2 + H 2)

2 2
-
~ 

Li 
Substitute for F, G, H and factor t1 , t 2 and t1t2 to obtain

4 (t 11 t 2) exp .~. [i.. (-
~i~ 

+ A2
2

2 
+ B2

3
2 ) t 1

2

+ ~~ (2G1
2 

+ 
~~~

a-2 + BEg3
2) t 1t 2 + L (C 2a1

2 
+ D2a2 + E2a3

2)t 22]

- - 111
- - - CONFIDE NTIAL

- ER 13316
—- .5- ‘--- -•



- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
‘~~~ 

~~~~~~~~~~~~~~~~~~~~~~~ -. — - - f ~- - - - - - J - - -

116 CONFIDENTIAL

— -— — -— -— — — — — - —  - —

iiii1i-i-iii i ihiiij iii ii i

ii 11/ 11111111 ;~~~: 
2 ~~~~ 

-1

/
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~

~~~~~~~~~~~~~~~~~~~
“ ‘ ‘~~~~~~c ’ ~~~~~~~~~~~~~5 ’ ~~~~~~~~~~~~~~~~~~ I))

~~~~~~~~~~~~ ~~ 
- :

~~~~~~~ ‘I t.- ‘s, 
~ /

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 0

.5—.-- //~~
) cø

.5— c-.!~, ii— — — — — — — — — — ~~~~— — .5— __  —- ~~ — — — ,.~ •— — -I---

o I ~~~- \ —. 

~,

— — - - — —- — - - -— — —— —— — — —  
0

~~~~~~~

— — ~~~~~~~~~~~ — - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~~~ C’ C~~ -. 0 c~ ~ t- CD It) ~~ 4 CV) C~~ ~i

~~~ 

— ,

~~

( T U ~I ;nsu~ UOT~fl8Od A

- #
~~I—

-

CONFIDENTIAL
ER 12316

_ _  

-— - - -  - .5 —•- — - - — - - -~~~~~~~ —-- -—- . 5 - • - - - .5 -J



— - -- - ~~~~~~~~~~~~~~~~~~~~~~ -~~ 

~~~~~~ = - ~~~~

-.- ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

CONFIDENTIAL 117

But this expression is the moment generating function of a bivariate
normal distribution with center at the origin and parameters

- —2 1 2 2 2  2 2X _ (4 ai + A a 2 + B a 2 )

—2 1 2 2 2 2 2 2Y — ( C  a1 + D  a2 + E  03 )

Pcr~ a
~~ 

.}. (2Ca1
2 +AD a2

2 + BEa 3
2)

from which

2Ca 1
2 + AD a~~ + BEa 3

2

~~(4a 1
~ + A2 a2

2 
+ B2 a3

2) (C 2 a1
2 ÷ D2 a1

2 
+ E2 a3

2)

A numerical evaluation of the above equation showed that little
- was gained , in terms of accuracy, by using three stations to determine

- ••• position. For that reason, it will not be treated any further .
- c. Mont e Carlo accuracy model

A thir d accuracy model, Monte Carlo simulation for use with a
- - computer, was prepared . This model is treated in detail in Appendix D.

- - 

d. Accuracy contours

The accuracy models were evaluated and resulted in accuracy
- 

LA contour curves . These accuracy contour curves in 1000 s q y d of
- error are shown in Figs . 60 thr ough 63 for beacon separ ations of 10,

15, 20 and 25 ml , respectively. As stated previously, the base li ne
Li errors build up too rapidly in all but the 10-mi separation case, and

that is the nominal separation used . From this, the 3- and 4-beacon
grouping was found to be optimum. Applying the results of Fig. 60 to

j  the placement shown in Fig. 41 gives the accuracy contours shown in
-
~ Fig. 64 . In this case, the navigation error is given in equivalent cir-

- I - - cular error (CEP). As can be seen, the errors are less than 25 yd
- - ~s I  U 

over a large percentage of the area. The error exceeds 50 yd onl~y in
a very small percentage of the area. The total average error over the
entire insonified area Is less than 40 yd. In the 15-beacon installations

~~~~ illustrated, the projector groups are positioned to provid e the greatest

}~~~~~~Li

-

~~~
-
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j
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• - possible sonified operating area and the maximum pos itioning accuracy .
Any increas e in either the sonified operational area or accuracy would
have to be at the expens e of the other.

D. POWER SUPPLY METH OD AND COST ANALYSIS

The power supply method and system cost have to be considered
together since they are completely interrelated . A broad overall cost
analysis has been made for three central-type power systems and two
individu al -type power systems. The resultant costs are shown in
Fig. 65. A detailed cost study has been made for a central power
system using a diesel generator as a power source. In determining / -the cable costs , two methods of power (steady power and puls e power)
were considered for all power cable installations . The steady power
method (dc) has the advantage of using the cheapest cable . However ,
this method requires the installation of an underwater electronic
power driver and power storage pack as a compon ent of the beac on . .- -The pulsating power method (ac) uses more expensive cable and has
the decided advantage of eliminating the underwater power driver and
power storage pack. The cable cost of the pulsating power system is
approximately twice the cable cost of the steady power system . How -
ever , it is considered that the reliability of the pulsating power system
gives it great advantages over the steady power method . Also, in the
s t eady power system, the cost of the beacons is increased as are the —

maintenance costs .

It can be seen that the cost of the 5-mi beacons is much higher I 
-

than the 15-mi beacons and since the 15-mi beacons are feas ible, they
are obviously the method to use. The advantage of the 15-mi beacon
system is not only less Initial cost , but it also requires less location
tests and maintenance, and results In a simpler computer . Once the
15-mi beacons were selected for the Navaid , a more detailed cost
analysis was made for this system. The details of this part of the
study follow.

1. Power Supply

A cost analysis was made of the power system using the optimum
installation of 15 projectors to determine the most economical method j -

of supplying power to the beacons . Two basic systems, individual
and central power systems , were considered.

U a. Central power system

For a central power system, the following methods of providing
power were considered .
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Fossil-fueled thermoelectric generator. A centrally located fos -
~il-fueled thermoelectric system will consist of a thermoelectric
generator which receives its ener gy from the combustion of a fuel
such as butane and a converter for boosting the voltage. For 15 pro-
jec tors , the cost of the power supply would be approximately $416 , 000.

— This includes the cost of fuel for one year .

Solar cell system. A centrally located solar cell will include solar
cells to convert solar energy to electrical power , a converter to boost
the voltage to the required level, and a battery storage system to
maintain a constant source of power . Solar ceL s are cons idered as a J
power sour ce, due to the high percentage of suruig ht per day in the
Exuma Sound area . It is possible to expect about 4 , 000 hr of sunshine
per y ear . For the 15-projector installations, the cos t of a solar cell 

- -power supply would be approximately ~6l4 , 000 .

Diesel generator. This system will consist of a diesel engine an I
generator unit . At each of the two shore locations , two unit s would
be installed In order to have one on a standby status. A diesel engine
is selected for this application because of availability, long lif e be-
tween overhauls and reliability. In addition , the fuel cost is low ,
about $350 per year . The cost of fou r diesel generator units would
be $8 , 260 plus the above fuel cost .

The individual power system cons ists of a separate power supply
for each underwater  beac on. Such a system requires ~o power cables
and can be maintenance free from periods of two to five and possibly
ten years , depe nding on the nature of the power supply .

Rad ioisotope thermoelectric generator. This system consists of
a thermoelectric generator that produces power at a relatively low
voltage- (10 to 12 volts) and a converter for boosting the voltage to a
voltage high enough to charge a small 200-volt battery pack that will
store the energy and make it available to the sonar units during peak
and sur ge power demands. This thermoelectric generator will re-
ceive its ener gy from the decay of the radioisotope Stront ium-90 . The
cos t of a 100-watt generator is estimated to be about $62 , 500 .
Fif teen generators would be required . The main cost of the power
unit will be that of the fuel , which can he as high as $3 per curie for
small amounts and as low as $0 . 50 per curie f or very large amounts.
The processing cost is about $16 , 000 to produce 50, 000 curies at
$0 . 32 per cu r ie. However , since this is a government project , it
may be feasible to receive the raw fuel at government expense. The
total cost of the fuel is based on $ 0. 32 per curie for pr ocessing and
$0 . 50 per curie for raw fuel. For material  and processing, the cos t
amounts to $270 , 000. The total cost of the generator will be $332 , 000 .
To this is added the cost of the converter , $300 , and the cost of the II
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battery pack, $1, 200 . The total cost for the 15-projector system will
be $5, 010, 000. If the raw fuel is provid ed by the government, the
only cost will be processing the fu el. The total cost for the 15-pro-
jector installation with government furnished fuel will be $2 , 502 , 500.
The main advantage of this type of power supply is the fact that a
thermoelectric generator can be operated for periods in excess of ten
year s without servicing.

.5
- Storage battery system. The storage battery system will, consist

of a sonar unif with a battery pack having sufficient capacity to deliver
the required power to the sonar unit for a maximum period of two
years. The cost of a battery to produce the 50 watts required to acti-
vate the beacons will be in the neighborhood of $700 , 000 per battery.
In the 15-projector system, the total cost would be $11, 900 , 000. The
battery for a 15-projector unit is not considered to be very practical,
becaus e of the tremendous size and weight that would be required
(approx imately 13 tons and 220 cu ft) .

Reliability and design simplicity are the main advantages of this
system. The chief disadvantages besides the weight and siz e are the -;

need for replacing or servicing batteries - -/ery two years and the high
initial costs. Table 4 summarizes the power supply costs for the
15-projector installation.

b Power distribution

In connection with the cable requirements and cable costs required
for the central power supply system, two methods of power distribution
were cons idered . In the steady power method (dc), the power is dis-
tributed to the ins talled underwater projector at a constant rat e, stored
at the beacon and periodically discharged to activate the acoustic pro- .. -

j ector . This is accomplished by battery stor age packs and power
drivers at each projector . The second method and the one recommended
is a pulse power distribution. This method requires a high central
power rat ing which can be provided by comparatively inexpensive die-
sel generators , and the required peak power Is distributed direct from
the central power source by power drivers installed at the power
source. Both the power storage pack and the power drivers at the
underwater projector are eliminated, thereby Improving the overall
system reliability.

The pulse power cable is required to transfer power at a higher
rating than the steady power method and therefore has a higher cost
per mile. However , the puls e power method requ ires less cable than
the steady power method . In the first method, two underwater pro-
jectors can be supplied with power using one cable run. In the steady

r-. power method a separate cable is run to each projector . In the 15-

t.~ 
projector installation, the cable cost of the pulsating power method is
approximately three times that of the steady power method .
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• Table 5 tabulates the cable costs for both methods of power dis -
trIbution. The cable cost is the largest single item in installing a
submarine navigation aid range.

c. Projector calibration

It is estimated that the calibrating, testing and locating of the
beacons after installation would require 90 days and would cost ap-
proximately $342 , 000 for installing 15 projectors. This cost would
be required regardless of which power system was installed .

d. Submarine computer

To accurately and quickly convert the sonic ranges from the in-
stalled underwater projectors to an accurat e position for navigational
purposes , the submarine would require a navi gation computer . The
computer should be accurate and still be comparatively simple and
portable so It can be readily installed in a submarine by submarine

• personnel . The results obtained from the mathematical accuracy
models derived indicat e that there is no significant difference In the
positioning accuracy obtained using two of the ranges from two or
three underwater projectors. Based on this analysis, it is recom-
mended that the submar ine computer be designed to compute the
submarine position from the best two beacons . It is estimated that
the cost to construct two computer models (development and prototype)
and a computer analyzer would be $150, 000 . ProductIon models would
cost approximately $33, 000 each when built in lots of three.

e. Shore installations -

Two shore sites would be required to locat e the power source for
the 15-beacon installation . The two sites selected are Bamboo Point
on Eleuthera Island and a sit e in the vicinity of Stevenson Village on
Great Exuma Island . This latter sit e was selected instead of a site

- I on Stocking Island because It is more accessible and therefore logistic
support is more easily supplied. In addition, it reduces the cable
requ irements for the 8 projectors installed in the southern portion of
the sound.

The cost of the shore installation will include the construction cost
of a suitable structure, cost of electronic equipment such as ship—to -
shore communication equipment and time reference. It is estimated
that the shore installation costs for the two sites will be about
$150, 000 . This does not include living costs beyond the time of in-

-
.5 

- stallation , location and accuracy tests.
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- - f Maintenance

The maintenance costs are divided into two categories , the above -
water maintenance and the unde rwater maintenance. The above-water
maintenance Includes shore installation, power supply system, and
electronic equipment Installation. The latter includes communication
equipment, electronic timers to determine the sequence of the sonic
signal from the underwater projecto rs , electronic power drivers and
power storage equipment which is installed ashore. In this case, the
maintenance cost over a 10-yr period Is estimated to be app roximately
25% of the above-water costs .

The underw ater maintenance includes the pr ojectors , cabl e and , if
installed , storage power packs and power drive rs . For a 10-yr period ,
the maintenance cost is estimated to be 10% of the underwater costs .

g. Cost comparison

Using the most economical installation (diesel generat or and direct
current cable), the cost to install 15 beacons to lnsonlfy 84 . 5% of the
operat ing are a would be approx imately 1 • 9 million dollars (Table 6).
Using the recommended , higher reliability system (diesel generators
and puls e power cable), the cost is about 2. 7 million. To lnsonify
the remaining 15% of the Sound , the cost would be incre ased about
one -third.

The 15-beacon installation has the additional advantage of being
flexible , and could be installed In sections . The initial installati on
would be the 3 beacon group In the northern portion of the Sound , the
cost of which would be about $900 , 000. Adding another group of four ~~

- -

more beacons would increase the cost approximately $300 , 000 per
group for the steady ppwer system of $600 , 000 per group for the pulse
power system. To expand the coverage to include the southe rn portion
of the Sound , two additional gr oups of four beacons would be required ,
plus an additional shore site at Stevenson (Great Exuma Island). The
additional shore site would cost another $75 , 000

E. GROWTH CAPABIL ITY

Further effectiveness and operational benefits could be realize d
from the Subme rged Submarine Navigational Aid Range by expanding
the existing installation to include monitored electronic consoles in-

• 
- : stalled at the shore locations . The positions of the participating units

- 

- 
in an ASW exercis e could be transmitted to the console where they
could be displayed. The existing power cables to the underwater pro-
j ectors could be used to transmit the submarine’s pos ition to the con -

Li sole. This would require that the submarine periodically transmit
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acoustically to the beacon and requires additional instrumentation
-> aboard the submarine and at each beacon . Each phase of the exercise

being conducted could then be effectIve ly evaluat ed and unproductiv e
oper ations eliminated.

The navigation system has a limited capabili ty as a communication
system from shore to submarine. The data rat e, while limited , would

• allow the sending of simple messages . The only additional equipment I
required would be a coder and dr iver in the shore stat ion and a de-
coder in the submarine.

LI
TABLE 6

Navigation Aid Cost for the 15-Beacon Range H

Steady Power Pulse Power
Shor e Installation (2 ) $ 150, 000 $ 156 , 000

Includes shelters, electronic timers,
communication equipment , diesel
generators.

Underwater Insta llat ion(15) 245 , 000 194 , 000 1

-
. 

