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SU M M A R Y

For many underwater location and navigation requirements, and especially 

those in the deep ocean, acoustic methods are likely to remain the principal 

solution. A wide range of examples and their main features are reported. Basic 

design considerations and the environmental and operational factors limiting per

formance are discussed. Relative performance may be good but absolute geodetic 

accuracies are limited by the accuracies o f navigation at the sea surface.

1. IN TRODUCT ION

If there is one feature which characterises underwater positioning at the 

present time it is probably the variety o f implementations, almost to the point 

that each user operates a different system. This is particularly apparent in the 

deep ocean, though in industrially active areas like the North Sea some contrac

tors have encountered confusion due to multiple use of identical systems. The 

underwater situation contrasts with the well established, publicly available me

thods of radio navigation above the surface. Underwater technology is probably 

advanced enough that a range of systems could be conceived and built for
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general use, but even on the continental shelf a viable demand for this just does 

not exist, nor is there a public department with a mandate to provide such a 

service; in the deep ocean the area to cover is vast with even fewer numbers o f 

workers. Thus underwater operators are invariably faced with the installation of 

private, portable or expendable systems for relatively short missions.

The variety o f applications is reflected in the variety of underwater location 

methods, ranging from the simplicity o f a pressure gauge indicating the depth of 

an instrument relative to a vessel from which it is towed or to which it is 

tethered, to a comprehensive network capable o f tracking a number o f units 

simultaneously in three dimensions and in real time. It is well known that poor 

and unreliable visibility in the seas and the negligible penetration and the lack o f 

propagation o f radio waves into the sea rule out electromagnetic waves for 

remote positioning systems underwater. Fortunately, acoustic waves propagate 

well and can be exploited w ithin fairly well understood limits.

There are several ways one could categorise the methods of applying under

water acoustics; table I illustrates the present choice, based upon passive listening 

source location or active interrogation location methods. Some examples with 

their operational features will be described briefly, drawing contrasts with radio 

aids. Then the major environmental factors which lim it performance will be 

described and finally prospects for future progress will be considered.

Table 1

U n d e r w a t e r  A c o u s t i c  L o c a t i o n  M e t h o d s  A n d  E x a m p l e s

A .  A c t i v e  So u r c e s  

W ith  P a s s i v e  L i s t e n i n g

B. A c t i v e  In t e r r o g a t i o n  

W it h  E c h o  O r  T r a n s p o n d e r  R e p l ie s

1. P a s s i v e  S o n a r s  locating unco-operative 
sources

2. F i x e d  H y d r o p h o n e  N e t w o r k s  locating 
co-operative sources
(a) S o f a r  T r a c k i n g

(b) T o r p e d o  T e s t  R a n g e s

(c) T a g g e d  F i s h  I n  L o c h s

(d) S y n c h r o n i s e d  P i n g e r s

(e) S e i s m o m e t e r  A r r a y s

3. S h i p b o r n e  H y d r o p h o n e s

(a) P r e c i s i o n  P i n g e r s  locating instru
ments with a single towed hydro
phone

(b) W h a l e  L o c a t i o n

(c) D y n a m i c  P o s i t i o n i n g  of drill ships

4. C o n t i n u o u s  W a v e  B e a c o n s  for hydro
phone location

1. a c t i v e  S o n a r s

(a) E c h o - S o u n d e r  bathymetry mat
ching

(b) S i d e - S c a n  imagery matching or 
ranges down and across track

(c) S e c t o r - S c a n  R a n g e  A n d  B e a r i n g  

with transponder tags, e.g. on fish
(d) M e c h a n i c a l  S c a n  e.g. drill bit re

entry using passive reflectors

2. F i x e d  T r a n s p o n d e r  N e t w o r k s  locating
the interrogator to navigate
(a) S u r f a c e s h i p s

(b) F r e e  A n d  T e t h e r e d  S u b m e r s i b l e s

(c) D i v e r s

3. S h i p b o r n e  I n t e r r o g a t o r  to locate tris-
ponders on neutral buoyancy floats

4. D o p p l e r  S o n a r  for velocity relative to
ground or water



2. ACTIVE SOURCE 

W IT H  PASSIVE LISTEN ING LOCATION M ET H O D S

The history o f the location of underwater explosions with widely spaced 

listening hydrophones began in World W ar I, but developed little until World 

War II. The subsequent technological advances in transducers, cables, batteries 

and particularly transistors and computers enabled wider applications of the basic 

principles, and by the early 1960’s practically all techniques had been tried. 

Perhaps the first serious use [1] of acoustic navigation underwater was by dow

ned aircraft, which ejected a charge to detonate near the axis of the Sofar 

channel, the explosion being picked up oceanwide by strategically placed hydro

phones; by comparing arrival time-differences between two or more hydrophone- 

pairs the aircraft was located and rescue services initiated. The method was later 

extended for missile impact location [2],

In modern source location systems the transmitter source often, though not 

necessarily, will be a simple ping or mono-frequency pulse. Usually the object to 

be located carries the pinger, whose signal is then received on a number of fixed 

hydrophones suspended down from the surface or up from the seabed; the 

hydrophone signals pass by cables to a multiple channel receiver where time- 

differences of arrival of the pinger pulse at different pairs may be measured. If 

the position is to be located in a three dimensional frame a minimum of 4 

hydrophones is needed, or one less for a two dimensional fix. The relative 

positions of all hydrophones must be known beforehand; one convenient way of 

determining these is to visit each hydrophone in turn with the pinger to obtain 

base-line lengths for trilatération of the complete grid. Further work is necessary 

for geodetic tie-up. The locus of a constant time difference is a hyperboloid of 

revolution with the two hydrophones as foci, and for two dimensional geometry 

pre-computed loci for different pairs may be drawn on a chart in precisely 

similar form to a Decca chart. Lane identification is automatic and the time 

resolution is determined by the pulse rise time and signal-to-noise ratio at the 

hydrophone amplifier output. Absolute accuracy is rarely limited by the timing 

clock, but invariably by variations in the speed of sound, discussed later. Data 

reduction by computer rather than manual plotting is now the norm, particularly 

in three dimensional applications.

