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Since 1961, the geographical area south of Bermuda has been utilized
~~~~ as a range for conducting tests designed to study general problems in

acoustic research. The installation of the MTBA1S Receiver Field,
FI SHBD~L Array, and the TRIDENT Vertical and Horizontal Strings have

(I provided the U. S. Navy Underwater Sound Laboratory Research Detachment,
V 

located at Tudor Hill, Bermuda, with a large number of deep water receivers

Q that are cabled to the Laboratory for the purposes of conducting such
research.

I This area has therefore been the host to frequent Naval and

~~~ 
oceanographic ships conducting various experiments. Such studies of
acoustic propagation and sonar equipment valuation always require an

~~~ accurate knowledge of the ship’s position and have encouraged attesçts
by personnel at the Research Detachment to utilize this existing complex
of deep water receivers as an acoustic navigation system.

R~~ EIVER GBDMETRY
• 1 The complex of hydrophones that are cabled to Tudor Hill can be

see in Figure 1. This figure represents a three dimensional drawing of
the ocean south of Bermuda. The two rises in the upper left hand side
of the figure represent Challenger and Plantagenet Banks. The ART~ 1IS

— Receiver Field, consisting of 210 modules, lies on the rise of Plantageneti.L Bank . Twenty-six miles to the east, at a depth of approximately 12,600
feet, the FISHBDWL Array with 80 line hydrophones is shown. South of V
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FTSHII)WL, at a distance of 15 nautical miles, the TRiDEN T Vertical Array
of 40 suspended receivers is situated, and below that, the TRIDENT
Coherence String of six hydrophones on a cable that runs diagonally
across toward the southeast such that its deepest hydrophone C-I is
approximately 32 nautical miles south of FI SH~~WL.

A study of acoustical navigation using the receivers C-I , V-i, a
FISH~~WL hydrophone, and 4-21-R from ARTB4IS has been carried out. As
indicated in the figure, these receivers rouqhly outline an “L” shaped
configuration 26 by 32 miles long. This arrangement is certainly not
optimum but adequate for many areas of investigation.

FOSITION ING TECHNI QUES

Prior to the navigation study that will  be reported here ,
experimenters from the Bell Telephone Laboratories had uti l ized an
acoustic positioning system based on the graphical plot ting of time
difference l ines in a small area around the TRIDENT Vertical Array.
This system requires personnel on the ship putting a charge of some sort
in the water and personnel at the Bermuda Research Detachment recording
time differences of the arrival times at the various units and determining
position from a pre-drawn graph of time difference lines. This method,
however, loses accuracy at ranges more than 30 kyds from TVA and does
not cover areas much beyond this. Use of Loran C has been satisfactory~however , it may fail completely at night due to sky wave interference,
and not all ships have such operational equipment available. The
study presented here includes time difference curves for a larger area
of interest to the experimenter. Two related methods can be used to
acoustically position a ship. The first, as mentioned above, is an
extension of the present time difference technique to ranges up to 150
kiloyards. The second requires the use of a radio link and is based
upon the absolute travel time from the ship to the receiver. Using
either method, the signals are received at the various hydrophones,
amplified, fed through a band pass filter centered around 300 Hz and
then presented on any suitable recorder equipped with an accurate time
signal.

The incoming signals from the detonated charge can then be read from
the recorder and the time difference between arrivals at two hydrophones
can be determined quite accurately. Acoustic positioning by means of
direct travel time is very similar except that now a radio link from the
ship in the area to the Tudor Kill Labor atory is also fed into the
optical recorder. When the charqe goes off close to the ship, the
explosion is received on a suspended hydrophone which in turn triggers
a transmitted pulse from the ship’s radio to the Bermuda Laboratory. By •
counting the elapsed time from the radio pulse to the reception on the
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var ious hydr ophones , ‘i t  1. po ssible  to draw arcs on a chart and position
the ship. The corresponding coiwer sion from t ime to range Is derived
from t ray tracing r~)gJ-am c a l c ul a t e d  on a computer . tier. , the readout
con s i st I  of t r ~tv e1 ttm e versus ra ng e f o r  signals  f rom a source 30 feet
deep to  varl~.us selected depth s  o f  the r.celver~.. In doing th is  program
tt wa~. as~umo~1 that the depth of water was uniformly 15,00() feet. Th i s
is not exactly t r ue  fo r  the area we are concerned with , especially in
the area ot AH U’M1~ because ot the t iantaqonet rise. However , st udies
have shown th a t  the e f f e c t s  in general on t rave l  t ime are ne q l iq ib le .