Includes pr ojectors and electronic
dr ivers and power storage packs

- 

I for steady power method 
- ‘

Cable 1, 008, 000* 1, 891, 000 -
~~~

Installation-Test Calibration 342 , 000 342, 000 - 

I
Submar ine Navigat ion Computer 150, 000 150, 000 

-

Fwo models (development and 
- 
j

prototype), plus a computer
anaLyzer

Total $1, 895, 000 $2, 733 , 000

*Cost Includes first three projectors with pulsating power cable and • 112 projectors with steady power cable.

I]
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I
• VI . SCHEDULE

.5 1 The original , revised and actual schedules for the various items
of the contract are shown below .

Original Revised Actual

Hardware design complete
(ship ’s system) 9/ 1/ 61 9/20 / 61  10/6/61 

- ‘

* Hardware construction complete 9/ 15/61 10/2/61 10/ 13/61

-. Bathythermographs available 10/4/61 10/13/61 10/9/61

System test complete 9/29/61 10/13/61 10/14/61

• System available for data ac-
quisition 10/2/61 10/ 14/61 10/ 15/61
Ship ’s services available 10/2/61 10/15/61 10/16/61

Anal ysis hardware design
t. complete 10/ 2/ 61  10/ 20 / 61  11/ 10/ 61

Decca navigation system available 10/4/61 10/ 15/ 61 10/ 15/61
Experimental program start 10/ 4/ 61  1 0/ 2 2 / 6 1  10/22/ 61
Anal ysis hardware available 10/16/ 61  11/ 24 / 61  11/ 22 / 61
Experimental program complete 10 /23 /61  1 1 / 6 / 6 1  11 /4/ 61

- 
L - . Preliminary power Stud y corn-

plete 10/30/61 11/30/61 10/15/61
Preliminary analysis complete 11/10/61 12/15/6 1 12/15/61

Prelimina ry operations anal ysis
- complete 11/ 15 ’~~l 1 2/ 1 5/ 6 1  12/ 15/ 61

Analysis hardware modified 12/28/61 1/30/62 2/28/62

Analysis complete 12/28/61 2/15/62 2/28/62

Operations analysis complete 12/28/61 2/15/62 2/28/62
4 Na~ igat iori computer design

complete 1 2 / 2 8/ 6 1  2 / 2 8 / 6 2  2/ 2 8 / 6 2
System specification complete 12/28/61 2/28/62 2/28/62

Final report available 2/28/62 3/30/62 3/30/62

-

~

•

~ 1 ~~
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I

VII . PERSONN EL

1 ( - - The following engineering personnel were utilized on the study pro-
gram, either part time or full time.

Name Function
L

— • R. Bonner Progra m Manager
4 - R. Ob erlin Project Engineer and System and Con-

figuration Design

J-. VonSas Project Engineer (acting, during vacation)

D. Webb Propagation Anal ysis and System Design

J . Frech Circu it Design and Data Analysis

G. Gerlach Circuit Design

C. Moose Circuit Design

G. Nussear Circuit Design

P . Queeney Operatio ns Analysis

H. Mecklenburg Operations Analysis

A. Black Senior Engineer, Ship 2

J . Triemer Test Eng ineer and System Configuration

J. Sudey Data Analysis

S. Lefkov Interference Study

V. Truscello Power Supply Study

H. Storrs Power Suppl y Stud y
- 

~~E -DwikJeb~~’ger Electr onic Pack aging

- F. McNicholas Electroni c Packaging

P. Esposito Ic Packaging

L.  Miklaszewicz Electron ic Pac a

- 

- L. Evans Mechan ical Design - - 
-

- - • K. Pakul ski Engineer ing Technici an

W. Bialek Engineer ing Technic ian

R. Malone Engineer ing Techn ician

• •~~ 

[~
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I
— L VIII . RECOMMENDATIONS

4
fl As the next step in the implementation of the underwater navigation

aid, it is recommended that a program be initiated that will accompli sh
the following objectives:

(1) Demc nstrate the actual navigation capabilities of the system
under a wide range of acoustic conditions .

(2) Determine and demonstrate the effects of any changes re-
• quired to the system design.

(3) Determine the final computer configuration and constants.

(4) Measure actual attainable navigation accuracies as a function
of position about the beacons.

(5) Determ ine the suitability of the more complex beacon for future
installations.

(6) ProvIde a 620-sq ml operational area in the northernmost
qua rter of Exuma Sound with an underwater navigation esti-
mated average accuracy of 40 yd at depths of 150 to 1500 ft .

These objectives can be accomplished by the following steps and
effort:

(1) Installation of the northern shore station at Bamboo Point ,
Eleuthera.

(2) Installation of the three northernmost beacons in Exuma
Sound , with one beacon being the more complex type (but
switchable to the simpler type upon shore command) .

(3) Location tests to determine beacon location accurately.

(4) Accuracy tests (conducted with a surface ship using an ex-
perimental computer) to demonstrate the navigational accu-

~~~~~~~~
-- -—---.

~~~~~~~~~ racies under different conditions, as well as to develop the
— ...~~~~final computer configuration .

(5) D~~ e1Qpr~ent of a prototype computer using the final configura-
tion. Thi~~-~ Qz~~ uter will be usable to provide underwater

[J navigation for on~ -subm~-rinç.

When these items have been accomplished), the 620 sq ml of the
northern end of Exuma Sound will be usable for op~ rationa1 exercises
and the specific underwater component configuratiohaJor future range
expansion will have been determined , as well as the coI’hplete navigation
computer configuration.

I~~Ir~~ kIT~ A l  - 
~~~~~~~~~~~~~~~‘~‘- - -L~~~I~~U I~~~~ I~~ I I~~~L f _______ 

- - -

ER 12316 
~~~~~~ -- 

--

_ _ _  
_ _  rzi~~



Ii r ii ~- 
~~~~~~~~~~~~~~ ~~~~~~ c _.•_,.•~~~_

• _I_.___ __• ~~~~~~ ~~~~~~ 
‘—

~~~ .— ,___~,~ I I J _ - — —.- .-- _.J• I ~I~~~~ _~•— - ‘ __l•-_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-~• - 
.5 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I 
CONFIDENTIAL A-i

L I

.5

-

L APPENDIX A I

SPECIFICATION
FOR

- SHIP(S) AND SERVICES FOR THE EXUMA SOUND TEST PROGRAM
MARTIN SPECIFICATION MB-800

I-

3

•

~~~fti .5

CONFIDENTIAL .5

ER 123 16

I. r .  ________



— ~~~~~~~~~~~~~~~~~~~~~ - - ~~~~~~~~~~~~~~~~~~~~~~ - - ,: .5 —~~~~~~ -~~~~~~~~~~ —~~~,--- _____

.5. -•- - - —f-- -~~- -•- - .5

[1 CONFIDENTIAL 
A-3

1.0 SCOPE. This specification covers the requirements for two (2 )
ships and the services and labor to be provided to support the Exuma
Sound Test Program which is to be conducted in deep water for the

F collection of oceanographic and acoustic data .

2 .0 APPLICABLE DOCUMENTS. There are no other s?ecifications,
standards or publications applicable for this document, sinc e this spec-
ification is for use only with this procurement.

3.0 REQUIREMENTS.

3.1 General. The requirements for two (2) ships and the services
and labor described herein are for the acquisition of data as a result
of the joint effort s of the Contractor (the Martin Company) , and the
Subcontractor. The tasks and responsiblities are outlined below :

NOTE: The described procedures are to be considered as a
plan to accomplish the objectives herein. Conditions
during this program may require deviations from the
procedures and are permitted after mutual agreement
has been reached by the personnel assigned to the site
location representing the Contractor and Subcontractor ,
where the deviations do not affect cost or delivery.
Deviations affecting cost and/or delivery must be mu-
tually agreed upon by the Governmental Contracting
Officer and Martin Procurement.

3. 2 Charter Operational Time. The Subcontractor shall provide
services, labor and facilities required for a period of 21 days to
enable Martin Company personnel to acquire oceanographic and
acoustic data within the scope of this specification. This time al-
lotted shall include a period of three (3) days for loading, install-
ing, checkout of equipment, off-loading and those necessary func-
tions other than the actual time for the collection of oceanographic
and acoustic data.

Eighteen (18) days shall be allotted for the operational time required
for data collection including time required for transportation. The
ships shall be available in an operational manner for twenty-four (24 )
hours in every respect to accomplish the objectives herein. It is con-
templated that the ships shall be posted for a period of eight (8) hours
at each of seve ral stations to enable the collection of the prescribed
data.

- 
-

- -  
3.3 Location of Test Sites. The location of sites for various stations
for the data collection shall be in the vicinity of Exuma Sound .

i~~
1 
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3.4 Accommodations of Contractor Personnel. The Subcontractor
shall fu rriish à11 necessary accommodations to personnel (total of 4) .5 -
of the Martin Company during the period of the contract , to enable
them to direct and coordinate the program specified herein. This
requirement shall include the provision for arrangements to pick - 

- -
up and drop off personnel at Nassau in September .

3.5 Sea Operation. The ships shall be capable of properly operating
in Sea Stafi 3.

3.6 Subcontractor Furnished Items. The Subcontractor shall furnish
the followfng equipment and fulfill the items below for use in attain- -:

ing the objectives for the collection of oceanographic and acoustic 
- -

date. I ,

(a) Ship navigation radar .

(b) A Fathometer capable of measurement to a depth of 7500 feet
in conjunction with a Precision Depth Recorder .

(c) A communication receiver for WWV signal reception.

(d) Operator for Decca equipment for Ships I and 2. - -
(e) For Ship 1, a winch capable of handling* a 1/4-inch diameter ,

5000 ft long armored cable , with an approximate weight ‘~f
2500 pounds , and a projector with an approximate wcight of
500 pounds. -

,

For Ship 2, a winc h capable of handling* a 1/4 .- inch diameter, •1500 ft long armored cable , wi~n an approximate weight of
800 pounds , and a Hydrophone Assembly with an approximate
weight of 500 pounds.

For Ship 1, the winch shall provide two (2) slip rings for ]
electrical connections.

For Ship 2, the winch shall provide a minimum of two (2 ) Uslip rings (four (4) slip rings are preferred) for electrical
power connections.

NOTE: The winc h shall have the slip rings on the shaft , - I
accessibly placed to make the required electrical

• power connections. r

*“Handling~ shall be construed to mean the winch and its associated
equipment shall be capable of adequately raising the ind icated equipment,
moving it ac ross the ship ’s deck and lowering it in a controlled manner
into the water without any damage thereto. 

-

L
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1.

(f) A communication radio for ship-to-ship and ship-to-shore
-

.5 
communications.

(g) Winch and cable for Bathythermograph, incl uding 60 slides
L. and an ope rator .

(h) For Ships 1 and 2 , installation provisions shall be made for
L one ( 1) relay rack of dimensions 6 ft x 2 ft x 2 ft for each

ship and installed by the Subcontractor .

1 3.7 Martin Furnished Equipment. The Contractor shall supply the
- Subcontractor with the following equipment .

(a) Bathythermograph (GFE).
‘.5 -

(b) Projectors.

(c) All equipment within the relay rack.

• (d) Accessory electronic equipment to operate the equipment
within the relay rack.

(e) Decca Navigational Equipment (GFE).

3. 8 Ships’Power Supplies for Electrical Gear. The following power
shall be supplied by the ships for utilization by the electronic equip-
ment (see Sections 3. 6 and 3.7) .

(a) Ship 1--3 phase , 60 cps, 440 volts ac , 15 kva ± 10% (when
the main winch is in operation , this power supply
shall not be utilized) .

Single phase , 60 cps , 115-v ac ± 10%, 20 amp ± 10%.

(b) Ship 2--Single phase, 60 cps , 115-v ac ± 10%, 20 amp,

3. 9 Subcontractor Personnel. Other than the Martin personnel
( total 2J for each ship to operate the equipment provided by the Martin
Company, the Subcontractor shall provide the personnel required to

• accomplish all activities within the scope of this specification.

- 3. 10 Return of Equipment. U pon completion of the program, all
equi pñ~~ iT ~including GFE and that furnished by Martin) shall be re-

N ~ ~ 
turned to the sourc e of title ownership.

~ ~-~: 
1~ t •

3. 11 Date of Program Performanc e. The program shall be executed
and performed in Octobe r and November 1961.

-
~~
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3. 12 Area of Program Performanc e. The performance of the appli-
cable requirements within this specification shall be in the vicinity
of the Exuma Sound, Bahama Islands . The pickup and dropoff of
personnel shall be performed at Nassau.

3. 13 The Responsibilities of the Subcontractor. The responsibilities
of the Subcontractor are defined by the requirements within this spec-
ification to include the required arrangements or services thereto,
but not limited to:

(a) The receipt and installation of experimental apparatus .

(b) Participation in the selection of the suitable water for
testing.

(c) The examination of experimental schedules for the areas —
E - in question to be certain that there will be no conflict with

other groups. ,

Cd) The obtainment of necessary permission to conduct experi-
ments from appropriate authorities to include U .S. and
foreign civil and military authorities.

(e) The making of all applicable arrangement s with Customs,
Immigration, Consular , and Harbor authorities, both U .S. A
and foreign. I

(f) The movement of personnel and equipmen t ic and from the I
test sites. ‘ . 5

(g) The provision of complete logistic support for experiments
at sea, including arrangements for fueling and reprovision-
ing at sea or at foreign ports when required .

(h) The provision of well ventilated (preferabl y air-conditioned)
areas for electronic equipment and living quarters.

(I) The obtainment of suitable quarters on shore for scientific =
personnel when required. ~J 

(

• (j ) The removal from vessels, packing, and shipping of experi-
mental apparatus and other equipment upon completion of - 

- - .5

experiments.

(k) The Subcontractor shall provide any materials or services [1 ~required to fulfill the specification requirements herein.
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OPERATIONAL PL AN

Part 1. Summary Ope rational Plan
1 p

I - Part 2 . Detailed Opera t ional Plan
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PART 1 SUMMARY OPERATIONAL PLAN

I -;

1~ Omega Earl of Desmond
Reference: Martin Spec MB-800 , Ship 1 Referenc~ : Mart in Spec M8-800, Shi p 2

Total T~ ta1
Activi ty  Dates Act ivity  Dates

Liiading (Norfolk) 16 , 17 Oct 1 Loading (Annapo l i s )  14 , 15 Oct 2

I - En route (to Nassau ) 17 . 18. 19 . 5 En route (to Nassau ) 16 , 17 .18. 6
20 , 21 Oct 19.20,21

Oct

[ 
Loading (Nassau) 22 Oct 1 Loading (Nassau) 22 Oct 1

En route (to Exuma) 23 Oct 3/4 En route (to Exuma) 23 Oct 3 /4

At Exuma 23,24 .25 . 5- 1/ 4  At Exuma 23 ,24 , 25 . 5-1(4
26 , 27 , 28 26 , 27 , 28

L Oct Oct

En route (to Nassau)  29 Oct 3/4  En route (to Nassau ) 29 Oct 3 /4

Loading (Nassau ) 29 , 30 Oct 1/2 Loadin g (Nassau) 29 .30 Oct 1 / 2

En route (to Exu ma) 30 Oct 3/4 En route (to Exuma) 30 Oct 3 /4

At Exuma  30 , 31 Oct 5-I~ 4 At Exuma 30,31 Oct 5 - 1 /4
1,2 , 3,4 1,2 , 3,4
Nov Nov

E n route (to Nassau ) 5 Nov 3/4 En route (to Nassau) 5 Nov 3/4

Off loading (Nassau)  6 Nov 1 Loading (Nassau ) 6 Nov 1

En route (to Annapol i s )  7 , 8,9.10, 6

1 1  11 , 12 Nov

I Off loading (Annapolis) 13 Nov 1

- TOTALS 22 TOTALS 31 1L

: 11
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PART 2. DETAILED OPERATIONAL PLAN

Event
No. Date Location Ship ~ verit

1 14, 15 Oct Annapolis Earl of Desmond Load all required equipment.

2 16 ,17. 18, En route to Earl of Desmond Depart Annapolis for Nassau at 0500 on 16 Oct.
19 ,20 ,2 1 Nassau
Oct

3 16 , 17 Oct Norfolk Omega Load 12 ,000 ft of cable from U .S.S. Hunting.
Terminate lowering end of cable in termination
fitting and test cable by appl yin g a 500-lb static

• load on the fitting. Thread the other end of the
cable into the equipment room. Load all re - - -quired equipment and prepare ship for departure
on l7 Oct . 1

4 17 , 18, 19, En route to Omega Depart Norfolk for Nassau at 1700 on 17 Oct. 1
20 , 21 Oct Nassau Splice cable to projector en route. I

5 2 1,22 Oct Nassau Omega Arrive in Nassau and pick up Ma rti n per sonnel.
R . Oberlin and E . Pakulaki . Mr . Oberlin will
coordinate all test activities as senior scientist.
While at dockside , replenish supplies , install
Decca equipment , and lower projector over the -
side, secu ring it f i rmly under the bow.