When a fixed object is to be relocated it is common practice to employ one 

hydrophone only at successive different positions, by steaming the ship, which is 

equipped with surface navigation, until enough fixes for adequate position deter

mination are obtained. This method is widely used in oceanographic research 

where in-situ recording instruments have been designed to measure, for example, 

currents, temperatures, tidal pressures, seismic events. In I.O.S. designs the loca

tion ‘pinger’, or ‘acoustic beacon’ as it is sometimes called, may be integral with 

the acoustically commanded release which separates the buoyant instrument pac

kage from the anchor weight at the end o f mission; in other cases the release 

and beacon may be separated vertically for improved first detection range. At 

10 kHz operating frequency maximum slant ranges reach 10 km. W ith the earlier



applications, drift o f pinger rate meant that the rate of change of ping arrival 

time could only indicate approaching or receding courses, but with modern 

crystal stabilised pingers and synchronised recorders the point of closest approach 

is also easily observed. S w a l lo w  [3] used this technique for the first time to 

track neutrally buoyant floats, to ranges of a few km, thereby beginning the 

Lagrangian measurement o f deep ocean currents. More recently W ebb & Rossby

[4], [5] have extended ranges o f this technique beyond 1 500 km using Sofar 

channel propagation and an acoustic frequency near 300 Hz to give daily fixes 

from Sofar hydrophones; critical to this development has been the design of an 

organ pipe type of transucer, 1.8 m long and 0.3 m diameter. Float battery life is 

in excess of 2 years. Autonomous listening stations have now been developed 

increasing deployment flexibility outside Sofar hydrophone networks. A number 

of floats are used simultaneously, differentiated by their precise frequency and 

transmission time. This large development in Lagrangian current measurement 

has played a major part in MODE, and verified in a dramatic way the presence 

in the ocean of mesoscale eddies, having spatial scales around 100 km, time 

scales around 2 months, and accounting for 95 % of the kinetic energy in the 

oceans. As to be seen later, long ranges such as these can only be obtained with 

floats at or near the depth o f the Sofar channel axis. French workers have 

optimised their designs for ranges to 250 km using frequencies around 1.8 kHz, 

with a swept frequency pulse and a signal correlation receiver.

Another example on a much smaller scale, though no less dramatic, is 

described by H a w k in s  et al. [6] who attached small (4.6 cm long by 2.6 cm 

O.D.) cylindrical pingers operating at 41 kHz to live cod released into an enclosed 

Scottish loch, instrumented with four hydrophones around 200 m apart. Fixing 

errors in the order of 0.4 m were small enough to follow the fish movements 

and demonstrate differences in behaviour after release, and then between day and 

night time. W ith their array, H a w k in s  et al. also tracked a fishing trawl across a 

noise range. Tape recordings were made and analysis mainly performed later in 

the laboratory.

None of the scientific examples quoted have required location and plotting 

in real time. Tracking experimental torpedoes on special ranges is an application 

where real time detection and plotting is required and the added expense can be 

justified. Signal processing using digital computers also has an enormous role to 

play in the location of noise-like sources such as submarines and ships by passive 

sonar. This is a large subject beyond the scope of this paper. The art would 

appear to lie in detecting and correlating the same source at different sites, 

following which the correlation time differences may be used in the conventional 

way to estimate source location. An interesting example of location by listening 

is that of W atkins and Sc h e v il l  [7], who were able to locate the position of 

sound producing whales with hydrophones slung overside from a quiet ship. The 

whale sounds are not simple pulses but are sufficiently recognisable to be identi

fied on pairs of hydrophones. A pinger lowered from the ship was used to 

calibrate the otherwise loose geometry of the hydrophone network.

Underwater and/or land based recording seismometer stations are used to 

locate earthquake epicentres in much the same way, with the added complication 

that arrivals via different geological strata travel with widely varying speeds. The 

use of controlled explosions along navigated tracks provides data on the sound



velocity profiles and hence contributes towards defining the geophysical structu

res.

Variations on the simple pinger and hydrophones arrangement are possible. 

For example, the pinger signal can be coded with information from a pressure 

sensor to give depth directly. Or by making the pinger repetition period extre

mely accurate, to around 1 part in 109, one hydrophone less can be employed, 

since ranges to each hydrophone can be determined directly without recourse to 

time-difference pairs. As an alternative to this high clock precision, D u n b a r  [8] 

has proposed the use o f pingers synchronised to OMEGA radio transmissions, in 

applications where connection to a surface buoy with aerial and radio receiver is 

permissible. Another variation of the pinger-hydrophone combination, attracting 

increasing attention as oil exploration extends into deeper water, is active drill 

ship position stabilisation. In this ‘inverted' situation the pinger is placed on the 

seabed very near the required drill site; hydrophones are distributed around the 

hull of the vessel and cabled to an onboard computer, which determines position 

and then controls thrusters [9] or anchor winches to maintain station over the 

site, despite winds and tide. In this multiparameter control system it is not 

surprising to find [10] the application of real-time Ka l m a n  filtering within the 

control loop.

The majority of the undersea systems mentioned above employ pulsed 

sound, somewhat in contrast to most common radio aids such as Omega, Decca 

and Hifix, for example, which essentially measure phase differences between 

signals received from widely spaced, land-based, master and slave continuous 

wave transmitters. From figure 1 it can be observed that, for a given frequency, 

the maximum underwater range is on the order of 5 x 104 wavelengths ; this 

compares with typically 100 in the radio case. Underwater the relative speeds 

between a source and receiver vary from 0.01 % to 1 % of the speed of sound 

for neutral floats to the fastest ships respectively, whereas the fastest aeroplanes 

barely reach 0.0001 % of the speed of radio waves. The implications of these 

facts are that an analogous CW  underwater system would have many ‘lanes’, 

whose indication would change rapidly due to receiver motion and due to envi

ronmental effects, discussed below.