Fi gure  .~ I s  a por t ion  of the ray t r ac ing  showing range and travel
time output plotted for the shal lowe st  4-21--R (4200 fee t )  and deepest
(C—i) (14 ,709 feet ) units. The discontinuittes in the plot s  are the
major problem involved in the use of this long range acoustic navigation
system; therefore, a discus sion of the ir  cause and e fects Is primary.
In Fliure ~ a discontinuity is observed at a range of .‘~~ kyds for 4-21-R
and 30 kyd s f o r  (‘- I .

The J ump~ or d l scon t in ui t l e s  occur In the ou tput of the program
because ray theory requires tha t certain rays w i ll or will not
reach a certain point depending upon angle of departure, velocity
gradient , and water depth. What has happened to cause thes. lumps

• Is that the program allow s siqnal~ to be received via the direct path
out to a certain range from the source. Beyond this , no direct pulse
is theoretically possible and the f i r s t  pulse received is the bottom—
surface reflected. There is a distinct t ime di f ference between these
various modes at all ranges so tha t the travel time curve has a
discont inui ty  at those ranges where theory predic ts  a propagation path
change. Physically, t h is change i~ not quite  as abrupt in range and
an observer must decide which path the first received pulse followed.
Both TRIDENT Receivers , V-I and C-i , have d i sc o n t i nu i t l e s  at ranges of
30 kyd s and again at 9’~ kyds horn  each r eceiver  s ince all lie more or
less at the same depth. The ARTI3i1’; receiver 4-2 1-R being considerabl y
shallower has d i s c ont in u t t i e s  at 2’ , 70 and 105 kydt.

The imp l i c a t i o n s  of these l i s c o nt t n u i t l e s  to any acoustic navigation
system is that  ambigu i t i e s  in p o s i t i o n  are caused at  ce r ta in  discre te
ranges from the respective unlt5. A top view of  the area south of

• Bermuda and the receivers used in this position i ng system can he seen
in Figure .3 which shows the receivers and the corresponding arcs
representing the ranges at which the discont irniltiec t a l l .

High positioning error It to he expected f rom areas where two or
more dtsconttnutttes overlay. One such reg i on can he ~~‘en at ra nges

• close to Q~ kyds on a hearing of l9!~0 from the TVA. In  other place’
where only one receiver i.~ ef fected , itt measure(i travel time or time
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d i f f erence ca n be di scarded in favor  of a more re l iable  measurement
obtained txom other units . One can easily eliminate such high error
region s by either changin g the receiving confiquration or addinq more
receivers remote to the exist ing areas. As either of these alternations
were not phy si ca l ly  poss ibl e to u s, the existin g network was employed.

i f  one were to emp loy a positioning system using ab~o 1ute travel
t ime f r o m  shi p to receiver , i.e., wi t h a radio l i nk to the La bora tory
at Bermuda , a set of c ircu l~~r arcs representIng constant travel time
could he drawn for any receiver, and the ship ’ s position obta ined by
graphic al methods, However , the use’ of charts , al though quite adequate
for general use, are subject to drawing error which at times may be
considerable. An alytlial calculations of the ship’s position can
sim i lar i ly he made by calculatin g the range from the travel time as

• predic ted by the ray paths , and combininu it with the known positions
and geometry of the receivers. Navig ation could thei~ be accomp l ished
rapidly with any computer progranried foi the particu lar problem.

TH&’IRETlCAI F.RRORL’

In  an a t tempt  to find the error that might he expected in such a
• 
• posit ion , an error ana lys i s  has been car ried ou t us in g a set of

equations derived from direct travel time vs. range plots. Assuming
t h a t  an error of 30 ms e x i s t s  In reading the travel time with the
receiving system consisting of the 3 receivers , 4-.’l-R , V-I and C-I ,

• 40 ins due to distance of shot from ship, and 3t) ms to cover transmitter
keying tune, a total lO() n~s error In reading exact travel time Is
suffered. Fxperience with such systems has indicated that such errors
are reasonab le , and the latter Iwo tan be estimated and compensated for
in calculation s . Using the&e f1gure~. a pl ot of error as a function of
range from IVA , at a hearing ut ~~.‘!‘ ~

°, has been done and this is shown
in Figure 4. The hearing Is a tair ty ~ceod one for the geometry employed
and the pl ot shows that excellent accuracy can  result f rom this method ,
esp.ci~ lly if more than two un it e. ~~~ used. The plot shows the largest

• error at any range and can be considered accurate except for the dis-
continuity errors at the discrete ranges which are neglected.

In drawing the curve on Fi gure 4 , the t ravel time to range conversion
Is accomplished from a set of l inea r  equations of the f orm T AR t B
f i t t e d to a p lot of travel time vs. range where both an A and B are
particular constants tha t app ly to a reg ion tree of discontinuitles with
I and R being time and rang.. These equations are listed in Table 1.