6 21 ,22 Oct Nassau Earl of Desmond Arr ive in Nassau and pick up Martin personnel , I

A . Black and J. Triemer. Mr. Black will co- -
ordin ate activities aboard shi p 2 as senior scientist .
While at dockside , replenish supp lies and install -

Decca equipment. - -

- - 7 23 Oct En route to Omega and Depart for Exuma Sound at 0600 on 23 Oct. - 1,
Exuma Earl of Desmond .5,.
Sound

8 23 ,24 ,25 Exuzn a Omeg..5 Arrive at Exuma Sound at 2000 . Tak e and hold -
Oct Sound positi on on Latitude 2 4 4 3 39 ”, Longitude .5

(Sta No. 1) 76 36’42 . - —

9 23 ,24 ,25 Exuma Earl of Desmond Arr ive at Exuma Sound at 2000 . Take position 1

Oct Sound Latitude 24 52 51”, Longitude 76~46 ’36 ’ in 2 00 - - -

(St a No . 1) ft of wat er. - .5

10 23 Oct Exuma Omega Lower projector to a distance of 100 ft from the
Sound bottom. Start tests by t ransmi t t ing  1-sec FM -

pulses ( 1 . 1 t o 1.6 kc) at a 10-sec repetition rate - -at maximum power . Type of modulation , Ire-
quency, repetit ion rate and pul se width are to -
be recorded along with ship ’s position , projector - . -~depth , bott om depth and pr ojector level. A ‘•,~~~~~ -

repli ca of 1+ ,’ acoustic pulse is to be transmitted , —

via radio, to the Earl of Desmond . Bath ythermo-
graphs are to be taken every 12 hr .

.1

‘
.5*,

H
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PART 2 . (continued)

Event
No. Date Location Ship Event

11 23 ,24 ,25 Oct Exuma Earl of Deamond Lower hydrophone to a depth of 100 ft. A
Sound recordin g of 20 pulses of energy received both
(Sta No . 1) by radio and acoustically, t ogeth er w~t n record s

of t ime , water depth , h yd r oph one depth and
ship ’s position , is to be made. Repeat th i s pro-
cedur e at 1-mi intervals from the Omega along
a cour se of l80~ True. R ecordings are to be made

- - - - with the hydr opho ne at depths of 100, 200 , 400 ,
- 800 and 1500 ft . as th e bottom permits , Con-

tinuous visual monitoring of the received pulses
.5 - is to be made using the visicorci~ r. Wh erever

the start of the pulse can no lo~ger be deter-
minod within an accuracy of 10 ma , the  Omega
is t o be so notified .

• 12 23 , 24 ,25 Exuma Omega At every 5-mi  interval  from the Ear l  of Desmond .
Oct Sound repeat Event 9 , except use a p seudor andom pulse

(Sta No . 1) 0.3 10 sec long (1.1 and 1.6 kc signals).

.5 13 23 ,24 ,25 Oct Exuma Earl of Desmond Repeat Event 10 except change the test in terval
Sound t o every 5 mi from the Omega . This procedure
(St a No. 1) is to be continued unti l a range of 30 mi is

r reached , or until  the pulses can no longer be
.5 di sti nguished aur all y.

55
14 23 ,24 ,25 Oct Exuma Omega At every 3rd and 5th mi interval , i .e., 3rd , 5th ,

Sound 8th , 10 th , etc ., f rom the Ear l  of Dea mond , repeat
5; (Sta No . 1) Event 9, except use a 2. 5-sec FM pul se (700 cpar to 2 he ) and a depth of 100 ft only.

15 23 , 24 ,25 Oct Exuma Earl of Desrnond Repeat Event 10 except change interval  to every
Sound 3rd and 5th mi as in Event 14 . These tests are
(Sta No. 1) to be conducted at only one hydrophone depth of

r 1500 ft. Bath ythermographs are to be taken at
every 3rd and 5th mi interval . This procedure
i s to be repeated until  a range of 30 mi is reached
or u ntil the pulse can no longer be distinguished
aurally.

- - .5 16 25 ,26 Oct Exuma Omega Hold po sition Latitude 24~42 ’39” Lon git ude
-: Sound 76 ’36 ’4 2 ” low er the projector to the bottom and

(Sta No . 1A) t ransmit  and record signals as outlined in Event
t 9. Signals are to be transmit ted for a 10-m m

interval  every hour over a 24 -h r  period , and
bath yth e r mo graph s taken  ever y 4 h r .

17 25 , 26 Oct Exuma Earl of Desmond Take and hold position Latitude 24 ’22 ’3 1 ”
Sound Lon gitud e 76°13’3 ’. During each 10-mm test

3 (St a N~ . l A) interval , record signals in same manner - .5

- of 100 ft only, Continue tests for a 2 4 - h r  period ,
maintaining original ship ’ s position as closely

— 

~ F 
described in Event 10 for a hydrophone depth

as possible , During each 10-mm interval , record- 
- ship ’s position readings every 30 sec . Bathy-

L 
thermographs are to be taken every 4 hr.  At
the end of the  test , th e Decca representative is
to be notified to move the Decca Hj f j x  to south
Exum.~ Sound .

II
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PART 2 . (cont inued)

Event
No. Date Location Ship Event

18 2 3,24 ,25 Oct Exuma Omega Omega to take and hold rositlon Lat i tude
Sound 24’4 7’09 ”, Longitude 76 32 49 ’ and repeat
(Sta No. 2) Events 10, 12 and 14 .

• 19 23 .24 , 25 Oct Exuma Earl of Desmond Earl of Desmond to take position in 200 ft of
Sound water at approximate Lati tude 24 ’55’05 ”,
(Sta No. 2) Longitude 76 32 ’49 ” and repe at Events 11, 13

and 15.

20 29 Oct En route to Omega and Return to Nassau for repleniahing of supplies.
Nassau Earl of Degmond

21 29 ,30 Oct Nassau Omega and Replenish supplies and depart for Exuma Sound
Earl of Desmond at 0600 on 30 Oct.

22 30 , 3 1 Oct Exuma Omega Arrive at Exuina Sound at 2000 . Take and hold fl
Sound position Lati t ud e 2 4°11’06 ’, Longitude 76 15’54 ”
(Sta No. 7) and repeat Events 10 , 12 and 14 . tse Decca

equipment as soon as it is operable.

2 3 30 ,3 1 Oct Exuma Earl of Desmond Arr ive at Exuma Sound at 2000 . Take position
Sound Lati tude 24 07 ’56” Longitude 76 ’2 1 0 9 ” and repeat
(St a No. 7) Events 11, 13 and 11. During these tests , pro-

ceed along a cour se of 060~ True fr om t h e
Omega .

24 . 1,2 Nov Ex u m a Omega Take and hold po sition Latitude 23’45 ’33”
Sound Longi tude  75’15’18 ” and r epeat Event s 10, 12 Uand 14.

25 1,2 Nov Exuma Earl of Desmond Take position Latitude 2 3 4  1 4 5 ’ Longit ude
Sound 75’57’12 ” and r epeat Events 11, 13 and 15.
(Sta No. 13) During these tests , proceed along a course of

60 True from the Omega.

26 3,4 Nov Exuma Omega Take and hold position Latitude 23’40 ’48 ”
Sound Longitude 75 ’36 ’2 1 ” and repeat Events 10, 12

and l4 .

27 3,4 Nov Exuma Earl of Desmond Take position Latitude 23’32 ’ 12 ”, Longit ude
Sound 75’27 ’00 ” and repeat Evente 11, 13 and 15.
(Sta No . 15) During these tests , pr oceed along a cour se of

316 ’ True from the Omega .

28 5 Nov En route to Omega and At the completion of the above tests , the two
Nassau Earl of Desmnond ships are to re turn to Nassau.

29 6 Nov Nassau Omega and Off-load all test equipment and special cables
Earl  of Desmond from the Omega ont o the Earl of Desmond .

This t erminates  the cha r t e r  of the Omega .
r Mart in  personnel are to return to Baltimore.

30 7,8,9, 10, En route to Earl  of Desmond Proceed to Annapolis with  all experimental  —
11, 12 Nov Annapolis equipment.

~~~~ ~:- - 31 13 Nov Annapolis Earl  of Desm-)nd Off-load all special equipment and cab les onto
- - 
,.
~ Mart in  tru cks . This terminates  the charter  of

the Earl of Desmond , Mart in trucks are to
return to Baltimore.
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APPENDiX C

SUBMERGED SUBMARINE NAVIGATION AID
SPECIFICATION
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.5 1 . 0 OBJECTIVE

The purpose of this document is to cover the requirements for the
I. design and installation of an underwater navigation aid for submarines

in the Exuma Sound area with an accuracy of 50 yd (CEP) at depths of
150 to 1500 ft and at speeds of 30 kn or less.

2. 0 SCOPE

fl This document covers the following parts and phases of the system:

2. 1 Shore stations (2)

[1 2. 2 Deep stations (15) inc luding installation , interconnecting cable3 and location tests

2. 3 Navigation computer including accuracy tests

2. 4 Computer analyzer

1. 2 .5  Navigation recorders

2 . 6  Handbooks

2. 7 Spa res

3. 0 G E N E R A L  REQUIREMENTS

All equipment must be built to best commercial practice and to
operate from 110 volts ± 10%, 60 ± 5 cps unless specified otherwise.
Solid-state design is required for the navigation computer and pre-
ferred for the shore equipment . The navigation computer , each corn-

. puter analyzer , and navigation recorders must be built  in sections
[a 

weighing less than 50 lb and must pass through a 24-in, circular
opening.

4.0 SPECIFIC REQUIREMENTS

4. 1 Shore Station

~ I• Two shore stations are required. Station No . 1 is to be located at
Bamboo Point , Eleuthera (24° -44’ -30” N , 76° -19’ -30” W) . Station
No. 2 is to be located at Stevenson , Great Exuma Island (23° 39’ 30” N *
75° 56’ 45” W) . Each station is to consist of the following :

‘
• D  

_ _

/  ~~~~~ ‘— ‘-.5——-- .5 —.- - ‘.5.
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4. 1. 1 Concrete Block Building

One concrete block building consisting of two rooms, each 12 x 12
x 8 ft high, will be required. One room will serve as the equipment
room and is to be air conditioned . The other room, a diesel generator
room, must be provided with adequate ventilation. Each room is to
have at least two windows and one door plus one interconnecting door.
The door in the diesel generator room is to be sufficiently large to
permit installation and removal of the diesel generators. Fresh water
and toilet facilities shall be provided. The building is to have a con-
crete slab floor covered with asphalt tile or similar material . A wooden
roof with builtup tar covering or similar material is required.

4. 1.2 Power Supply

The power supply will consist of one l5-kw 110/220/416 volt 3-
phase 60-cps diesel generator with a frequency regulation of ±5 cps
or less and a voltage regulation of ± 10% or less (no load to full load).
Motor starting and running controls are to be included as well as pro - , 

-

tective circuit breakers. Battery start and a battery charging gener-
ator and regulator are to be provided. Sufficient oil capacity for one
month’s operation is also to be provided .

4. 1. 3 Coding Generator

One coding generator capable of generating four types of swept
frequency pulse waveforms, hereafter known as A, B, C and D coding,
will be provided. These codings have the following characteristics:

A 50-ms pulse swept linearly in frequency
f rom 1.8 to 2 .0 kc

B 50-ms pulse swept linearly in frequency
from 2 .0 to 1.8 kc

C 50-ms pulse swept linearl y in frequency
from 2 .2 to 2 .4 kc

D 50-ms pulse swept linearly in frequency L
from 2 .4 t o 2 .2 kc

- j Pulse width is to be 50 ± 2 - 1 / 2  ins and the instantaneous frequency Li ~is to be within ±5 cps of the correct value.

The coding generator is to take timing pulses (source to be spec - [j - -
ified in a later section) at rates of 2 pulses per minute and 20 pulses
per second and generate a code at the beginning of each 1/ 2 - m m in-
terval and every 0. 1 sec for a total of 12 codes. The timing accurac y [j 

~
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- I

I of the start of each code pulse is to be within 1 ms of the timing pulses.
One switch is to be provided for selection of off , manual or automatic
timing. A pushbutton shall be provided to initiate manual timing when

I it is selected. Twelve switches are to be provided, each of w hich has

f 
5 positions: A, B, C, D and OFF. The first switch selects the code
used for the first pulse; the second switch selects the code for the sec-
ond puls e, etc .

The timing generator is also to provide 12 gating outputs in syn-

~ I chroni smn with the above 12 codes. Each gating output is to start within
10 to 25 ms of the end of the preceding pulse and last a similar amount
past the end of its own code pulse. In the case of the first  code, the
12th pulse of the previous sequence shall be considered the preceding

I 
pulse. A 13-position selector switch shall be provided that turns on
onl y one of the gating outputs , 1 through 12, as the switch is turned to
the corresponding number . The 13th posi tion of the switch is to be- 3’ labeled “auto” and provides the automatic gating sequence in synchr o-
nism with the 12 codes.

- 4. 1. 4 Digital Time Reference

A digital time referenc e is required (at Station No . 1 only) and shall .5

have the following characteristics:

I Time accuracy: Less than 3-ms total drift and setting error
In 24 hr.

• 
I 

Calibration: Must provide for calibration by WWV every
24 hr.

Output: Pulses every 50 ms starting on the half min-
ute and pulses ever y 1/2 mm on the half min-
ute. Timing error is to be ±1 ms or less, not
including clock drift for a 24-hr period or more.

.5 Standby power: Standby battery power is to be provided to the
oscillator and counting circuits automatically

I in case of failure of the main power .

Indication: Digital indication of hours, minutes and seconds
based on the 24-hr clock is to be provided in
visual form.

.5 

4. 1. 5 Power Driver
- One power driver capable of supplying the various codes, as supplied

by the timing chassis, at a level of 20 kw into the deep cable (to be de-
scribed later) is required. The driver is to use the 440-volt 3-phase
60-cycle voltage for its power input . The output level shall be variabl e
from i t o  20 kw, either continuously or in 2 -db steps. In addition, the
output shall switch to the appropriate beacons (1 through 7 for Station
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No. 1, and 8 through 15 for Station No. 2) as dictated by the gating sig -
nal from the timing chassis. The driver efficiency must be 60% or
greater and protection must be pr vided to prevent damage In case o f a
shorted or open output. -

4. 1. 6 Ship-to-Shore Radio ~~~~ 

-

One ship -to-shore radio with a minimum power input to the last-
stage of 200 watts will be supplied. At least five crystal-controlled C

frequenc ies are to be available by front panel switch. These are to be -

2182 kc, 2638 kc and 2738 kc, Nassau Marine , and Miami Marine.
Accessory equipment such as a microphone , antenna (whip type) ,
antenna lead-tn . and antenna matching netw ork is to be included.

4. 1. 7 Transm itter (required at Station No. 1 only) LI

One data transmitter with a minimum power input to the last stage -

of 200 watts will be provided. Crystal control of the single transmitted -

frequency Is required. Transmitted frequency will be between 2000 and
5000 kc and will be specified later. No microphone is required.

An input plug containing connections for modulation and keying of -
.5

the transmitter is to be provided. The Input level Is to be 1-volt RMS
for 100% modulation. A locking panel control is to be provided for the
modulator input voltage adjust. Accessory equipment such as the an- - -
tenna (whip type, separate from previous antennas), antenna lead-In,
and antenna matching network Is to be Included. I 

-4. 1. 8 Receiver

A superheterodyne receiver with crystal control and automatic vol-
ume control (AVC) is to be provided. The receiver at Station No. 1 -

will be set to receive WWV (2500 kc) and the receiver at Station No. 2
.5 will be set to receive the data transmitter signal. The receiver Is to

have a speaker with a separate level control. An output jack with its - -own independent level control is to be provided for use with external
equipment. The output level at this jack is to be at least 1 -volt RMS
at 100% modulation and full gain. Accessory equipment such as the Lantenna (whip type, separate from previous antennas) and antenna lead -
in is to be included.

4. 1. 9 Test E~ ’iipment - -

A list of test equipment to be provided is described on the following F
page. U

L I
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I
( 4. 1. 9. 1 One oscilloscope with a response of at least dc to 10 mc

with wide band d-c dual trace and high sensitivity differential d-’c plug-

I 
in units.

4. 1. 9. 2 One multimeter of at least 20 ,000 ohms per volt on dc and
1000 ohms per volt on ac.

C 4. 1. 9. 3 One oscillator capable of being tuned from at least 20 cps
to 5 inc with a minimum of 1-volt RMS output into a 600-ohm load.

I ‘

~~~~~~
-
. 4. 1.. 9. 4 One universal counter with at least five decade counters
~-- . capable of counting at a 5-me rate (minimum ) and capable of measuring

either events per unit time or time between events. An oven-stabilized

E crysta.~I control oscillator is to be provided as the interna l standard.