Marine radio navigation aids operate in two dimensions, either by line-of- 

sight, or by ground wave propagation, largely unaffected by surface irregularities 

smaller than the wavelength. Underwater the third dimension of depth is often 

required and the surface and seabed boundaries are both troublesome [11], gene

rally to a greater extent than radio sky-wave interference. Pulsed methods are 

probably easier for an alert observer to interpret in the presence of multipath 

propagation. However, programming this interpretive skill into an automatic sys

tem may not be easy and CW  systems may have advantages in some cases.

This is certainly indicated by the remarkable performance achieved by Po r 

ter  et al. [12], [13] using CW  beacons near 12 kHz at 5 000 m depth on the 

seabed to determine the drift of a near surface hydrophone with a resolution of a 

few cms 0./ 4) at ranges up to 8 km. Though absolute accuracy is limited by the 

ability to survey-in the beacons relative to a geodetic reference, there is little 

doubt that this system is near the ultimate for the near vertical geometry used by 

the authors, and is particularly well suited for short duration, relative navigation.
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Fig. 1. - Maximum range, resolution and wavelength of some underwater location 
systems. (M.I.L.S. - Reference 2, W.H.O.I. - Reference 4, C.O.B. - Centre Océanolo
gique de Bretagne (pers. comm ), I.O.S. - Reference 18, C.W. - Reference 12, D.A.F.S. 

- Reference 6, M.A.F.F. - Reference 14).

3. ACTIVE INTERROGATION  

W IT H  E C H O  OR TRANSPON DER REPLIES

In this category range is obtained directly from the round path travel time 

following transmission or interrogation. The use of echo-sounders and sonars for 

navigation is often in the nature of a secondary aid, since they have usually been 

designed for other purposes. As an example, in the era before satellite navigation 

was available to ships, I.O.S. were working in the area of the Meriadzek Terrace 

on the North East edge o f the Bay of Biscay and could receive Main Chain 

Decca, but the poor angle o f cut gave large uncertainties roughly in the SW to 

NE direction; seabed contours, however, run roughly NW  to SE in that area, so



that the combination of topography and Decca was quite effective to better than 

a mile for relocation of sites. Within the era of satellite navigation, there have 

been examples of bad fixing being recognised as such because the sounding at 

the time of the fix disagreed with the chart at the nominal fix position. O f course 

topography matching, analogous to airborne terrain following, cannot be univer

sal and it does presuppose that the charts were prepared with adequate navigatio

nal precision in the first place. The use of side-scan sonar imagery matching is an 

extension of the idea, useful in areas of recognisable, seabed topographic patterns; 

the latter may look quite different when observed from different aspects, howe

ver.

A ll forms of sonar can be used with reflecting or transponding targets. For 

example, sonars with good bearing resolution can interrogate and, by beaming or 

scanning onto the transponder reply, can provide the angles of azimuth and 

elevation necessary for the location of the transponder in spherical coordinates. 

This technique has been used with considerable success by the Ministry of Agri

culture, Fisheries and Food, Lowestoft, using a sector-scanning sonar to locate 

fish tagged with a miniature transponder. A notable application by G r e e r  W a l 

k e r  et al. [14] has demonstrated the ability o f plaice to make use of tidal currents 

by rising into the water on one half o f the cycle and remaining on the seabed 

during the other half cycle. Bearing directed sonar is often attractive for locating 

divers or free or tethered submersibles relative to the support ship, especially for 

operational and safety purposes rather than for precision of fixing. The resolution 

of a sonar in range is generally good but it is expensive in arrays, steering and 

stabilisation to achieve high angular discrimination. Variations on this theme 

include using different interrogate and transpond frequencies to allow high discri

mination against sonar reverberation, and using digital sonar techniques suitable 

for the large signal and single reply situation.

The Global Marine and Edo Western companies developed a high resolu

tion sonar mechanically scanned at the end of the Glomar Challenger bit string, 

to enable bit relocation into the entry cone on the deep ocean bed. Three passive 

reflectors are attached to the cone and by observing the shipboard PPI display 

the ship and string are guided to place the bit centrally prior to entry. This has 

been in use for over 9 years, enabling bit replacement and so greater drill 

penetration.

The use of two-component acoustic doppler logs should be mentioned, since 

continuous vector integration of vessel speed with gyro heading gives the naviga

ted track. Some doppler logs use a high frequency over a short path length 

relying on scattering from planktonic and particulate matter in the water and 

therefore measuring speed through the water. Speed resolution is limited by 

doppler spreading due to plankton motions and it is doubtful whether perfor

mance can compete with a good two-component electromagnetic log. However, 

some doppler logs use a low enough frequency to reach the seabed, at least in 

shallow continental shelf areas, thus measuring ground speed. Some submersibles 

have taken advantage of this facility for near seabed work.

The most common form o f underwater navigation consists o f a network of 

fixed transponders, buoyed up from or on the seabed, relative to which the 

position of an interrogator/receiver can be located. The geometrical solution



required is that of three intersecting spheres, or circles in the planar simplification 

sometimes possible when depths of transponders and interrogator are known. A 

good number of commercial versions of this technique are now marketed, appli

cations including the navigation of divers [15], deep [16] and shallow submersibles 

[17], tethered submersibles, towed bodies and surface vessels. When transponder 

spacings are the same order as the maximum range they are sometimes referred 

to as long-baseline systems, and positioning resolution and accuracy can be quite 

high. When transponder range is an order or more greater than transponder 

spacing the term short-baseline system is applied, for which precision tends to be 

lower. In fact the latter system is equivalent to a range bearing system, the 

bearing resolution being determined by the number of range resolutions in the 

baseline length in the same way that the number of wavelengths in a normal 

array define beam width. In an analogous way improved angular resolution can 

be achieved if the signal-to-noise ratio is high by techniques of wave front 

curvature determination, or by repeated observations if the geometry is slowly 

changing.