The Incremental time errors th.~t are assumed are then  conve rted to
ran ges leading to a two dimensiona l area of amhi~ uIty . Figure 4
essentially shows the largest si~i” of thIs ar~~as a funct ion of range.
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A simil ar ana lys is  can be perfor med wi th a navi gation system that
employs onl y t ime d i f fe rence  of arrival , however , here a solution
becomes more difficult. In order to obtain a position from three
measurable time differences , a large number of simultaneous equations
must be solved. Most of the positioninq that has been done using this
technique has been accomplished grap hi ca l ly  from charts where time
differen ce lines are drawn over certain geographical areas as has been
done in the area around the TRIDENT Vertical Array.

FIgure 5 shows such a section of a grap hical  chart  of time difference
lines out at the ranqe of 120 kyds from the TRIDENT Vertical Array to
the southwest alonq the bearing 2250. The time differences shown are
those between the ART~~IS unit and C-I and that  between FISHR)WL and C-i.

Here the effect of the dlscontinuities in the range and travel tim.
curves can be seen. Drawing error in making such a chart will be a

• major cause of error as the points on each constant time difference
curve are simply intersections of two absolute travel time curves.
In addition errors wi l l  result  where time d i f f e r e n c e  l ines  cross at
a shallow angle. The latter Is especially a problem where the travel
time circles are tangential. Again,an analytic treatment using the
equations would eliminate much of this  error, but on line computations
for rap id po si t ioning are impossible without a computer. With such a
computer the travel time vs. ranqe equation s, combined with some
elementary triqonometry,provide a set of equations that can determine
range and bearing from any reference point such as the TVA.

An error analysis for ranges at bearing 2250 has been done using
the equations of time difference and can be seen in Figure 6. The
assumed errors here were 50 ins in reading each time difference and 50 ins
as an arrival error. This leads to a total of 150 ins which is generally
rather pessimistic. The error vs. range is plotted in Figure 6 for  time
di fferences, Vi - Ci and N4TEM1S Cl. Uere the error increases seriously
at long ranges, since the errors increase their effect as plots of time
difference curvesbecome nearly tangential. Addition of another time
di fference curve, TRID fl~’1T Vertical Array to ARTEM1S would reduce this
error slightly.

Here, as before, the calculated error does not include errors
arising from the discontinulties in the travel time versus ranqe curves.
Physically, such di scontinuities result In multipath arrivals to the
various receivers in direct posi t ioning , or receiver pairs when using
time difference. These are observed to follow a gradual transmission
from one set of arrival differences to another.

OONIIC:NTIAL 5
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EXPERIMENTAL RESULTS
.4

Attempts have been made to ver i fy  the above at sea. The intention
was to find good Loran C f ixes and compare these with acoustic fixes
by both time difference and travel time methods done simultaneously.
Unfor tunately,  this has yet to be done successfully,  although tried
twice. Generally, the Loran C was inoperative or its positions in doubt.
Thu s, no real ver i f icat ion of the methods have been made. However, the

• discontinuities have been seen near the predicted ranges and agreement,
both internally for each method using different groups and between the

• two methods is within the two kiloyards predicted by the error analyses.
Now both methods have been shown to be easily performed with a minimum
of d i f f i cu l t i e s  or mistakes. A hand granade has been shown to consistantly
show up on all units, regardless of range.

• Some problem s wh i ch have been encountered are the leakage paths up
Pl antaqenet Bank which leads to a precurser pulses  on ARTEM I S and a
gradu al sh i f t in g  of discont inui tles  from five to ten k i loyards respectfully
f rom winter to summer conditions. Several areas where certain arrivals are
weaker have also caused problers in picking the correct time.

-t

Curves of time difference based upon the above method have been
drawn up for use at the Bermuda Research Detachment. It is hoped that
through the use of these curves a better idea of the accuracy and uses
of this system may be gained. The use of the computer at the Detachment
to calculate positions using the equations will be undertaken soon. This
will hopefully give a dependable, accurate system for the conduction of
experiments in this critical area.

CONCLUSION

\me studies carried on in finding an acoustic positioning system
outlined above9iave proven that such a system is not only valid for the

¼. areas which we are i nterested In, but also have shown that such a
system is accurate. This is especially true if absolute travel time
from source to each receiver can be determined.~ Accuracies of 2 kyds at
a range of 150 kyds can be expected in most areas. This system should

4 be a good backup for those cases where Loran is operating and should
provi de the necessary information when Loran C is lacking or inoperable.

•~v t c  
~~~~~~~~~ J~LL~M. C. KARAMPRGIN R. • MAC~~NALD

Research Physicist Electronic Engineer
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