4. _ . 9.5 One vacuum tube voltmeter (VTVM) capable of measuring
.5

- ~
- to at least 3 my full scale from 20 cps to 5 mc, with a 5% or better

-~ ~. accuracy and an input impedance of 10 megohms or more at 10 kc.

4. 1. 9.6 One SWR meter- capable of operation in the 2- to 5-me
region.

4. 1. 10 Miscellaneous Equipment and . Facilities

4.1.10.1 Ceiling fluorescent lights with a ininimum wattage of 320
watts per room, a spotlight over each door and a bathroom light.

- 1 4.1.10.2 A minimum of 24 duplex 110-volt outlets distributed in the
equipment room, 8 duplex 110-volt outlets distributed in the diesel . - -

generator room and one duplex outlet in the bathroom.

L 4 .1.10.3 A circuit breaker panel is to be provided with a 15-amp
breaker for each group of four duplex outlets. Two separate circuits
are to be provided for the lights. The division of the load will be ap-
proximately equal among all three phases.

4 .1.10.4 A standby 120-amp -hr , 24-volt battery with trickle charge
L and a 110-volt a-c dynamotor are to be provided for ship-to-shore radio

operation.

11 4 1 .10.5 Emergency lights (one 25-watt light in the equipment room
and one 25-watt light in the diesel generator room) operating from the
24-vol t battery are to come on automatically if the 110-volt power fails.

4 .1.10.6 One desk.

4.1. 10.7 Two chairs.

CONFIDENTIAL
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4.1.10 .8 Two cots .

4 .1. 10.9 One dual 1000-watt hot plate.

4. 1.10. 10 One 8-cu ft refrigerator.

4 .2 Deep Stations

4 .2.1 Projector

The projector is to consist of two elements separated by 1.6 ft (center
to center). The projector is to have an efficiency of at least 30% at its
maximum efficiency point , which is to be between 1800 and 2400 cps. The
efficiency is to be at least 15% at 1800 and 2400 cps. The two sections
must be capable of delivering 1000 acoustic watts to the water at the
maximum efficiency frequency for a period of 15 sec or more. Opera-
tion is required in an ambient pressure of 3000 psi and the projector
must be equalized for this pressure. Gas pressure equalization is not
acceptable. The output of the projector must be within 1 db of the sea
level values in the frequency range of 1.8 to 2.4 kc.

4 .2.2 Matching Network

A matching network consisting of a matching transformer and neces-
sary inductive and capacitive components Is required. The matching
network is to be double tuned at frequencies of approximately 1.9 and -:
2.3 kc, such that the acoustic output of the projector is capable of de-
livering at least 500 watts and is within 3 db of flat response in the fre-
quency bands of 1.8 to 2.0 kc and 2.2 to 2.4 kc when driven through the
characteristic cable impedance with 3 kw available at the transformer. .- - •

The matching elements must be capable of handling 3 kw of pulsed ‘

~~~ 
t - -

electrical power In the frequency band of 1.8 to 2.4 kc without damage
when the duty cycle is 10% and the maximum on t ime is one minute.
The matching elements must operate at a pressure of 3000 psi and the
double tuned frequencies at 3000 psi must not change more than ±50 cps - - 

-

from the sea level values.

4.2.3 Protective Cage

A protective cage which houses the projector and matching elem ents
is to be Included. The matching elements are to be stored in a pressure-
equalized, oil-filled container called the matching can . Connections to
the projector , matching elements and cable are to be made with molded

.5 polyethylene harnesses and plugs. The cage is to be made such that it
provides for convenient connection to the anchor and cable termination.
The center of the lower section of the projector Is to be 1.6 ft from the
bottom of the cage.

C O N F I D E N T I A L
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1.. 4 .2.4 Anchor and Base

r A base shall be provided that is approximately 8 ft in diameter and
• 500 lb In weight. The base is to serve as an anchor as well as a plat-

form to minimize sinking and tilting of the projector.

4 .2.5 Implantment Location

The 15 beacons are to be Implanted in the following positions within
1000 yd (30 ” of latitude, 33” of longitude).

Beacon No. North Latitude West Longitude

1 240 4 7’ 30 ” 76° 31’ 30 ”
2 24° 41’ 00 ” 

. 
76° 40’ 00 ”

3 24° 38~ 00” 76° 29 ’ 00 ”
4 24° 30’ 30 ” 76° 10’ 00 ”
5 24° 28 ’ 30” 76° 20 ’ 00 ”
6 . 24° 20 ’ 00 ” 76° 22 ’ 00”
7 24° 21’ 30 ” 76° 12’ 00 ”
8 24° 12’ 00” 75° 59’ 00 ”
9 24° 15’ 00 ” 75° 48’ 30 ”

10 24° 02’ 00 ” 76° 01’ 45 ”
11 24° 05’ 30” 75° 51’ 30”

r 12 230 52’ 30” 750 41’ 30 ”
13 23° 54’ 30 ” 75° 31’ 30 ”

.5 ,- 14 23° 43’ 00” 75° 45 ’ 30 ”
L 15 23° 45’ 00” 75° 35’ 00 ”

4 .2.6 Interconnecting Cable

- - 
. The beacons are to be connected to shore via deep sea cable.

Beacons 1 through 7 are to terminate at Station No. 1 and Beacons 8
- -- 

~~~~ El through 15 are to terminate at Station No. 2. The cable run is to be
made to one beacon and then continue on to a second beacon. In order
to accomplish this, two different cahie types are required.

~
•
~~~- 7-

a. The first type consists of a quad cable (called Quad 1) with a low
loss and a high loss pair. The high loss pair is to have an attenuation

- ~~~~~~~~~~ of not more than 8 db at 2.1 kc for an 18-mi run. The low loss pair
i- -. [ will be described with the second cable.

CONFIDENTIAL
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The second cable type consists of a quad cable (called Quad 2) with I]
two equal pai rs. These pairs are connected in parallel and the parallel
combination is driven through the low loss pair of Quad 1. The total
loss is not to exceed 8 db at 2.1 kc after traversing through 19 mi of
Quad 1 and 11 mi of Quad 2.

Each cable is to consist of polyethylene-covered wires capable of
receiving 20 kw of 2.1 kc at shore. The deep cable is to have an internal .5

strength member which is capable of supporting the cable weight plus
1000 lb during installation in 6000 ft of water. The outer portion of t~he
cable is to be covered with polyethylene for protection and the cable is
to be designed for wet operation. The last one mile of shore cable is to - - .
be armored for protection from abrasion. Cable life desired is lo yr

.5 and the cable must be capable of being retrieved and relaid at least onc e r 1
during that time. No magnetic shielding is required.

.5 The following eight cable lays are required. - 

4

Intercon- Intercon-
Cable Far necting *Length Close necting ILength Shore End *Length Station
J~~L Beacon Cable Type (naut mi) Beacon Cable type (naut mi )  Cable Type (naut mi) No.

A 1 Quad 2 11.5 2 Quad 2 12.5 Quad 1 1 1

B 3 Quad 2 16 --  - - Quad 2 1

C 6 Quad 2 1 1 5  4 Quad 1 23. 5 Quad 1 1

D 7 Quad 2 L 5 5 Quad 1 23. 5 Quad I i
.5 

Northern end subtotal 5 0 5  59.5 4

E B Quad 2 11.5 10 Quad 1 25. 5 Quad 1 1.5 2

F 9 Quad 2 11.5 11 Quad 1 29 Quad !. 1 .5  2

G 12 Quad 2 1 1 5  14 Quad 1 11 Quad 1 1.5 2

H 13 Quad 2 11.5 15 Quad 1 23. 5 Quad 1 1.5 2

Southern end subtotal 46 89 6

Total 96 .5 148.5 10

*A total of 15% extra for slack and navigational errors is included in these values.

[1

I

.5 
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- I A cable termination Is to be provided that will allow mechanical con-
- nection between the strain member and the beacon. All electrical leads

of the cable are to terminate In molded polyethylene plugs which mate
I I with connectors on the matching can.

- 4 .2.7 Location Tests

~ I 
Each beacon is to be located to an absolute accuracy of ±25 ft. This

is to be accomplished using a hydrophone between 50 to 100 ft of depth
L on a surface ship. Only the direct path propagation (5 mi or less horizon-

~ I 
tal range) is to be utilized. The sonar ranges are to be compared with
the Decca above water navigation system with a corrected accuracy of

~
- at least ±15 ft. Runs are to be made at 1- ’ /2-mi  intervals N-S and E-W
- from the center of the beacon to a maximum of 4- 1/2-mi  range . The

average position is then to be computed by statistical methods.

I 
4 .3 Navigation Computer

The navigation computer must be separated into parts small enough
to pass through a submarine hatch (24-In, diameter opening) and be

I easily carried by one man (less than 50 lb weight). The overall power
dissipation is to be less than 750 watts. A list of parts of the submarine
navigat ion computer is described below.

I 4 .3.1 Receiver

The receiver is to consist of a band-pass amplifier with band limitsI of 1.75 to 2.45 kc. The response is to be uniform within limits of 3 db.
The attenuation at frequencies 10% below and 10% above the lower and
upper band limits, respectively, Is to be at least 40 db. From these

I points , the response is to fall off at a minimum rate of 36 db per oc-
tave. The receiver input Impedance is to be at least 10,000 ohms and
the Input level will be a minimum of 10 my within the band limits. The

I receiver inputs will come from a low self-noise hydrophone preampli-
fier. Automatic gain control (AGC ) is requi red with a minimum dynamic
range of 70 db and a maximum output change of 3 db over that range.

I The maximum voltage gain with zero AGC voltage Is to be at least 10~ .
The AGC time constant Is to be 15 ± 5 sec on charge, and 10 ± 5 sec
on discharge. The amplifier is to be protected against signal overloads
and Is to have a signal dynamic range of 30 db above the noise.

4 .3.2 FM Demodulator

The output of the receiver Is to be separated into two channels, 1.75
to 2.05 kc and 2.15 to 2.45 kc. The attenuation of the undesired channel
must be at least 40 db. Two outputs , which are automatically switched
to either of the two channels, are mixed with a reference signal in such

I I
~ 1 CONFIDENTIAL
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a manner that the frequency difference is taken. The frequency difference Jthat corresponds to a negative frequency difference is to be filtered out
by a 200-cps band-pass filter, and is to be further mixed with a 200 ± 5
cps signal, such that 200 cps is added to the frequency of this signal.
Both the original and 200-cps shifted signals are to be added together
equally in amplitude and then passed through another 200-cps band-pass
filter to reject the unwanted frequencies. The 200-cps band-pass filters
are to have a response within 3 db inside the band-pass limits, and a

.5 rejectIon of at least 40 db at frequencies greater than 10% outside the
band-pass lImits .

The output of each channel is then fed to separate banks of comb
filters. Each filter bank is to contain 10 filters spaced 20 ± 5 cps apart
at their center frequencies and 20 ± 5 cps wide at the 3-db points within
the 200-cps band of Interest. The skirt slope of each filter is to be suf-• ficient so that the center frequency of the adjacent filters is down at
least 18 db. The filter outputs levels are to be adjusted so that their
maximum outputs are within ±1 db over the frequency range of interest.
The outputs of each comb filter bank are then to be sampled in recurring
sequence every 50 ms (5 ms per filter). This signal is to be demodulated.5 

.~ith a filter time constant of 2.5 to 5 ms and passed through a threshold
detector with a threshold 15 db above the maximum noise output of the
AGC amplifier.

4 .3.3 FM Reference

Four Independent FM reference signals are to be generated. Each
of these will be automatically switched to one of four types corresponding
to station codes A, B, C or D. Each type will continuousl y repeat itself
every 50 ms upon command from the digital dock.

A Swept linearly 200 cps in 50 ms in ascending frequency
from the reference frequency.

B Swept linearly 200 cps in 50 ms In descending frequency
from the reference frequency plus 200 cps.

.5 C Swept linearly 200 cps In 50 ms in ascending frequency
from the reference frequency plus 400 cps.

D Swept linearly 200 cps in 50 ms in descending frequency
H from the reference frequency plus 600 cps . The fre-

quency shall be within ±5 cps of the exact values.

Provision shall be made to correct for doppler shift as determined by j
the dead reckoning computer. .5

- 
~~~~ _~~~~
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I

I 4.3.4 Range Computer

The range computer Is to determine the horizontal range of each of
the two signals from their respective beacons. The equation to be solved

. I is as follows :

i 1 1=  ~([tK l + K 2t + K 3t2~~ K4ds + K Sds
2 + K 6dB +K7d~~ +K8dR

I + K9d~~)] - [d R - 2d B - d5 + 3 d ]  
2

where

I R horizontal range

I t = travel time (time between reference and threshold excession)

d = difference between source depth and reference depth

I dB = difference between bottom bounce depth and reference depth

dR = submarine depth

I dr = reference depth.

I K 1, K2 and K 3 are constants depending on w- Locity depth profile and
must be front panel adjustments. K4 and are beacon constants. K6
and K7 are bottom depth variations which are derived from the deadI reckoning computer as a function of angle range to the beacon . K8 and
K9 are depth correction constants which va ry in steps as a function of

I arrival time.

The values of the above constants will be determined In the accuracy
portion of the program.

.5 The travel time is determined by counting the time between a refer-
ence time generated by the digital clock and receipt of the first threshold
excession in the range gated Interval (determined by the dead reckoning
computer). The timing and computation is not to add more than ±5 ft of
equivalent range error.

The position computer is to store the first of the two ranges . R 1 or

I R2, and correct it for ship ’s motion, as determined by the dead reckoning
computer. Upon receipt of the second range, the position is to be corn-
puted by solving the following two simultaneous equations .

~ I
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H-
(X - X ) 2 

+ ~~ - 

~~~~~ 
=

— (X - X~ )2 
+ (Y - Y~ )2 

= R~

where X and Y are the submarine position coordinates - ,

-: Xm and 
~ m are the mth beacon coordinates

X~ and are the nth beacon coordinates

Rm = range to the mth beacon

R~ = range to the nth beacon.

The ambiguity of position is to be removed by comparing with the
position determined by the dead reckoning computer.

4 .3.5 Dead Reckoning Computer

The purpose of the dead reckoning computer (DRC ) is to continuously
compute the submarine position and then be periodically corrected by
the position computer. In addition, the DRC supplies correction data to TI
the range and position computers. .

4.3.5.1 Inputs --

The inputs to the dead reckoning computer consist of three wire
(60-cycle, 90-volt line to line) synchro data for submarine heading, 

-

speed and depth . . I
4 .3.5.2 Computations

The DRC is to take the input information and compute the continuous
submarine position with an error of 1 fps or less. Provision must be
made to insert Initial position and large corrections manually. From
this initial position, the DRC is to determine the closest A, B, C and D
beacons . In addition, bearing to an accuracy of ±10, range to an accuracy
of ±2000 ft , and range rate to an accuracy of ±5 fps are to be computed
for each of the four types of beacons. El

The two closest beacons of the four types are to be selected by the
DRC, except when the difference of their relative bearings is within
±15. of either 180° or 0°. In this case, the closest beacon and the third
closest beacon are to be chosen. When the choice of the two best beacons
Is made, the DRC is to automatically switch the FM demodulator , FM

0
- - 

~

. 
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II
1 reference, range computer corrections and position computer constants

to the corresponding beacon values.

I The bottom bounce depth is to be derived by selection of the correct
cam on the two beacon bearing servos corresponding to the two beacons
chosen for position computation. Range gating information (±2000 ft on

I each side of the computed range) is to be supplied to the range computer.
Range change to each of the two beacons is to be computed for a time of
20 sec after receipt of a threshold excession; the accuracy of this corn -

I 
putation is to be ±10 ft. This information is to be supplied to the position
computer for updating the first range signal. Range rate is also to be
supplied to the FM reference to provide doppler correction.