4. TRANSPONDER D ESIGN  CONSIDERATIONS

In view of the important place transponder navigation has, it is worth 

looking at some design features in detail. The principal advantages of transpon

ders over pingers are, first, that the source saves power by transmitting only 

when requested; second, range is determined directly, and third, the two-way 

transmission path largely cancels out sound speed errors due to water current. In 

order to retain these advantages the whole transponder system design is a good 

deal more critical than that of a pinger; in particular, it should not respond 

falsely too often to noise, nor fail to reply correctly to the interrogation; there is 

little point in the transponder replying if it cannot be received. The problem is 

that of optimising the detection thresholds. Assuming that interrogation and re

ception are by the same transducer at one end of the path, and listening and 

responding use one transducer at the other end of the path, the situation is 

generally as follows : the propagation loss is the same in both directions; the 

transponder has a low noise level, but needs a high threshold relative to the 

r.m.s. noise and has a limited reply power; the interrogator receiver, usually 

close to the vessel, probably has a higher noise level, but has a lower detection 

(display) threshold, and a higher power availability. Then, assuming Gaussian 

noise statistics, a transponder reception bandwidth B, and a threshold voltage R 

decibels above the r.m.s. noise, the probability of false triggering (PFT) in time T 

can be simply calculated, table 2.

Table 2

R(dB) 11.8 13.0 13.9 14.6 15.3

P.F.T./BT 1 0 '1 10 4 10 5 10‘ 6 10^7



Since m axim um  range (Fig. 1) will usually correspond to T — 1 0 1 pulse 
resolution intervals, 1 /B , it follows that a 12 dB threshold leaves an unacceptably 
high probability o f false triggering around once per transm ission, whilst a 14dB  
threshold gives an acceptable P.F.T. w ithou t reducing the m axim um  range too 
much. Having set such a transponder threshold  and chosen the m axim um  pow er 
in each reply for the battery life available, it then follows that the interrogator 
pow er level m ust exceed the transponder pow er level by the difference in noise 
levels less the difference in detection thresholds. Since noise levels at the trans
ponder can vary over as m uch as 30 decibels it is usually advisable to precede 
threshold detection by an autom atic gain control (a.g.c.) amplifier. At the in terro 
gator a switched gain receiver may be adequate w ith an attended analogue visual 
display, bu t an a.g.c. receiver is again recom m ended for unattended autom atic 
detection.

W ith  m ore com plex (wide-band) pulse w aveform s and m atched filter detec
tion, pre-detection clipping simplifies the receiver at the expense o f  about 2 dB in 
signal-to-noise perform ance, w hich can usually be tolerated. The criterion for 
threshold level at the receiver is usually different from that at the transponder; 
having sent one interrogation pulse a single reply is expected and defining m axi
m um  range w here there is the sam e probability  o f correct detection as o f  false, 
noise-induced detection, a threshold set at 12 dB is tolerable for this single reply. 
W ith the integration from  visual displays it is possible to  w ork  at m uch lower 
signal-to-noise ratios, providing ‘n ’ interrogations and transponder replies are 
made, though the equivalent im provem ent in detection threshold  is nearer 2 dB 
per doubling in practice than the theoretical 3 dB per doubling (10 log W ith 
com puter based digital signal processing and detection, the 3 dB per doubling 
im provem ent can be approached m ore closely, b u t the softw are to account for an 
unknow n range m ove-out during the ‘n ’ transm ission intervals gets cum bersom e. 
It may be thought that instead of ‘n ’ transm issions the transponder pow er level 
should be increased ‘n’-fold and the sam e energy expended in a single pulse; this 
has the benefit o f sim plicity, b u t since th e  transponder is no t alw ays at m axi
m um  range there will be a waste o f energy overall. The flexibility to choose ‘n’ 
depending upon the signal-to-noise situation can thus be valuable.

W hen m ore than  one object carrying a transponder is to be located, some 
m eans of identifying the transponder arrivals is necessary. This can be by  trans
pond frequency diversity (TFD), by in terrogate frequency diversity (IFD) or by 
pulse length or pulse diversity (PD). PD is popular, but perform ance can suffer 
due to m ultipaths and pulse spreading in the bounded m edium . IFD requires 
only a single channel receiver, but does not allow  sim ultaneous ranging to all 
transponders : TFD , w hich  requires a m ulti-channel receiver, w as chosen by
I.O.S. to  sim ultaneously track up to 18 m edium  range (50 km ) neutrally buoyan t 
floats [18] from  one ship, advantage being taken o f the ship’s speed to m ove 
from  one position to another to interrogate the floats before they have m oved 
significantly. In addition to  floats, tw o o r m ore TFD channels have been alloca
ted to bottom  transponders on  a long baseline to navigate the ship. As an 
alternative to long ship ru n s betw een fixes, one or m ore rem ote slave in terroga
tors, triggered by TFD from  the master in terrogator on the ship, have been used 
successfully.



5. TH E EFFECTS OF AN IMPERFECT ENVIRONM ENT  
ON PERFORMANCE

E rrors in position determ inations underw ater arise from errors in timing, in 
sound velocity and from operational procedures, including the surveying-in phase, 
discussed in Section 6 . The sea surface and seabed boundaries reflect signals, 
generating confusing multipaths.