I The DRC Is to accept position correction signals from the position
computer if the correction Is less than ±1000 ft in each axis. A warning
light is to be activated if the sonar position and DRC position diffe r by

J more than ±1000 ft on either axis for three or more position computa-
tions in a row.

4.3.5.3 Outputs .5 ’

The submarine position, according to the DRC, is to be indicated on
rectangular coordinate dials, indicating in digital fashion tens, units,
tenths and hundredths of a nautical mile. The hundredths indicator can
be part of the tenths column. Another indicator is to be supplied showing
degrees, minutes, seconds and tenths of seconds of latitude and longitude.
The tenths of seconds can be part of the seconds indicator. A selector
switch is to be provided which selects eithe r rectangular or latitude and
longitude analog output voltages. These output voltages are to have an
accuracy of ±0.02% of full scale.

Digital latitude and longitude codes are to he available for recording -j -

in sequential BCD form .

4 .3.6 Digital Clock

A digital clock must be available for the range and position compu-
tatlons. The clock in some cases can be part of existing submarine
equipment. If none complying with the following specifications is avail-
able, a separate clock with the same specifications is to be supplied

- E with the navigation computer. The required specifications are as (ol-
- lows .

4 .3.6.1 Time accuracy : Less than 3-ms drift and setting error in[ 24 hr.

4 .3.6.2 Calibration: Must provide for calibration by WWV every 24[ hr.

C O E ~~~J~
AtL
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4 .3.6.3 Output: Pulses every 50 ms starting on the half minute and
pulses every 1/2 minute on the half minute. Timing error is to be ±1
ms or less plus clock drift .

4 .3.6.4 Standby power: Standby battery power is to be provided to -. -
the oscillator and counting circuits automatically in case of failure of
the main power. I -

4 .3.6.5 Indication : Digital indication of hours , minutes and seconds - -

based on the 24-hr clock is to be provided in visual form plus a digital
code for recording in BCD form.

4 .3.7 Accuracy Tests -~- -

Upon completion of the location tests, the navigation computer con-
stants are to be determined. These are to be derived from tests with a
hydrophone lowered at various depths of 150 to 1500 ft from a surface
ship and using an accurate (± 15 ft or better corrected accuracy) above -
water navigation system. The surface ship is to make runs at 2-mi

.5 intervals up and down the range and record position error as a function
of range from each beacon and hydrophone depth. The various corn-
puter constants are to be computed such that the overall one-sigma
accuracy is 50 yd or less.

Initially, an experimental computer (eliminating all automatic func -
tions except range and position computation) Is to be used. After this ,
a prototype computer is to be built and tested to show overall system
performance.

4.4 Computer Analyzer

A computer analyzer is to be built to permit testing and calibration
of the finalized navigation computers without requiring on-site tests.
The analyzer shall provide the following :

4 .4 .1 SImulated Submarine Heading 0 to 360°

4 .4 .2 Simulated Submarine Velocity 0 to 50 kn

4.4.3 Simulated Submarine Depth 0 to 2000 ft

4 ,4 .4 Simulated Sonar Signals [i 
-

Four simulated sona r signals of A, B, C and D coding, and each with
a selectable time delay in 1-ms steps from 0 to 20 sec accurate to ±1
ms, will be provided . The simulated sonar pulses are to be 50 ± 2. 5 ms
long and have an instantaneous frequency within ±5 cps of the exact value

EIJ
LI

CONFIDENTIAL
ER 12316



—~~~~

~ 
[ CONFIDENTIAL C-17

- L during the pulse period. The output level of each signal is to be variable
from 0.1 to 0.001 volt by a stepped attenuator with 2-db steps. The
last position of the attenuator is to provide 0 volt (- db) of the signal.

-~ a
4 .4 .5 White Noise Signal

~ F’ A white noise signal in the band of 1 to 3 kc is to be added to the out-
1 1 put signals and is to be variable in 2-db steps from 0.1 to 0.00 1 volt
I RMS. The last step on the attenuator Is to provide 0 volt RMS.

1. 4 .4 .6 Simulated Doppler

This is to be accomplished by four separate controls (one for each
coding) that can be set from 50 to -50 kn . These controls are to shift
the center frequency of the coded pulse by an amount proportional to
the doppler setting (0 .64 cps/kc / kn) within ±5 cps.

4 .4 .7 Analyzer Time Reference

The analyzer time reference is to come from the 50-ms and the 1/2-
sec repetition rate pulses generated by the navigation computer digital- clock.

- 4 .5 Navigation Recorders

Two types of recorders can be used with the system. One is an
- analog type X-Y plotter and the other is a tape recorder. Both re-
- [ corders must be built in sections that can pass through a 24-in.

diameter opening and weigh less than 50 lb each.

4 .5.1 Analog Recorder

The analog recorder is to take d-c signals for the X and Y coordi-
11 nates and Is to plot position as a function of time. The characteristics
U of this recorder are to be as follows:

Power input : 115 volts ± 10%, 60 ± 5 cps , 250 watts maximum.

• Sensitivity : 1 volt full scale both axes.

F Zero adjust: Must be capable of m oving the zero point ±0.1I. volt of the center of the chart. The potentiometer
or switches to accomplish this shall be capable of

~~ ‘l being easily reset to within ±0.2 my by means of
Ii a dial or other form of Indicator.

~~~ll
-
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—
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Paper size: The paper size shall be at least l€ x 16 in.

Accuracy : At least ±0.1% of full scale including hysteresis. -

Writing speed: The recorder must be capable of wri t ing at the
rate of 0.2 in. /min with the stated accuracy.

4 .5.2 Tape Recorder 
- 

-

A tape recorder Is to be used for the permanent recording of sub- - .

marine position versus time. The characteristics of this recorder are I
— as follows :

Power input : 115 volts ± 10%, 60 ± 5 cps. 500 watts maxi -
mum.

Speed: 1-7/ 8 ln./ sec. ~~~

Input : Twelve digits of BCD coded position data , fi ve L - . -~
digits of BCD coded time data and a voice chan-

-
- 

nel. I I

No. of channels : Two, one for data and one for voice.

Format : A word start code, consisting of three ones , is j
4 

to be recorded in serial form followed by 20
time bits (5 digits of BCD) in serial form in - .5

descending order followed by 48 bits (12 digits -

.5 of BCD) of position data in serial descending LA

order, followed by a longitudinal parity bit and - =ending with a word end code (two ones). -

Rate of recording : The tape recorder is to run continuously and
Is to record position and time information -every 5 sec with at least a 2-sec gap between
records . 

.5

Voice input : The voice input is to be by means of a self- 
tcontained press-to-talk microphone. - -

~

4 .6 Handbooks -
~

Complete operational handbooks including schematics and simplified
block diagrams are to be furnished with one copy located in each of the ,--
two stations. I]

f-i
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‘
I
-~ 4 .7 Spares -

~

Two complete spares are to be fu rnished for equipment included at
each station. One set of spares is to be located at each of the two sta-
tions.

5.0 GOVERNMENT FURNISHED EQUIPMEN T
I I .
I The following Items are to be GFE:

5.1 One site on Eleuthera Island suitable for Station No. 1, at or
- near Bamboo Point, with cable access rights from the site to Exuma

Sound and access rights from the site to the nearest main road.

5.2 One site on Great Exuma Island suitable for Station No. 2, at
or near Stevenson, with cable access rights from the site to Exuma

- Sound and access rights from the site to the nearest main road .

.5 5.3 One set of shipboard Decca navigation equipment including two * -

copies of navigation charts , plus spares and one operator .

5.4 One radio frequency assignment between 2 and 5 mc for trans-
mission of timing signals.

5.5 One analyzed bottom core sample, at least 3 ft deep, from the
approximate center of each of the four beacon groupings. Core samples

- are to be analyzed for composition and load bearing characteristics.

-H

~ iLj

H

.5 1.5;
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SUBMARIN E POSITION LOCATION
THROUGH RANGE MEASUREMENTS FROM TWO OR THREEI BEACONS; MAXIMUM ERROR ESTIMATION
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ABSTRACT .

The location of a submarine ’ s position by means of range measure- - I

ments from two or three beacons is an important part of the Exuma
Sound project , The study of the effect of errors on various measure-
ments is necessary in order to establish a basis for equipment design [
choice and to establish a priority for areas of design improvement . A
mathematical model , using the Monte Carlo technique for the subma-
rine location problem , is developed In this report , and its simulation
on a digital computer (IBM 7090 or IBM 1620) is described. Applica- .5

tion of the model to other problems is discussed . -
.5
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SUMMARY

This appendix is a detailed geometric and trigonometric analysis
.5 of the problem of locating a submarine ’ s position by use of range
~

- measurements from two or three known beacon positions . Ping emis-
sion times and ping arrival times are used as well as the speed of
sound in water and the submarine ’ s speed. The problem admits er-
ror increments in the measurements and studies the effects of these
errors on the accuracy of the resulting estimation of the submarine ’ s
position at the time the third ping arrives. This study is necessary
in order to determine the best design for equipment used in locating
a ~~~~~~~~~~ s position.

When three beacons are used , the submarine is assumed to move
in the direction away from the beacon whose ping is the last one to
reach the initial position of the submarine . This direction is consid-
ered the one in which maximum errors will occur. The exact solu-
tion is obtained on the assumption of exact data and is used as a ref-
erence for approximate solutions in which errors of measurement are
introduced.

The three-beacon problem is then separated into three two-beacon
problems, From each of these , an estimate of the final position of
the submarine is made after errors are introduced. One of these pr ;-b -
lems Is the basic two-beacon problem.

A discussion of the requirements for solving this problem on a
digital computer is included herein, as well as a statement of the sta-
tistical analysis to be made on computer results . This analysis can
be made partially by a computer program.

The problem is analyzed to the degree necessary to simulate it on
a digital computer of the IBM 7090 class with little explanation to the
programmer. This simulation must be done if the full benefits of the
analysis are to be obtained. Statistical analysis of the data generated
by random sampling is included .

The problem so simulated can be used for purposes such as:

(1) To obtain an estimate of the error in estimating the position : -

of a submarine under a given set of conditions .

• (2) To determine the effect on the error estimate of a change in
- 

- a given error term when the others are held constant . L

Li

-
.5
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I
• 1 (3) To determine what reduction of error in one variable pro-

duces a reduction in the error estimate comparable to a
.5 given reduction in the error of another variable . This will

- T enable one to determine what variables are of major impor-
- tance in the proble m and to rate the corresponding system

- components according to sensitivity in producing the change s
in error estimation.

A.
(4) To compare the results with a statistical analytical model

based on certain simplifying assumptions, in order to de-
- termine the area of usefulness of that model , since the

- analytical model is easier to use.
- - (5) To study problems which are related in nature but not in ap-

pearance , such as location of an enemy radiator by means
- of bearing calculations based on electromagnetic radiations .

[ Other applications of the basic ideas underly ing this problem are
discussed , and consideration is given to the necessity of changing the
assumption that an error is normally distributed when experimental

- data become available for a particular variable .

I. .
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I I. EXACT SOLUTION OF THE THREE-BEACON PROBLEM

- A .  DESCRIPTION OF THE PROBLEM

In the exact problem , the positions , B 1, B
2 

and B3, of the three

~ I 
beacons and the initial position , S, of the submarine are given. Also
given are the ping emission times , t 1, t2 and t3, at each beacon and

k the speed , V, of sound propagation in water. These data enable one

~ I to determine the order of ping arrival times at the submarine . The ~ -~~

first arrival time is labeled T 1. The beacons and their emission times
are relabeled B1, B., Bk and t~, t~, tk according to this order and

- I these labels are used thereafter. With the speed , v, of the submarine
given, and the direction of motion along the line through Bk and S is .5 

-

~- I away from Bk, the time T3, when the ping from Bk overtakes the sub-
marine , is easily calculated . This result is used to calculate T2.

I The positions S~. and S. corresponding to these times are also calcu-
1~ J

lated. Details of the exact solution are discussed in the following
sections.

B. INITIAL INFORMATION

At the start of the problem , the following information and con-
ditions are assumed .

(1) A rectangular coordinate system (x, y).

(2) The beacons B 1, B2 and B3, with coordinates (x 1, y 1),
(x 2, y 2 ) and (x3, y3 ), respectively .

I
I 

- 

(3) The beacon ping emission times t 1, t 2 and t3, where 0 <

t l~~~~t 2~~__ t3. 
—

~ 
[ (4) The submarine position , S. wit h coordinates (x 5, y5).

(5) The beacons and the ping times are paired , but the ping
.5 arrIval times at S determine the use of the subscripts i ,

j ,  k. It may happen that two or more pings reach S at the
same time , and these cases will be treated separately .
1’or the present , however , the arrival times are assumed —

to be different .

*
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(6) The pings from B1, B . and Bk reach S in that order.

(7) The first ping reaches S at time T1, which is to be cal-
culated.

(8) The submarine is moving from S. along the line throughBk and 5, away from Bk, with a speed v; the submarine is
at S at time T1. T 1 is the time at which the problem is
considered to start.

.5 

(9) Sound is propagated through sea water according to a speedfunction , V. which may be a constant , a curve in two sec-tions or a function given by a formula in two parts. If nota constant, V is expressed by curve or function as a valueversus distance.

(10) The pings from B~ and Bk reach the submarine at positions
S. and 5k’ respectively, at the corresponding times T2, T3.

‘
- .5 3 [(11) The following symbols represent the distance each pingtravels from its beacon to the submarine :

Ri =~~~~~

R~ B
3
S~

Rk = BkSk

• C. ASSIGNMENT OF SUBSCRIPTS TO BEACONS

- I The ping arrival times at S are calculated by the formula T = tm
B S

+ . The subscripts I , j  and k are assigned so that

— T 1 = t 1 + .~ < t j +~~~~~~~ < t~~~+
y (D 1)

The possibility of two or more arrival times being equal is not ruledout , but It is implicit ly assumed that they are all unequal .

U
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I D. PING ARRIVAL TIMES T AND T AT POINTS S., S2 3 3 k

.5 

Referring to Item 10 in Section A, the submarine reaches positionI S. at time T2, which is the time the ping from B~ overtakes the sub-
marine; the symbols 5k’ T3 and Bk are used similarly.

.5 

T2 = t. + (D-2)

B S
T = t  + k k  (fl_ 33 k

The main part of the problem is to find ~~ S~ , T2 and T3.

E. FORMULAS FOR T3 AND THE Sk COORDINATES

The ping from B
k starts at time tk and overtakes the moving sub-

marine at the point 5k at time T3. The submarine started to move

I from position S at time T 1. In the distance relation ,

— 

B
k

S
k ~~

B
k

S + 
~~k (D-4)

the distance BkS Is known , and

BkSk = (T
3 

- t
k

) V (D-5)

• 
= (T3 - T1) v (D-6)

ii:
B S + t  V - T v

Therefore , T3 = 
k 

V-v 
1 (D-7)

• 1 Let ak be defined as in Fig. D- 1; then the coordinates of 5k are

I XS = X
k 

(T 3 
- tk ) V cos ak

I 
~Sk 

= 
~k 

- (T 3 
- t )  V cos ak

CONFIDENTIAL
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The value of T3 will be used to determine the proper value of T2 .
In det€irnining T2, the relative positions of B1 and Bk do not enter
the calculations . L.

The condition T 1 < T3 must be satisfied . If T3 < T 1, there is
an error either In the calculations or in the input . If T 1 = T3, then

.5 points S and are the same point , and this implies that T 1 = T2 = 
.5

T3 and S. S~ and 5k are the same point (see the following section).

F. FORMULAS FOR T AND THE S. COORDINATES 
.5 

- -2 3

Figure D-1 illustrates one possible configuration of B ., B., B
1 3 k

and 5, and is used for the definition of the angles a1, a., and a.
The line marked (x) pa.ssing through S is parallel to the x-axis of the
given (x ,y)  coordinate system. A different coordinate system would
require adding the same constant value to each angle and would not
change the resulting formulas .

.5 
[1 1:

-: 
S
i 

(
( : .

X )  [I
~

Bk B
3 

B1 

:Fig. D-1. illustration of the Three-Beacon Problem
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There are at least 24 different combinations of ranges of values

- of a~ and corresponding to a fixed value of akl 11 < ak < 2 ’
- 

that could conceivably result In different formulas for a and ~~~ . These
were all examined in detail with the follow ing results.

The possible values of a in terms of a~1, ak. ir are

I(ak - a . ) + -
~1a = (ak 

- a~) - it (D-9)

-(ak _ a
J ) + l r

In each case ,

cos a - cos (ak - a.) (D-10)

It is assumed in this report that Bk is in the third quadrant , rela-
tive to S as the origin of a coordinate system parallel to the (x ,y)

T system. Under this assumption , ak is determined by the formula

j y  - y  \
a, = 4 arctan ) (D-11)

\
X
k

XS /  
- -.5

I ~~~
-

~ ~.. where the arctangent function is limited in value between 0 and ir /2.

The angle a~ is determined by use of the following definition of
- 

f F 
a.S and Table D-1. The table also gives the formulas for cos a in

- terms of ak and

I - - a. = arctan ( ~ 
S (D-12)

35 \ X ~ X~~~~/

-I) - L where the arctangent function here is restricted to values between
- -tr / 2 and + -ir/2 , inclusive .

- I I
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TABLE D-1

The Angle a~ as a Function of a35 and the -

.5 Quadrant of a1
; and the Formula for Cos a

y. - 
~~~~~ 

x. - XS Quadrant a. cos a

+ + I a.S -cos (ak
_ cr.S )

+ - II it + a.~ ~~~~~~~~~~~ (a~ - a15)

- - III it + +c~~ (ak - a~5)

Li

- + IV a~~ -cos (ak - a15
) .5-

cos a may be written in the general form I

cos a = -k cos (ak - a15
) (D- l Oa ) U

where 
~~~1

+1 if x. XS > 0 Li
k =  (D-lOb) 

- •
.5 — 1 if x . — x~ < 0 - j

The law of cosines in all cases can be expressed in the form

(B.S.)2 
= (W~)2 

+ (~~~)2 - 2(v) (~~ ) cos a (D-13)

where cos a is given by Eq (D- 1O) or Table D-1.

Previous expressions give

= (T 2 - t ) V  (D-2a)

= (T2 - T 1) v (D-6a)

Ii
I
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- 
I

and 
______________________

3.5 = ~/ (x~ - X~)2 + - )2 (D-14)

4 1
Thus , the law of cosines becomes

~ I (T
2 

- t .)
2

V
2 

= (B~S)2 
+ (T

2 
- T1)2v2 - 2(3.5) (T

2 
- T 1)v cos a

I
Equation (D-15) can be written as a quadratic equation in T2:

[v
2 _~~2] T2

2 + 2  [T 1 v2 _ t
1

V2 + (y) v c o s a] T 2

+ ~~~~~ V
2 - ( ~~~ S)2 - T 1

2 v2 - (~~~~~) T
1 

v cos a ] 0

I
The root s of this equation are :

I 
T

2
= ~ B ± ~~~B

2
~~~~4AC

where
2 2

B :2 [ T ~v2 ~ tj V2 + (y) v cos a] (D 18)

L = ~~1
2 - (~~~ )2 - T 1

2v2 
- 2~~~~ ) T1 v cos a J

The discriminant B2 
- 4AC can be reduced to the form

32 
- 4AC 4 ~ [v

2 
- v2 sin 2 

a] (~~~ )2

+ 2V2v cos a (T 1 - t .) (~ :~)

I + V2v2 (T 1 
- t

3
)2~ (D 19)

I
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This is a quadratic expression In and also in T 1-t1. All terms
are positive or zero except the middle term , in which T1 - t

1 
or

cos a may be negative . Considered as a quadratic expression in T 1 -
t. , it can be factored as

4V2v2 
[(T 1 - t1

) _r +] [(T 1 - t
1

) _r ’] (D-20)

where r+ and r are obtained by use of the quadratic formula and
simplified to the following form:

+ 
(~~~~~~~~~ ) r 1 2  2 1 

-

~~r = - -
~~

y— LV cos a ± i (sin a) ¶ V - v J (D -2 1)

where I = 
~~~

T. Using Eq (D-21) in Eq (D-20) enables one to write

32 
- 4AC = 4V2v2 

~ [~~ 1 - t . )  + • cos a]  
2

_ _ _ _  

2 2 2 11
+ 

~~ 2 (sin a) ‘ (V - v )j gi (D 22)
V v

-. 
.5 This indicates that B2 - 4AC > 0 always holds. Therefore , the

occurrence of B2 - 4AC< 0 ind Icates an error in either the calculations [jor the input.

There are two values of T2 to consider. The conditions of the
problem indicate that only one of them can be used. It must certainly
satisfy the condition T < T < T . There is an error if neither value
of T2 satisfies this condition. If only one of the values satisfies the
condition , it is clearly the T2 desired. If both satisfy the condition ,
a choice must be made .

Since A >0  and B2 
- 4AC > 0 always, Table D-2 lists the possible

combinations of roots of Eq (D-16) depending on B and C. U

r ~4 CONFIDENTIAL
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I
- ~ I TABLE D-2

I ~~1at~0~ of Roots of Eq (D 16) to Coefficients
B and C

, 

Combina- No. of Positive No. of Negative No. of Zero
tion B C Roots Roots Roots

- I  1 + + 0 2 0

-
I 2 + - 1 1 0

3 - + 2 0 0

1 4 - - 1 1 0

5 0 - 1 1 0

1 6 + 0 1 0 1

I 
7 - 0 0 1 1

8 0 0 0 0 2

By Item 3, Section B, all times are positive except possibly t1.
By this condition, the above table allows a unique choice of T2 in

- [ combinations 2, 4, 5 and 6 (both values of T2 are possible In combina-
tion 3) and an error has occurred in calculations leading to 1, 7 and 8.

[ Combination 3, where B< 0 and C> 0, is the only permissible
combination that does not give a unique choice for T2.

I ~ = T 1 v2 -t.V2 + (W ~ ) v c o s a < 0

f T1 v
2 

+ (~~~) (cos a) v - t
3
V2 < 0

- 
~~ - Consider the quadratic function
4- 
i~

- 

~- y T 1v
2 

+ (~~~) (cog a) v — t~V2

.5 -
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I ‘ F

The values of v for which y 0 are of interest here . They are in the U
-, interval between the roots of y = 0, which are

cos a ± j~~~5)2 cos 2 a + 4T 1t1
V2

1

Regardless of the value of cos a, one root is negative and the
interval for v is

0 to ~~~~~~ cos a + tJ(ff’~ )2 cos 2a + 4T 1t .V2

2T 1

:1

t~1 -

- I

II 1

U ~

-i CONFIDENTIAL
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I
II. INSERTION OF A SET OF ERRORS IN THE

THREE-BEACON PROBLEM
_ _ _ _ _ _

The following table includes the error terms used and the quantities
to which they are added. The standard deviation is explained later.

- TABLE D-3
Error Terms

Error term Quantity Standard Deviation
r

- 1 1. Beacons
- — ~~xi X

1 
~ B1 

X 1

Yi )

i~ x. x. \ a
3 3 1

k B .
r A y. y . (  ~ a’L 3 3 )

r Xk ) k
k -

~~~~~~

I ~~~~ ~ k )

2. Ranges

I A R
1 

R1 °R1 = f ~(R 1) I

j  
I~ R. R

3 a’R = f . (R.)

[ ~ Rk Rk = fk(R k)

3. Submarine movement
L 

~~ ~~ 
X~~~ X

S 
X

5

i :

1

~ I 
- 

~ cjk
(
~c)

~S S  5k 
- YS)

: 1  

-~~~~~~~-~- - ——.5.5-—-- - - -————~~~~~— -.5 -
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TABLE D-3 (continued)

Error term Quantity Standard Deviation

~~x ~ I~ x +~~x x — x  ~SS SS. S.S Skk j 3 k —
~ ck(SSk) : -

1
~YSS~~~~YSS +h

~YS S  ~Sk - S’

The errors In the vector lengths are equivalent to errors in the
direction and speed of the submarine . They are given in the above form “ 1
for simplicity , since the assumption to be used , probably throughout .5
the study, is that most of the above errors are normally distributed 

.5 
.5

with mean zero and standard deviation as given. The standard devi-
.5 ations for the errors in R , R. and R w ill be some function of that1 j k

variable, probably a constant multiple , as in the cases of the vectors
— SS. and S.S

j  3 k

A quantity with an error term added is denoted by the exact symbol .5

with a prime affixed to it. For example , B’~ = (x ’ 1, y ’~ ) = (x 1 + AX 1, -

+ ~~y1). This type symbol also applies to p~ ints determined by use
of approximate points or values (for examp~ ~~, 5’ ~).

In this part of the proble m , the point of view is from the submarine ,
and the values used are the data obtained at the submarine by its equip-
ment . These data are simulated by use of the error terms just listed -- -

in accordance with the types of distributions assumed. One value is
chosen at random for each term and applied to the exact problem to I
give a displaced or approximate problem. The resulting coordinates
and lengths are used in the tw o-beacon problems as if they were exact — 

—

values.

For a detailed discussion of the random selection of errors , see I

• Chapters VI and VII of this appendix . -

1]

.5 

- [1

U
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[ I
- I m. STATEMENT OF THE THREE TWO-BEACON PROBLEMS

t 
I A. ILLUSTRATIVE FIGURES

The two-beacon problems are denoted by the symbols (B1, B.),

I I (B
3
, Bk) and (B1, Bk). In all problems , the direction of motion is

along the line through 3k’ ~ and away from Bk. The resulting esti-

j : mates of Sk are denoted by S~~ , ~~~~ and ~~~~ respectively. These
problems are illustrated in Figs. D-2 , D-3 and D-4.

B. THE (fl~, B
1

) PROBLEM

I .1 In the (B1, B
1

) problem , the submarine hears the ping from B~

I 
_

I at time T 1 t~ + ~ . and calculates ~~~~~. Due to errors in esti-

I mating B1 as if it were at B’~ , and ~~~ as if it were at R ’~ = Ri +

~ Ri. the submarine is estimated to be at a point 5’ somewhere on a
circle with radius R’ ~ and center B’

~ 
A,

I —

j , At a later time , t~ + 

B~~1 the submarine hears the ping from

- ~ 
k B

3 
and calculates 

~~~~~~~ 
Again due to errors , B

3 
is apparently at B’

3
,

~ I the range It
3 

is apparently ‘ 

~ 

R
I 

+ A R
3 
, and the submarine is

- 
j apparently at some point S’~ on a circle with center at B’

1 
and radius

~ ~_ I R’
3
.

~
.; - - In order to solve for S’1, under the assumption that B’ 

~~

, R’ 
~
, B’

1I and R ’ 
~ 

are correct and known , it is convenient to translate B’ 
~ 

to

the point B” 1 by use of the vector S~~. This is shown in Fig. D— 2.

- I Errors in movement estimation give the point B’~1. The triangle

~~ IB’ .S’ B” contains the measurements and errors involved to this

I 
j j i

.5 point . The coordinates of these points and the vector components are
given below .

I
f t~’ 
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— Sij

i 

-

/
~~~

/

~ R ’

~ <
“ B

1 ~~ 
~~~(X)

.5 

Fig. D-2. The (B1, B
1

) Problem

- S s = s i,
~ 

Sk 
,,~ 

k k k S1 ’ 5 ik
-.5 

It k

~ ~ ~ 
, 

~~~~~~~~ R
1
’

-

- 3X/  ABi
t
~~

l 
S// /7 73 I t t

//\~~
//

B;’ (S’)V/J’

///\/ S
I
Sk /,~ Rj ’7’SSk

F / 1/ r~
’
~ .’ /,, 9 ’\/ B~~~

t

.5
. I1X B J/ A” .J

/tf\Y  I 1fi7’\~ 
B.

• ~~ (X) ~
I t ~

—
~
‘- .- ‘—‘L. ~~~~~~J 

-
~~ P

~ ‘~k k
I t , . .5:

~
•

Fig. D-3. The (B1, Bk) Problem Fig. D-4. The (B1, Bk ) Problem

~~
I
~~~~~;~~~

’ I

I ~~~
J

~~~1~4
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~
II

B’1 : ~~~X 1
X
1
+ A X ~

~~yt
1 y1

+ A y1

B’. : 5 xfx~ +~~x. •1[ y’. y. +

SS. components: ( XSS XS 
- XS + ~~

XSS
‘~ (with errors) ,~ j j j

~SS. = 
~S. 

- 

~S + ~~ ~SS.
:1 3 3 1~• Ii

- 

E m .  x t
~i xi+A x i+x SS1. y fl~ = y1 + ~~Yj + Y55~

The vector SS~ is found from the theoretical solution, since S and
S~ are assumed to be known. Therefore , the side B’

3 B”’1 is known
1. and the triangle ~ B’ St 

~ 
B”J~ is known as to shape and size , and is

fixed in the plane because the points B’
3
, B”~ are fixed in the plane .I. This fixes S’~ in the plane , and S’~ can be found by use of trigonometry

(three sides are known). The details of this solution will be deferred
until the other two two-beacon problems have been described.

After the coordinates of St ., (xs, , y~ , ), have been found , an
i .  3 i j

estimate of Sk, S , can be obtained by translating S’~ by the vector

S
J
Sk to the point 5 k and adding movement error increments to the

coordinates. The translation S
i
Sk with movement errors is given by:

S
J
Sk components: ~ x5 5  = XSk 

~~~~ + i ~ x5 5
(with errors)

El ~ ~S S  
~
Sk ~SJ 

SjSk

U
• CONFIDENTIAL
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El
The result is S1

~~

= ~~~ + 

[1
Y~~ 

+ 
~ S S

The errors,

X~~~

yic
3 - y S I ii

kJ  , (D—23)

are the results sought for in the (B1, B.) problem.)