5.1. Tim ing errors

Tim ing errors due to the m aster clock should not be significant with the 
high stability and precision o f available oscillators. However, the presence o f 
noise introduces variance into the transponder and the receiver detection proces
ses. There are reviews o f am bient underw ater noise energy spectral levels [19], 
though the prediction o f levels can be very difficult in areas o f  shipping or 
industrial activity. The system may have to cope with variations in noise levels 
approaching 40 dB. There is a dearth o f carefully documented experience on the 
effect o f  real noise on both false indications and timing errors. Impulsive noise 
may be particularly troublesom e for simple m ono-frequency pulse detection 
whilst the m ore complex (wide-band) waveform s may be less susceptible for the 
same pulse energy. The nom inal resolution o f all except the CW  beacon system 
is given by B " but it is possible to do better than this in good signal-to-noise 
conditions. The simplest analysis using Gaussian noise indicates that r.m .s. timing 
errors will be around 0.7 B _l (S /N )" U1, w hen S /N > 1 , where S /N  is the signal- 
to-noise energy ratio in the signal band B. This suggests that tim ing errors at the 
limiting detection thresholds discussed earlier should am ount to about one se
venth o f the nom inal resolution. Tow ards m axim um  range the timing errors 
increase, bu t will not exceed B " 1 whilst the pulse remains detectable.

5.2. Sound speed structure

There are three principal effects arising from variations in sound speed : the 
most obvious is the calibration o f  range from travel time with seasonal variations 
in the m ean speed and w ith  spatial variations, especially w ith depth, giving rise 
to a range dependent speed; spatial variation causes sound refraction which 
allows multiple path arrivals at different tim es; the formation o f shadow  zones is 
also a result o f spatial variations in sound speed. Short term tem poral variations 
can also be im portant especially over long horizontal paths.

The total range o f variations in sound speed in the ocean is about 5 % , but 
this can be reduced to. less than 1 % by knowledge o f tem perature (T) which is 
often the dom inating factor, though sound speed (C) is also a function o f salinity
(S) and pressure or depth (D). Polynomial equations linking these have been 
available for many years, bu t it should be added that these are still being refined



by current absolute determ inations [2 0 ] to 1 part in 1 0 5 over the practical ranges 
o f  T , S and D. F or exam ple, D e l  G r o s s o s  equation differs from  the older 
equation o f  W il s o n  by around 0.6 m /s  at surface pressures, whilst the pressure 
coefficients at depth o f W il s o n  fit som e d a ta  better than those o f D e l  G r o s s o . 
M easurem ents o f sound speed w ith a resolution o f 1 part in 104 using a sing- 
around ‘V elocim eter’ are convenient in the field, but the instrum ent m ust be 
calibrated under controlled and know n S, T, D, conditions against one o f  the 
formulae. For relative, short term navigation an exact know ledge o f  the mean 
speed may not be too im portant, but for absolute positioning and long term  
repeatability it is clearly necessary.

Typical deep w ater sound speed and tem perature profiles are show n in 
Fig. 2. F or ray paths from  the vertical o u t to about 50°, ray paths are straight 
lines, or nearly straight, and the appropriate slant range speed to use is the 
harm onic m ean sound speed (H.M.S.S.) betw een source and receiver depth [21]. 
Also plotted on Fig. 2 is the surface to depth H.M.S.S. The near surface part o f 
the profile is the m ost variable from day to  day and seasonally. The depth o f the 
sound velocity m inim um  tends to reduce w ith  latitude, so that an extrem e N orth  
A tlantic w inter profile m ight have a m onotonically increasing speed dow n from 
the surface. C orrect use o f  H.M.S.S. for steep paths should enable errors in 
sound speed to be kept below 0.02  %.

FIG. 2. -  Depth profiles of Temperature, T°C and Sound Speed, C m /s. Also the 
Harmonic Mean Sound Speed, H, from surface to depth.



F ig 3. -  M easured and predicted phase fluctuations and recorded am plitude samples 
from  a 7.8 km  one-w ay transm ission experim ent in shallow w ater at 2 kHz. (From Refe
rence 22). N ote the tidal stream  com ponent and the larger drift due to seasonal cooling.

For nearly horizontal ray paths, generalities are m ore difficult to make. As 
a long range example o f one-w ay travel path variability in shallow  w ater, Fig. 3, 
taken from  W e s t o n  et al. [2 2 ] dem onstrates the importance o f the tidal stream 
com ponent and the seasonal tem perature in well mixed isothermal water. Over 
the 7.8 km  path at 2 kHz the 100 radians increase o f phase represents a decrease 
in sound speed o f 0.15 9 6 , o f w hich 0.03 96 is due to the ± 0 .5  knot com ponent 
o f the tidal stream. For a different experim ent, over 210 km at 406 Hz using 
Sofar channel propagation in the deep ocean, S p i n d e l  et al. [23] reported fluctua
tions o f  100 radians representing a 0.026 96 fluctuation in sound speed; in this 
case the fluctuations were attributed largely to internal waves on the main ther- 
mocline. It is im portant to note that these tw o CW  experim ents both dem onstra
ted am plitude fluctuations o f  between 20 dB to 30 dB, and with a m ore noise-like 
character, whilst the phase stabilities sim ultaneously were high, despite the sound 
channelling boundaries being so different in the tw o cases.

Exam ples o f  sound ray propagation for a stratified deep ocean and from 
one source above and one below the sound speed m inim um  are given in Fig. 4A



and B for the profile o f  Fig. 2. Vertical exaggeration is tenfold and to  avoid 
confusion the traces have been arbitrarily stopped at the surface and bottom  
boundaries. O ut to the first turning point a round  25 km  there is only one direct 
path and the harm onic m ean between source and receiver depths is quite a good 
speed to use. D a i n t i t h  [24] has described an im proved m ethod using the statis
tics, m ean and variance o f  the speed profile, valid to the first turning point. At 
longer ranges m ultiple refracted paths to the same reception point are observed. 
The ray w hich has travelled furthest arrives first because the increased speed 
m ore than com pensates for the extra distance. For propagation from  a source at 
the axis (sound speed m inim um ) to a receiver at the sam e depth the last arrival 
travels at the sound m inim um  speed. The actual range/arrival tim e relationships 
for all refracted paths can be pre-com puted, the small differences being indistin
guishable in Fig. 4, and in principle it does no t m atter w hich is chosen. In
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F i g . 4.  -  Ray diagrams for sound sources at depths of 5 0 0  m and 3 0 0 0  m near 28°N, 
69°W. Each ray is marked at 1 second intervals of travel time (from Reference 18).



practice the presence o f later reflected arrivals, generally o f weaker strength, often 
biasses preference to first arrivals. T he use o f a constant speed value near the 
profile m inim um  for all ranges may be convenient for first order calculations but 
does lead to ranging errors around 1 % [18].