C. THE (B
3
. Bk) PROBLEM

In the (B., Bk
) problem, as illustrated in Fig. D-3, the submarine

receives a ping from B~ at time T2 = t~ + . This enables calcu-

• lation of 
~~~~ 

but due to errors involved , S
i 

is apparently at St
~

;
that is , R. is replaced by R ’

3 
R

3 
+ ~ R~. The point S~~ is not actu-

ally calculated . At a later time , T3 = tk + 
BkSk , an estimate, R ’ k~ J

of R~ is obtained similarly. After translating B’
3 

to B”’~ by the vector
-~~~~ 3
S.S~ with movement errors added , the triangle ~ Bt

k
St

kB~
I
~ has three

sides and two points , B’k and B’” , known.

The coordinates are:

B’ : ~ 
X ’

k 
= Xk + A x k 1]k ~( ~~ k = 

~‘k + L
~
yk

MB” : x ” . x .  +A x .  + x
3 3 S

i
Sk

Y ”~j = Y~j +
~~Yj 

+

D
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I This enable s calculation of the coordinates of S’ k: ~~~ 
k ~~~~~ k 

The

estimate S3
~ of Sk is:

Ij , kX k = X St
k

‘

~ j , k 
=t~Jk S k

The errors,

E
j , kL ~
‘k ~S• k , (D—24)

• are the results which are sought for in the (B
3
, Bk) problem.

D. THE (B1, Bk ) PROBLEM

In the (Bi, Bk) problem , as illustrated in Fig. D-4 , the submarine

~~1r
receives a ping at time T 1 = t1 + 

~~~~~~~~~ 
from beacon B1. This enables

r calculation of ~~~ . Due to errors , the submarine estimates its position
Ii B S

to be S’ , as in the (B1, B
3

) problem. At a later time . T3 = tk +

£ the submarine hears the ping from Bk and calculates 
~~~~k• Again due

to errors , Rk is estirnaaed as R ’ . After B’ is translated to B” by

F t [ the exact vector wit h movement errors added , the three sides of
the triangle i~ B’ k S’ k B”i are known.

1 B’k: 5 Xk +~
L
~ Xk

~ I ~
~

-

~~~~~~~~~

• I
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:

SS components: x = x - x + ~~x
(with errors) \ -,:~ ~55 = - +

Bm
1: x m

i

k 

= 
~~
k

+ 
~~~

X
i 

+ xSSk 

k

y rn
1 = Y1 + + 

~ SSk

The solution of the triangle ~ B’ k s’ k ~~~ gives the coordinates of

S’ k : ~~~ k 
YSt 

k 
The estimate, S’~~~, of Sk is the same as S’ k~ -

Therefore -

( i, k
) X k XS?

k‘

~ ~i, k 
= 
~S’

The errors,

i, k ~X k _ X )

i, k .
• y -y - Vk 5k , (D—25)

- • are the results sought for in the (B1, Bk) problem. J

V 

F
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IV. SOLUTION OF BASIC TRIGONOMETRIC PROBLEM

~ I The trigonometric problem involved in each of the two-beacon
problems is the solution of a triangle , given the lengths of the three

-- sides. A solution to this problem is given here in a form easily
1 ~ 

applicable to the two-beacon problems . This solution is used in the
next chapter to obtain formulas for use in any three-beacon problem.

Consider the triangle ~ DMN given in Fig. D-5.

M

d

I,

N

6 m

- Fig. D-5. Triangle with Three Sides Given

The part of ~ DMN that will be useful in the beacon problem is the

t angle 6. An expression for 6 is all that is needed , so it is the only
expression obtained.

11 From the law of cosines ,
LI 2 2 2m +n -dcos 6 = _________— (D-26 )2 inn

~ El from which

11 
arccos [rn

2 + n 2 — d2] (D-27)

IL En this formula , as in the triangle , the restriction 0 < 6< IT holds. The
angle 6 is defined unambiguously by the above formula.

-~ -~ CONFI DENTIALI ER 12316
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V. SOLUTIONS OF THE TWO-BEACON PROBLEMS

-- i n
ft A. THE ANGLE Y

I In the three two-bee on problems, the angle Y is defined as in
Table D-4.

TABLE D-4
The Angle ‘1

Pr oblem 
- •

* 
- (B1, B1

) <B1 B. ‘ (x) I - •

(B
3
, Bk) <B

1 
Bk (x)

(B1, Bk) <B 1
’’’ Bk (x)

V In Table D-4 , the symbol (x) refers to any point to the right of the
vertex of ‘

~
‘ and on the line through that vertex parallel to the x-axis.

• • The angle y is defined so that 0 < ‘1 < 2 IT. With this definition, the ‘ 
-

angle =

6 + Y  (D—28)

• • is used to find a particular point in each pr oblem (see Table D-5).

TABLE D-5
- Point to be Found by Use of 6 + ‘

~

Problem Point

(B~1 13) S
1

I i  1B B ’ 5’• ‘ j’ k’ k

L (B1, Bk
) 5 k

HI CONFIDENTIAL ~ ~~~
t [1 ER 123 16 • - —



• — ---- ~~~- -- 

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ••• • • • • • - -. - • — ~ •—-~. V.
~~~~~~~~~~~~~ __•— • ----

D 2 8  CONFIDENTIAL

B. THE (B~ B1
) PROBLEM i _i

In this problem, the error terms used are displayed in Table D-6 -
~1with the exact or calculated quantities to which they are applied. 
-

• TABLE D-6 H - ’

• Error Terms in the (B1, B
1

) Problem 
-

-
• 

Exact or Calculated
Quantity Error Term Resulting Quantity

• X
1 

X ’ ~~ = Xj + ~~Xj 
~ B ’

x Ax x x +~~ x

y
1 ~~~ y ’~ = y~ + ~~~ 

} B~
R~~+ E ~R1 = R t ~

R
1 ~~R

1 
R

1
+~~ R

1 = R ’ 1 ~~~

XS - X
S 

4
~
XSS x5~~ )I I

> SS with error
~SS

- x5 ~~XS S xS S :;
k j  j k  j k ~~~-.—..

) S S w ith error
YSk 

- 
~ YS S  YS SJ  

j k 1 -::
+ (x s - xs ) + 

~~
X

S S X 
~ 1k I j k  ‘

~, B ’;’ L - ,

+ (Y 5 - 
1 + S S  U I - -I

The vertices of the triangles correspond as follows:

• B~ corresponds to D

S~ corresponds to M

I B ’ ’  corresponds to N

Ii’
- H CONFIDENTIAL
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I
- 1 Therefore ,

d = S ’ B” = R ’

I 3 i I

m = 13T Bh?

- x’
1
)2 +(y”~ -y ’

i
)2 (D-29) 

V

~ I n =B ’ .S’ . = R ’ . —

3 3  3

Consequently, a can be calculated from the formula given in Chapter
IV.

The angle ‘y = < Bm~ B’1 
(x) can be determined in the same way

that o. was determined (Table D-l). Table D-7 is used for this purpose,

w ith the auxiliary angle

Y arctan (m —  x~~ 
(D-30)

I p \ i

which is limited between - ir/2 and ff/2, inclusive.

I
The Angle Y as a Function of Y and the

II 
p

Quadrant of ‘
~

- 
~~ 

x ”‘1 
- x ’

3 
Quadrant V

+ + I V
i f  p

+ - II l r+V p

11 - - III

- + IV

~
., l l
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ii
The coordinates of S’

3 
are given by

~~
XS, = x

1 
+ R’

1 
cos(ô+Y )

~ Ys ’ = Y~1 
+ R’

1 
sin ( a+V ) .

The coordinates of S’ k are given by

( x~ , x~ , + (xs 
- x~) k j k j

= YS’j 
+ 
~~~ 

- 

S~ 
-

Finally,  the coordinates of S1
~

3 are given by

= + LI
• - ( (D—31)

Y’ic
3 = 

~~~~ 

+ A yS S  ‘

C. THE (B
3
, Bk ) PROBLEM 11

In this problem , Table D-8 corresponds to Table D-7 .

TABLE D-8
Error Terms in the (B., B

k) Problem

Exact or Calculated
Quantity Error Term Resulting Quantity [ j I

Xk L
~*X k X

k 
X

k
+ .AX

k
B’ k

x. A x .  x ’ . = x . +~~~x.3 .1 3 3
B’.
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E TABLE D-8 (cont inu€ d)

• Exact or Calculated( Quantity Error Term Resulting Quantity

t R. A R .  R. + A R .  = R ’ .
3 3 3 3 3

,~ ( V

Rk A Rk Rk + A Rk = R ’ k

x - xSk Sj 
XS S  ~3 3 ,— ~

“ S.Sk with error
- A yS S  

~
S
J
Sk 

~

• 
~~ 

x. + (xS 
- xS. ) Ax .  + Ax 5 5  xm

y
1 
~~~~~~~~~~ 

A y
1 

+ A y5~~ y m 
~

* The vertices of the triangles correspond as follows: —

• B’ corresponds to Dk

- S’ k corre sponds to M

B’~ correspond s to N
• .)

Therefore d = S~ B~ = R’.k j 3

f m= B’ B”.

*~(x I
k

_ x m ) 2 + ( y t
k

_ y m
~~

• 
n = B’ k S’k

Rf
k

Ii Consequently, 6 can be calculated as in Chapter IV.

hiL~ 
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- .

j The angle V = <B”~ B’k (x) is determined in the same manner as

in the (B1, B3
) problem, using 

-

y”’. - 
~~k 

-.

= arctan 
~~~~~~ , - 

(D-32) 
- -k

and the use of a table similar to Table D-7.
The coordinates of S’k are given by

xS,  = X t~~ + R’k cos(6+V )

~~k 
= 
~~k 

+ R’k sin (a + V)

Since s~’~ = S k’ the coordinates of s1
~ are given by

- 

-

X
k 

_ X
St
k (D—33)

j,k 
-

~~k ~
S’k

D. THE (B1, Bk) PROBLEM

V In this problem, the following table corresponds to Table D-6.

TABLE D-9 I

Error Terms in the (B~1 Bk) PROBLEMS

Exact or Calculated
Quantity Error Term Resulting Quantity

J X
k 

Ax k Xt
k xk +Ax k 

B’k [1• 
~
‘k 

A 
~
‘k k = 

~k 
+ A 

~k 
• -

A x 1 x ’ 1 = x 1 + A x 1 
B’ H

y1 
A yi Y’1 =

~~~~ 
+~~y1
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TABLE D-9 (continued)

Exact or Calculated

~ L Quantity Error Term Resulting Quant1~y

• R1 A R1 R1 +A R 1 R’1

X
S

X
S SS x SSk

,, SSk with error

~~ 
YS 

A yss y 5~ ~~ •• k k k

xj + ( X
S 

_ X
S

) A x i + A x ssL k k B”’i
y +(y  -y  ) A y +A y y m

The vertices of the triangles correspond as follows:

B’k 
corresponds to D

S’k corresponds to M

I 
B”1 corresponds to N

Therefore, d = S’ k B”1 = R’~

I m =  B’k B”~

= V ~~
mf
1~~x t

k + y m
i~~y t

k

n = B k S k R ’ k

Consequently, 6 can be calculated as in Chapter IV.

- I The angle V <B’” B’k (x) is determined 
in the same manner as

- 

V 
in the (B1, B3

) problem, us ing

I
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~~~~~~~ 

vp = a r c t a n(x ~~i _~~i j
~
) (D-34)

V 

and the use of a table similar to Table D-7 .

The coordinates of s’ k are given by
X~~1 = X

k 
+ R’

k 
cos (a  + V)

= Y k + R k~ s i n (6 +  Y)
S

k

Since 5i , k 
= S’kI the c:ordiri:tes of 5 k are given by

k (D-35)
i, k Iy k = 5 k 

/

~~
. ,-

~~-~~
•• -

~

‘• : - ?‘

I~-~ 
~~~~~ - -
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VI. SOLUTION OF THE PROBLEM ON A DIGITAL COMPUTER

The exact solution of the three-beacon problem offers no difficulties
when programmed for a digital computer such as the IBM 7090. The
use of FORTRAN is recommended because of its greater ease of pro-
gramming, and also because parts of the program can be done earlier
on the IBM 1620 and perhaps result in less overall programming and

i i checkout time . FORTRAN programs run approximately as fast as those
L that are programmed conventionally.

- The solutions of the two-beacon problems on a digital computer
offer no difficulties either. The (B1, Bk) problem (Chapter V, Section
D) is essentially the general two-beacon problem with the error terms

• Ax ss and chosen randomly, rather than as the sums of two
k k

random values (Table D-3 for SSk).

The purpose of putting this problem on a digital computer is to
enable the rapid and easy collection of a sample of the points estimating
S in order to make decisions. The sample is analyzed statistically

I t and the results used in the decision-making process. The output of the
computer program and the statistical analysis are discussed in the next

- - chapter.
; I..!

~~~1
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V

VII. STATISTICAL CALCULATIONS AND
COMPUTER PROGRAM OUTPUT

For one set of input data which defines an exact three-beacon prob-
lem (one set of standard deviations of the error terms, and an assumed
form of the distribution of each error) a sample of , say N = 100 values
of the x and y deviations from Sk is obtained. This sample is used to
determine which gives the best estimate of Sk : the deviations obtained
by the use of one of the three two-beacon problems or the deviations

- 
obtained by taking the mean values of those deviations. In order to
compare these four estimates, it is desirable to plot each on a rec-
tangular system with the same scale. C rtaln statistical calculations

V which summarize and characterize each set of results must be made.
These are the x and y means and standard devL4tions , and their corre-
lation coefficients. All these plots and calculations can be easily done

- as part of a digital computer program.

It is wise to consider having the computer program produce more
output than may be considered necessary at the time the program is
written. Certainly all the input data and assumptions must be printed

~— out, and the values calculated in the solution of the exact three-beacon
problem. Since the deviations from 5k will be plotted, it is question-

able whether they need be printed.

L

- -

[

V 
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VIII. USE OF THE RESULTS

Each two-beacon problem results in a sample of points estimating
Ski or prefe rably a sample of the deviations about Sk. re sulting from

- V a random selection of errors applied to the variable part s in the three-
beacon problem. The three samples are also combined to give a fourth

• sample and the fou r are compared and contrasted to determine if one
of them estimates Sk better and is more consistent with results ex-
pected from the assumptions than the other three. Several three-
beacon problems must be studied in this way and compared to determine

( any tendency for one estimat e to be optimum from problem to problem.
L. New ideas and refinements of this problem will undoubtedly arise as

results accumulate and are compared.

The results of this problem will be compared with the results of 4

the analytical model of the three -beacon problem based on a linearity
assumption. One outcome from this comparison will be the determi-
nation of the range of values for the variables over which the analytical
model gives results which are substantially the same as those given by
the computer model.

The third purpose of this problem is to study the effect of a change
in one variable and to compare such effects in order to determine which
variables are more sensitive or critical. t . 

V _

i

The general purpose of the problem presented in this report is to 
V

study a type of maximum error in position estimation. This is done
by having the submarine move away from the beacon whose ping arrives
last . If the problem is changed by the apparently minor detail of having

II the submarine move toward that beacon , the condition T2 < T3 may not
hold under all other conditions . This variation in the present problem
may give an estimate of the minimum error to be expected , but it will
certainly involve additional analysis , due to the possible failure of theu above condition.

It is expected that the computer simulation w ill be done in such a
way as to facilitate changing the form of distribution of a given error
variable. It may be desirable to compare different distributions for

• one error variable , or to use experimental data to estimate a distri-
bution , which might be better than one done by a theoretical distribution.

- F ( ~~~~~~~~~~~~ ~~~~ V
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IX. OTHER APPLICATIONS AND RELATED PROBLEMS

~ I•.
The subject of this report has been oriented around the proble m of

the location of a submarine ’s position by use of range estimation calcu-
I .  lations . There are other applications that can be made by replacing

the submarine and its characteristics by some other object , or by re-

~ r 
placing the submarine and the environmental (oceanic ) characteristics. F

One specific application would be the problem of position locat ion
V based on bearing measurements of electromagnetic radiations . The

present problem could be used with little change by converting the
L bearing information to range information .

I .

- ci

~~ E
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X. RANDOM SELECTION OF A VALLrE FROM A
L STANDARD NORMAL DISTRIBUTION

4-

In case a normal distribution is used as a rough approximation to
~

• the (unknown) distr ibution of a variable , and many random values of
the variable are to be chosen in the course of a proble m run , consider-

~ Ii  able computer time (IBM 7090) may be used unnecessarily if a very
- accurate method of random selection Is used . The following method is

V submitted as an alternate method of random selection of values from
- the standard normal distribution, values being limited between -3 and

+3.

Table D-10 lists positive values of the standard normal variable ,
- V 

— ( x , from 0 to 3, the values being chosen so that the cumulative proba-
- bility is the same between successive values of x.
- The random selection of x is made by first choosing a uniformly

distributed random number , y (fixed point) by use of Rotenberg ’ 5*

additive algorithm y = (2~ + 1) y 0 + 1 where y 0 is the value of the pre-
vious random number chosen. Bit positions 29 to 35 are examined. If
they are all zer os, let x = 0. 0 be the random nu mber chosen for use in
the calculations . If bit 29 is a 1 and all the others are zeros , use y as

V 
y0 to select a new value of y by the algorithm. If bit 29 is a zero , but
bits 30 to 35 are not all zeros , use them as an index register value to -;
choose a value of x from the table . If bit 29 is a 1, and bits 30 to 35
are not all zeros , use them as an index register as above , then change
the sign of the x chosen. The x is then multiplied by the standard de-

- 
- viation of the particular distribution concerne d to obtain a random

value from that distribution.
• 

V For use of part of this , for example the two-beacon problem, on
- the IBM 1620 , a different method of selecting the random number must

be used , but Table 10 can be used if the random number is an integer
between -63 and +63 Inclusive .

*Rotenberg, A .,  “A New Pseudo Random Number Generator , ” Journal
of the Association for Computing Machinery , January 1960 , pp 75 to 77 .

[V

• 

V 
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TABLE D-10 F]

- • Values of the Standard Normal Variable from x = 0 to x = 3
with Equal Increments of Cumulative Probability

Between Successive Values of x
- 

Index Value of x Index Value of x 
-

0 0 . 0 32 0.68486
1 0. 01984 33 0. 71016
2 0 . 03969 34 0. 73593
3 0. 05956 35 0. 76219
4 0 . 07944 36 0. 78900
5 0 . 09936 37 0.81638 -~
6 0 .11932 38 0.84439
7 0. 13933 39 0. 87307
8 0. 15939 40 0. 90249
9 0 . 17952 41 0. 93272 -

10 0 . 19972 42 0. 96382 V

11 0. 22000 43 0. 99589
12 0. 24038 44 1.0290
13 0. 26085 45 1. 0633 Li14 0.28 143 46 1. 0989
15 0.302 14 47 1. 1359
16 0. 32297 48 1. 1746 

V 

-

17 0. 34395 49 1. 2151
18 0. 36507 50 1. 2577
19 0. 38636 51 1.3027

V 20 0 . 40783 52 1. 3506 H
21 0 . 42949 53 1.4017
22 0.45135 54 1. 4568 - ,
23 0.47343 55 1. 5167 H
24 0 .49574 56 1.5826 LI

25 0.51830 57 1.6562
V 26 0 .54113 58 1. 7400

27 0 . 56425 59 1.8383
28 0 . 58767 60 1.9583
29 0 .61142 61 2. 1158
30 0.63551 62 2.3549 L
31 0.65998 63 3.0000 

-

U
Fl
U

CONFIDENTIAL
ER 12316 

-

~~



— — — .  — ~~~~~~~~~ -~~~~...-- .--- .~- . . 
~~~

___ ‘_ VVV__$___ -- •_~~~ _•~~~__V V~ __. $_. - . ~ ~~~~~~~~~~~ V—_
~•~

__ _- -. 
~
— —v. —- —

_ _ _ _ _ _ _ _  _ _ _ _ _  • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I CONFIDENTIAL E-3.