W hen the sound increases w ith depth from the sea surface a near surface
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duct is form ed, propagation loss being very  dependent on sea state. In this case 
the surface speed should be used.

The existence o f  quiet o r shadow  zones can be inferred from  areas in Fig. 4 
w here rays are sparse or absent; this has been confirm ed, Fig. 5 show ing the 
percentage success o f  interrogation to transponders at a variety  o f  depths and 
ranges [18], Below the m ain therm ocline the ocean tends to becom e isothermal 
and the principal depth dependence o f  sound speed am ounts to  0.018 m /s  per 
metre. Sound rays in the low er ocean therefore are concave upw ards. This means 
that a sound source close to  a flat seabed cannot be heard on the seabed beyond 
a certain critical range, given approxim ately by 460 (h) l/2 m etres w here h is the 
height o f the source above the bottom  in metres. This is the reason transponder 
beacons are buoyed up  as m uch as 30 to  1 0 0 m ; calculations indicate that the 
positional errors due to lean-over in bottom  currents around 0 .2  m /s  are a few 
per cent o f  h. As a com parison, the line o f  sight range above the ocean surface 
is approxim ately 3 600 (h) l/2 m etres, or pu t another w ay, the deep ocean sound 
refraction distortion m akes the seabed horizon appear as though  the earth  was 
1 /60  th  o f  its real size. A bove the m ain therm ocline sound speed gradients (g) 
may be larger, the arcs tighter, thus reducing by (g _l/2) the lim iting ranges to a 
surface shadow  zone from  a low er depth.

To obtain really long ranges, the Sofar channel m ust be used, avoiding 
reliance on  surface reflections. The source depth m ust therefore be betw een the 
surface and that depth below  the axis w ith  the sam e sound speed as the surface. 
W hilst the low er refraction cycle is reliable in the absence o f topographic obs
truction, the upper refraction cycle is very  dependent on the upper ocean stabi
lity. The Sofar channel is insonified m ore fully as the source starting speed gets 
closer to the axis speed.

5.3 . Boundary reflections

Reflections from  boundaries are m ost troublesom e w hen they overlap the 
direct path signals [11]. If source o r  receiver are w ithin one range pulse resolu
tion  (5R) o f  the boundary , overlap will occur at all separations. Overlap will be 
avoided at all ranges if

w here h, and h 2 are source and receiver separations from  the  boundary. If 
R-max“  103* £R and if h l = h 2:::h, then h > 2 3 x £ R  to avoid overlap. For 
5 R < h < 2 3 x £ R  there will be overlap o f  pulses to som e degree from  the m axi
m um  range inw ards. T hough there is generally some loss on reflection from  the 
seabed, gross topographic features can prevent accurate prediction o f  arrival time 
o f reflected pulses and it m ay be difficult to distinguish them  from  totally refrac
ted arrivals. M ixed reflected/refracted arrivals are also present at times.



6. SURVEYING -IN AND OPERATIONAL PROCEDURES

W hether a source location or transponder location method is used the co
ordinates of hydrophones or transponders m ust be determined either relative to 
each other or in an absolute w ay referenced to another frame. Positioning the 
netw ork o f  hydrophones is an im portant phase preceding operations. Sometimes 
this is straightforw ard as w ith drillship hydrophones, or is know n from geodeti- 
cally surveyed stations as w ith Sofar stations. In many cases a source such as a 
pinger placed in a few know n positions can be used to calibrate the net, as 
dem onstrated by the w hale positioning example quoted earlier. However, m ore 
generally in a three dimensional net o f  H hydrophones each transmission from 
an unknow n position yields (H -  1) range-differences, so N  different independent 
positions yields N(H -  1 ) range-differences whilst the num ber o f unknow n co
ordinates is 3H + 3N ; bu t one position m ust be defined to set a co-ordinate 
origin, so that the problem  is solvable providing

N(H -  1 ) > 3(H + N -  1 ) or N > ~
(H -  4)

w hich means H m ust be 5 or more and the m inim um  value o f N must be 
between 12 and 4. This m inim um  value for H may be reduced to 4 and the 
m inim um  num ber o f N to between 6 and 3 if all depths are know n. In tw o 
dim ensions only the m inim um  value o f  H is 3, so this technique needs at least 
one know n position in addition to the reference position and frequently this is 
obtained by placing the pinger at one o r  more o f the hydrophone locations. W ith 
all these schemes, more than the m inim um  num ber of hydrophones H and o f 
locations N, can be used with advantage to improve confidence in the shape o f  
the netw ork, but it is im portant to note that the orientation o f the netw ork in 
azim uth is unknow n. To know  this, another reference frame such as an optical 
or radar fix on the land or a radio navaid or satellite fix for tw o o r more o f the 
hydrophone or test pinger positions are required. Sometimes an approximate- 
orientation from the vessel course betw een successive positions is adequate.

Similar conditions apply to the surveying-in o f a transponder net with the 
difference that T transponders generate T ranges for each of I interrogator posi
tions so that I > 3(T — 1 )/(T  — 3). Knowing depths, and allowing a two-sided am 
biguity, a m inim um  o f  tw o transponders can suffice. Using a num ber o f I 
interrogator positions in excess o f the m inim um  but with some errors, program 
mes have been w ritten to derive least m ean square error estimates o f the netw ork 
geom etry [21], [25], [26]. O ther techniques include crossing baselines and obtaining 
the m inim um  sum o f the distances to the transponders, o r m ore complicated 
steaming patterns to obtain adequate data in the shortest time. A method used 
successfully by I.O.S. is as follows : the transponder positions are initially assu
med to be at the know n ship position w hen deployed overside; then, at each 
new  satellite fix for the ship carrying the interrogator, an acoustic fix by trans
ponders is obtained sim ultaneously. The transponder positions are then iteratively 
adjusted to minimise the sum o f the squared differences between satellite fixes 
and transponder fixes; finally the individual Northing and Easting differences



F ig 6. -  Differences in N orth ings and Eastings betw een acoustic and Transit Satellite 
tixes. The dashed circle represents the r.m .s. radial difference o f 360 m. N ote the bad 
satellite fixes m arked w ith  Day N o ./T im e w hich  are well separated from the m ajor 

d istributions show n in histogram  form.

m ay be plotted as in the example of Fig. 6 , from  a tw o transponder net of 
baseline 10.697 km in w ater 4,350 m etres deep. The r.m .s. radial error o f  360 
metres encloses 34 o u t o f  the 44 fixes; from  the distributions the five labelled fix 
differences are seen to be larger than is reasonable. From  other observations at 
similar (7-20 km) ranges using high resolution autom atic tim ing, the r.m .s. short 
term  acoustic ranging variation was 7 m , due, it is believed, to sound speed 
fluctuations caused by internal waves, plus perhaps a small com ponent due to 
noise induced tim ing errors. Also, in good L o r a n  C areas, tighter difference plots 
are obtained, so that one concludes that the five differences are excessive because 
they are bad satellite fixes, though they  passed other quality control checks. 
Rem oving these five reduces r.m.s. radial erro r oP to 253 m etres, shifting the 
mean 75 m  to the South and 39 m to the East.

The expected r.m .s. ranging error (<5R) can be partitioned according to

(<5R)2= (5R,)2+ (<5RC)2+ (<5R,)2

w here the subscripts s, c and t refer to surveying-in, sound speed and timing 
errors respectively. As discussed below , th e  total r.m .s. positional error will be 
(a5R) w here a( > 1 ) is a geometrical factor just under 3 for the above exam ple, 
suggesting 5R = 85 m. G reat care w as taken to use an accurate harm onic mean 
sound speed though errors in this are very  difficult to isolate at distant deep sites. 
A conservative assessm ent for <5RC (14 m) and  for oR, (3 m) lead to  the conclusion



R an ging  e rro rs

R a n g e

F ig . 7. -  A pproxim ate com ponent r.m .s. ranging errors for short, m edium  and long 
range deep ocean pulsed system s contributed  by surveying aids (iRj), m ean sound velocity 
uncertainties w ithout correction for refraction (5Rr ) and w ith correction (£RC) and due to

noise limited timing errors (£Rt).

that for this system SR is dom inated by 5RS, and that the interna] relative 
acoustic navigational errors (14 m) w ere one sixth those due to the geodetic 
reference needed to m ake it an absolute system.

Figure 7 sum m arises in approxim ate form contributions to ranging 
errors to be expected w ith  range. A t very short ranges refraction is not so 
im portan t w ith speed fluctuations as low  as (£c/c)~3  x 10 "4. At long 
ranges only Sofar channel propagation is available, the mean sound speed 
changes bu t slowly and is thus well know n, spatial fluctuations are smoothed 
ou t to some extent and (Sc/c) tends to be about 1 0 In the m edium  ranges, 
allow ance for refraction m ust be m ade to avoid unnecessarily large errors.

Since 5 t< B “ 1 < — ^ ^ x l O " 3, it follows that noise induced errors (St/t) c
will be o f order 10 ~4, and generally not significant. The surveying aid 
error depends upon w hich system is used, the single fix values indicated 
being usefully reduced by multiple observations w here possible as in the 
exam ple above.



Having a surveyed netw ork o f  hydrophones or transponders the system can 
be em ployed for its principal purpose o f  navigation and a new  operational 
geometrical e rro r factor comes into effect. This has been sum m arised clearly by 
L o w e n s t e in  and M u d i e [27] from  w hich the following section is extracted.

Only occasionally will the ranges to a  pair o f  transponders intersect at right 
angles, thus the uncertainty in position w ill be magnified by the geom etry of the 
situation. The ratio ‘a ’ betw een the range erro r and the total positional error (5P) 
is dependent only on a , the angle o f  intersection of the ranges at the navigated 
cycle. W riting 5P = a5R it can be show n that

s/2
a =

sin a

By basic geom etry the locus o f  equal intersection angle, a, is the circum fe
rences of tw o coaxal circles o f radius R w here :

R =  y ? -----2 smct

and D is the transponder spacing. As the usable navigational area is limited by 
the m axim um  range lim itation, only the shaded area in Fig. 8 is usable.

The useful area for navigation has been evaluated for different values o f ‘a’, 
the positional precision factor, and D / R ^ ,  the norm alised transponder spacing 
(i.e. the actual spacing divided by the m axim um  range). The results (Fig. 9) are 
given in term s o f 17, the area over w hich the imprecision is less than ‘a ’, divided 
by the sum of the m axim um  areas covered by each transponder (27rR2max).

It can be seen that as the transponder spacing is reduced the area available 
for low precision navigation increases at the expense o f area available for high 
precision navigation. Very close spacing is not recom m ended as there is a very 
rapid reduction o f useful area w ith decreasing transponder spacing.

F i g . 8. -  W ithin the shaded areas o f  the coaxal circles the r.m .s. position e rro r is less 
than  ‘a’ times the r.m .s. ranging e rro r for location by tw o transponders, w hose m axim um  
ranges are R ^ ,  and w hich are  positioned at A and B, a distance D apart, w here  a =  s/2/ 

sina. Figure to scale for D = 0.3 Rroax and a = 5 (from Reference 27).



F i g . 9 .  -  Efficiency, versus tran sponder spacing norm alised by R ma, for different 
values o f  the inaccuracy param eter ‘a’ (from R eference 27).