II

— 1 ’
- F’

1k
j~I

A PPEN D IX E
I DEVELOPMENT AND EVALUATION OF THE

NAVIGATIO N EQUATION

~ -

• 
i- i

I I• 1

- I

I
I

;;~-P’ I
CONFIDE NTIALI 

- _ _ _  

ER 12316 
__  - -. - - ... ---



-- 
V 

V

E-2 CONFIDENTIAL 

V

V 
____ ____ — — —___ -——--V ____ ___ ___ ___ ____ —— i1~

ni

Co

V -l -~

o

_ _  _ _  _ _  _ _  

I 
_ _  _ _  _ _  _ _

‘ j

_  

I

_ _ _ _

_ _ _  _ _ _  _ _ _  _ _ _  _ _ _  _ _  _ _  _ _ _  Q

(Sd j) IC~T cO I a A

U

~~~~~
J.

CONFIDENTIAL
ER 12316 

- 
—----—.______



r ~~~~~~~~ 

—‘-‘-

~ 
~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~

I 
— ~~~~~~~~~~~ - V -

. 

- -

‘

~~ J CONFIDENTIAL E-3

The following equation, which is a form of the general navigation
V equation , was derived for determining the horizontal distance (X) from

- 
the source when the direct path is utilized .

R = ~~
‘

~~~~TA + K8 dR + K’ 1 + K2t + i~~t
2) t] 

2 
- [d5’ - dR] 

2

V (1)

Definitions:
L.

R = Horizontal distance from source (ft )

VA = Average velocity of sound--measured vertically , source
V to surface (fps)

r
K1 

= VA + K1’

£ ds’ = (dr-ds) = Source depth (ft )

dR = Receiver depth (ft )

= Source to receiver transit time (see)

~ 
[ AV = K1’ + K2t + K3t 2

The average velocity of sound varies as a function of the horizontal
-~ I range (or travel time); Fig . E-1 show s this variation for the average

depth-velocity profile .

~ 
The equations that approx imate the change in velocity ( LV) are

- given as:

dR = O  A . v =  0 . 0 6 4 2 8 - 0 . 1 7 8 5 7 t + 0 . 1999998 t 2

dR 
= 800 ft AV = —0. 038095 - 0.22857 t + 0. 166666 t 2

A - . ~ d
R 

= 1500 ft AV = —0 032143 - 0 08214265 t + 0 1142856 t2

[ An initial decision was made to let the equation for dR = 800 ft
become representative for all conditions.

:1
CONFIDENTIAL
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A computer program was set up with Eq (1) where the constants are U
as follows:

K = —0.02 K = 0.167 .18 3
V 

K1’ = 0. 038 ds’ = 5185 ft -

d
K2 = —O. 228

dR 1500, 800, 400 and 0 ft j

VA = 4944.00 fps (average D-V profile)

VA = 4942.4455 (minimum D-V profile)

VA = 4945. 9334 (maximum D-V profile)

The following is a summary of the results obtained from Eq (1).

A. AVERAGE DEPTH-VELOCITY PROFILE

1. Source depth (dR ) 0 V

Horizontal Computer
Distance Distance Error .J

(R) 
— 

(Rc) (ft )

9, 364 9, 360. 87 -3. 1
10,933 10,929.11 —3.9

12 , 966 12, 960.45 -5.5
15, 811 15, 802 .36 -8.6
20 , 493 20 , 476.15 -16.8
28,407 28,361. 77 -45.2

2. dR = 400 ft

Horizontal Computer
F 

V~~~~~~~• Distance Distance Error
(R) (Re) (ft )

8, 568 8, 567 . 88 -0. 1
9 , 976 9 , 975 98 C El

0
V 
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H
Horizontal Computer

- 
- - 

Distance Distance Error

I — 
(R) (Rc) (ft)

11, 778 11, 777 .02 —1 .0

14, 237 14, 234. 93 —2.  1
18, 011 18, 004 . 76 -6.2

[ 22 , 414 22 , 400 . 57 -13.4

3. dR = 800 ft

- 7, 795 7, 794. 75 —0. 2 1
9, 056 9, 056. 02 0 V

V ~ - 
10, 654 10,653. 86 —0. 1

1. 12, 799 12, 797.39 — 1 . 6
15, 962 15, 958.18 — 3 . 8

1 19, 297 19,290.07 —6.9

4. dR 
= 1500 ft

- . 6,472 6,471.22 —0.8 -

1. 7, 493 7 , 492.51 -0.5
8, 769 8, 767 . 83 — 1 . 2

- 

~. 
10, 439 10, 437 . 19 — 1 . 8  V
12,785 12,782 .07 -2.9

15,047 15,043. 27 —3.7

13. MINIMUM DEPTH-VELOCITY PROFILE

1. dR = O

Horizontal Computer —

V 
Distance Distance Error 

V

(R) 
— 

(Re ) (ft) 
V

9,346 9,344. 02 -2.0[ 10, 345 10, 342 .24 -2.8

CONFIDENTIAL I
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Horizontal Computer - V

Distance Distance Error
(R) (Re) (ft)

V 11 ,513 11,510.43 -2.6 V

- 12 , 916 12, 911. 72 —4 . 3 .~~ V

14, 655 14, 649.83 —5 . 2 
- .

16 , 922 16 , 914 . 72 -7 . 3
20 , 145 20 , 133.02 -12.0
25 , 847 25 , 822., 75 -24. 3 T I
33,530 33,478.58 —51. 4 

-

2. d
R = 400 ft

8, 564 8, 561.57 — 2 . 4
9,466 9,463.62 —2 .4

10,517 10,513.68 —3.3

11,768 11,764.02 —4.0 fl
13, 303 13, 297 . 65 — 5 . 3  1

15, 267 15, 259 .82  —7 .2
17,960 17,949.92 —10. 1 J
22 , 256 22 , 238.95 —17 . 0 -

26 , 335 26 , 306 . 92 -28. 1 j

3. dR = 800 ft -,

7, 793 7, 790. 1 —2. 9

8, 602 8, 599.58 —2 .4  j
9,540 9,537.10 —2.9

10, 649 10, 645.62 — 3 . 4  U
V t  11, 996 11, 990.99 — 5 . 0

13,689 13,683.39 —5.6 V

V 

15, 939 15, 931.29 —7 . 7
19,244 19,231.51 —12.5

21,732 21,715.16 —16.8

0

CONFIDENTIAL
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I
1 4. dR = lSOO ft

The results are the same as computed in Section A-4.

I
C. MAXIMUM DEPTH-VELOCITY PROF’IL}-

1 1. d
R

= O

I Horizontal Computer
Distance Distance Error

(R) (Re ) (It)

1 9,382 9,379.00 3.0

10,393 10,389.92 3.1

J 11,582 11,577.80 4.2
- 13,018 13,012.21 5.8 r :

- I 14,820 14,812.15 -7.8

17 , 228 17 , 216. 28 -11.8

V 
20 , 922 20 , 901 . 25 —2 0 . 8

J 24,272 24,238.50 -33 .5

2 d = 400 ft
I R
-4- 8,577 8,578.78 1.8

j 9,483 9,485.35 2.4

~- I - 10,541 10,542.24 1.2

11 ,802 11 ,803.51 1.5

~ 1 13,356 13,356.30 0.3

15,358 15,353.48 —4. 5

- 18,148 18,144.34 -3.7

20 , 108 20 , 100 . 57 -7.4
3. dR = 800 ft

7,796 7,800.08 4.1

8,607 8,611.18 4.2 V

- 1 9,547 9,551 .03 4. 0 1:
i 

10,659 10,662.96 4.0

I
~~~~~~

J
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Horizontal Computer
Distance Distance Error

( H) (R e )  (ft ) --
12,010 12,013.95 3.9

13,713 13 ,716.50 3.5 --
15,984 15,986.4 2.4
17,471 17,471.54 0.5

T~quation (1) was next modified to 1et~~ V for d R = 0 become represen- L
tative for all conditions, thus

R = ~~~~ {VA - 0.02 dR 
- 0.038 - 0.1785 t + C.2t2) t] 

2 
_ [ds’ _ d

~] ~ 
V

The following is a summary of the results where *E is the error
obtained fr om the previous progra m and E2 the error resulting from
Eq ( 2) . .~

D, AVERAGE DEPTH-VELOCITY PROFILE
Fl V

1. Source Depth (d R ) 0 
-

Horizontal Computer E 
V - -

V Distance Distance r ror Error V
V V

V j (R ) ( R e) E 2 *E I

1~ 9,364 9,361.52 —2.5 -3 .1 H -

Li
V 10,933 10,929.97 -3.0 -3.9 - —

12 ,966 12 ,961.68 -4.3 _ 5 5  - -  V

15,811 15,804.27 -6.7 -8 .6 V

20 ,493 20 ,479.73 -13 .3 -16 .8
28 ,407 28 ,370.11 -36.9 -45.2 11 ~

2. d R = 400 ft ci8,568 8,568.40 +0 .4 -0.1

-

- 

9,976 9,976.67 0.7 0

11 ,778 11 ,777 .99 0 —1.0
14 237 14,236.39 -0.6 -2.1, II -~~

fl~
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-

[ Horizontal Computer FrroDistance Distance 
~E 

r Error V

(R )  (Re )  2 
_ _ _ _ _ _ _

V 18,011 18,007.32 -3 .2 -6.2
22,414 22,405.02 -9.0 -13 .4

3. dR = 800 ft

F 7,795 7,795.17 +0.2 -0.2
1 9,056 9,056.56 0 .6 0

- 
10,654 10,654.61 0 .6 -0.1

~ 
12,799 12 ,798.51 -0 .5 -1.6
15 ,962 15,960 .05 -1.9 -3.8

~ 
19,297 19 ,29 3.07 —3 .9 -6.9 V

V 4. d R lSOO ftF.
4. 6,472 6,471.48 -0 .5 -0 .8

7 ,493 7 ,492.85 -0 .1 -0 .5 ‘
V

f 8,769 8,76 8.30 — 0.7 -1.2
10,439 10,437.86 -1.1 -1.8

- 
V 12,785 12 ,783.13 -1.9 -2 .9

V 15,047 15,044.84 -2.2 — 3 .7

V i  ~ E . MINIMUM DE PTH-VELOCITY PROFILE

~ 1 
1. d~~ = 0

- Horizontal Computer Er ~- 
V V Distance Distance E

r r Error
(R )  (R e)  2 _ 

_ _ _ _ _ _

V J
~~~ 

9, 346 9,344.67 -1.3 -2 .0
V 

~ 
[ 10,345 10,343.02 -2.0 -2.8

- 11 ,513 11 ,511.39 -1.6 -2.6

1 12 ,916 12 ,912.93 -3.1 -4.3
14,655 14,651.44 -3.6 -5.2 V

~~~~~ r 16,922 16,916.97 -5.0 -7.3
- ‘ 4

I
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Horizontal Computer Error Il

Distance Distance -, Error
(R) (flc) ~2 _ _ _ _ _ _

20,145 20,136.46 -8.5 -12.0
- 

25,847 25,829.26 -17.7 -24.3

33,530 33,491.64 -38.4 -51.4 i

2. d R = 400 ft

8,564 8, 562. 09 -1.9 -2.4
9 ,466 9,464.25 -1.8 -2.4

10,517 10,514.44 -2 .6 -3.3
11 ,768 11 ,764.98 -3 .0 —4.0
13,303 13,298.91 -4.1 -5.3
15,267 15,261.54 -5.5 —7 .2

17 ,960 17 ,952.47 -7 .5 -10.1 1]
22 ,256 22 ,243.33 -12 .7 -17.0 

-

26 ,335 26 ,313.72 -21.3 -28.1

3. d~~~~8OO f t

7 ,793 7 ,790.52 -2 .5 -2.9 J
8,602 8,600.08 -1.9 -2 .4
9,540 9,537.70 -2.3 -2.9

10,649 10,646.36 -2.6 —3.4 
..J

11 ,996 11 ,991.95 -4.0 -5.0

13,689 13,684.69 -4.3 -5.6

15,939 15,933.16 —5.8 —7 .7 V

19,244 19,234.50 -9 .5 -12.5 -
-

21,732 21,719.24 -12.8 -16.8 
V

4. d R = 1500 ft

The results are the same as computed in Section D-4. 0
LI

r .
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f l
F. MAXIMUM DEPTH-VELOCITY PROFILE

Horizontal Computer
Distance Distance Error Erroro (R) (He) ~

‘2 
_____

[ 1. dR = 0

V 9~382 9,379.65 -2.4 3.0

~ 
[ 10,393 10,390 .71 -2.3 3.1 

V

11,582 11,578.77 -3.2 4.2
13,018 13,013 .44 -4.6 5.8
14,820 14,813.80 -6.2 -7.8
17,228 17,218.62 -9.4 -11.8

~ 
[ 20,922 20,905.02 -17.0 -20.8

-~ 

24,272 24,244.01 -28.0 -33.5

8,577 8,579.30 2.3 1.8 

V

• 3. 9,483 9,485.98 3.0 2.4
10,541 10,543.00 2.0 1.2[ 11 ,802 11 ,804.47 2.5 1.5

V 

13,356 13,357.56 1.6 0.3
V -. 

15 358 15 354.60 -3.4 -4.5

18,148 18,146.95 —1 .1 -3.7
! 20,108 20,103.94 -4.1 -7.4

3. d~~~~8OO f t

7 ,796 7,800 .49 4.5 4.1 
V

8,607 8,611.68 4.7 4.2

L 9,547 9,551 .63 4.6 4.0
V 

10,659 10,663.71 4.7 4.0

R 12,010 12,014.92 4.9 3.9

13,713 13,717.81 4.8 3.5

15,984 15,988.28 4.3 2.4

~ I 17,471 17,473.88 2.9 0.5

I’
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E- 12 
_ _ _ _ _ _

The worst error was -~ 8 ft which was obtained at a depth of 0 ft El
V and a horizontal range of 5.5 mi . Since this error increases as 0 depth V

is approached , the error at 150 ft of depth will be approximately the
average error between 400 ft (-21 f t )  and 0 ft which is about —30 ft. It I

can also be noticed that all the errors derived from E q (2) are essen-
tially negative and by biasing the answer or modifying the constants , the 

-

errors can be made to be on the order of ±18 ft instead of +5 and -30 ft .
-
~ as is now the case. ..Vi

The errors for the single-bounce path will be approximately three
times the errors for the direct path (for three times the range) since J
the source-to-surface ray paths repeat themselves exactly three times
except for bottom depth variations . This means the errors would be on - ,
the order of ±60 ft at the maximum range . This is sufficiently close 

-

such that the values of the constants determined above should be used
until the - ccuracy portion of the range implementation, where more
accurate and representative values can be determined by test.
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