For m ost w ork , a spacing o f 0.2 o f  the m axim um  range is ideal as one will 
then obtain 85 % o f  the m axim um  coverage and still have a m axim um  im preci
sion o f  less than 50 times the ranging error. For precise w ork  the transponders 
w ould be placed 0.5 o f  the m axim um  range apart. A coverage o f  7)= 0 3  (60 % 
o f  the m axim um ) will be achieved in w hich the m axim um  imprecision will be 5 
times 5R.

If three transponders are placed in an equilateral triangle w ith each side of 
length 0.28 Rmax, then the diam eter o f  the  coaxal circles is equal to  the m axim um  
range and accurate navigation (a = 5 )  exists over a large nearly sym m etrical area 
equal to  2.7 D2.

If an infinite num ber o f  transponders are available then the best technique 
w ould be to p lant a hexagonal lattice in w hich the transponder spacing is the 
m axim um  range. In this system one w ould  be w ithin range o f  three transponders 
at all times, and w ith in  range o f  four w hen crossing from  one region to the 
next.

It is im portan t to  recognise tha t the operational geom etry introduces a 
m ultiplying factor  to the ranging error. There is always, therefore, a pressure to 
keep the ranging e rro r low  w ith som etim es, in addition, a pressure to em ploy



m ore and closely spaced hydrophones o r  transponders; the extent to which 
increasing the latter can help to reduce the  error factor is lim ited by  economic 
and logistical considerations such as the extra time required to survey them in.

A lgorithm s, o f varying complexity [11], [25], [26], have been w ritten for 
com puter calculation o f fix positions for practically all geom etries and com bina
tions o f  hydrophones, sources and transponders. It is no t sufficient ju st to  solve 
the idealised geom etry if a rugged processor is required, since safeguards against 
false detections, missed detections, incorrect m ultipath recognition and noise need 
to be built in. As an exam ple, a negative ranging error m ay cause tw o range 
circles not to intersect, o r could prevent three range circles from  giving a closed 
‘cocked’ hat, yet a good fix m ay still be obtained, in these cases by using the 
intersections o f principal axes.

7. FUTURE PROSPECTS FOR D EEP NAVIGATION

T he characterisation o f underw ater positioning systems in this paper may be 
arbitrary bu t the characteristics o f sound propagation in the deep ocean are 
fundam ental and divide range coverage naturally  into three regions. In all regions 
absolute precision w ould be im proved by  better surface navigation aids; the 
introduction o f  N avstar w ith in  a few years will bring great benefit in underw ater 
w ork too. M ost deep ocean positioning will be able to com bine Satellite N aviga
tion at the surface w ith good short range ( < 20  km) underw ater system s having a 
resolution o f  a few metres. The civil use o f  the m edium  and long range systems 
relying entirely on underw ater fixing will probably be limited to oceanographic 
research requirem ents.

Technological advances m ay not generate m uch im provem ent in systems 
deployed for short missions, w here m ost overall im provem ent is likely to arise 
from m ore flexible and m ore rugged operating software. H ow ever, there are 
technological lim itations for really long deploym ents, exceeding tw o  years; im 
proved batteries and non-corroding m aterials for pressure cases and  load bearing 
are needed in particular. W ith  one notable exception [12] presently employed 
systems are pulsed; the latter are not op tim um  from  an inform ation theory point 
o f view and designers beginning from scratch should seriously consider CW  
m ethods capable o f finer resolution; sound speed variations affect CW  and pulsed 
m ethods alike, w hilst m ultipath problem s m ay be different for the tw o  m ethods 
and may need the application in-situ o f low  pow er, m icroprocessor-based signal 
processing.
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ELLIPSOID OF REFERENCE -  OLD STYLE

‘As to the supposition it self, w hich o u r  Seam en m ake, in the allow ing bu t 60 
Miles to a degree, I am not ignoran t how  m uch this hath  been canvased o f  late 
years especially, and tha t the prevailing O pinion hath been that abou t 70, o r u p 
w ards, should be allowed. But till I can see som e better grounds for the exactness 
o f those trials, that have been m ade on L and by M r. N orw ood  and o thers, conside
ring the inequality o f the E a rth ’s Surface, as well as the obliquity o f  the w ay ; in 
their allowing for w hich I am som ew hat doubtful o f their m easures. U pon  the 
w hole m atter, I cannot but adhere to the general Sea-calculation, confirm ed as to 
the main by daily experience, till som e m ore  certain E stim ate shall be m ade, than 
those hitherto  attem pted. For w e find our selves, w hen w e sail N orth  or South , to  
be b rought to our intended place, in a time agreeable enough w ith w hat w e expect 
upon the usual supposition, m aking all reasonable allow ance, for the little unavo ida
ble deviations East or W est : and  there seem s no reason w hy the sam e Estim ate 
should not serve us in crossing the M eridians, w hich w e find so true  in Sailing 
under them . As to this C ourse o f  ours to  G uam  particularly, w e should  rather 
increase than shorten  ou r E stim ate o f the length o f  it, considering th a t the easterly 
W ind and C urren t being so strong, and bearing therefore ou r Log after us, as is 
usual in such cases; should w e therefore, in casting up the run o f the Log, m ake 
allowance for so m uch space as the Log it self drove after us (w hich is com m only  
three or four Miles in 100, in so brisk a gale as this was) w e m ust have reckoned 
m ore than 125 degrees; but in this V oyage w e m ade no such allow ance: (though it 
be usual to  do it) so that how  m uch soever this C om putation  o f mine exceeds the 
com m on D raughts, yet it is o f  the shortest, according to  our E xperim ent and 
C alculation.’

E x trac t from  ‘A new voyage round  the w o rld ’ by 
W illiam  D a m p i e r . First published 1927 by The A rgo
nau t Press and  edited by N .M . P e n z e r , M .A ., 
F.R .G.S. R eprin ted  1937 and published by A. and  C. 
Black Ltd, 4 S oho  Square, L ondon, W .l.


