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In November 1965 the writer was very kindly invited by the Woods Hole
Oceanographic Institution tc spend ten days aboard the R.V. ATLANTIS IT,
Journeying from Paname to Woods Hole on the last leg of her Jjourney round the
world. J. Stanbrough was eboard operating the V.L.F. navigation equipment
which he has Dbeen éevelopimg (Stenbrough and Keily, 1964 and Stanbrough, 198
and this gave the writer a zood opportunity to study the system. AL that tim
the writer was wo:ilié as a Visiting Sclentist at the lassachusetts Instituts
of Teohuolagy, so that on return he was alsoc able to hold very helpful

J . SN 4

discussions with Professor D.P. Kelly of that Institute.
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Lavigation in areas where the present fully-operational radio aids are
not available (and they cover a very small proportion of the world's oceans)
remains one of the oceanographers? bmSl provlems. Use of the Satellite radio-
navigation system would go & long way o solving this problem, but for seoukiﬁy
regsons it is not available at the present time, and in any case there is no
guarentee that it will ke maintained: the cost of maintaeining it is, of course,
very high indeed. V.L.¥. navigation provides one possible answer, and the writer
feels that a careful assesgmen' of it is therefore of considerable interest.

Fortunately, a V.L.F. system called Omega (described below) has been under
developnent for some years and has stimulated much research ir V.L.H. propa-
gation which is directly applicable to the system under discussion here, so
that a reasonably relizble assessuwent is possible. V.L.F. propagation has also
been studied because high~altitude atomioc explosions cause effects on V.L.F.

propegation which may enable it +to be used as a deftection system, and because
WcLeFu transmissions are used for the transfer of frequency standards.

The situation with respect to V.L.F. navigation is changing so fast that
it is difficult to keep up with its There are ot present at least five resecarch
and survey ships fitted with experimental instziletions and at least four more
are due to be fitted soon. The U.S5. Oceanographic Office alone has about six

pecple working full time on computer programmes, charts, and instrumentation.
ae author thinits 1t probable that with the rapidly exiending use of the system
the transmitting stations will soon have to accept this application as one of
their responsibilities, and this would removs one of the most annoying present
disadvantages: that the stations go off the air for servicing, regularly for
periods of hours, and occasionally for long periods.

This report will discuss pirinciples and limitations of the system, and
will only discuss instrumentation in as far as this limits the performance.

It should perheps be added Tor the record that ths possibility of naviga-
tion using the existing V.L.F. transmissions was first pointed out by Balzer
(1962) in a preprint of a paper for the 1963 Winter Convention for Military

HBlectronics, Los Angeles, California (1st Feb. 1963).

Though the writer has had the benefit of tho advice of meny peocple, the
conclusions reached in Tk t are his omm end do not necessarily represent

the views of anyone else.

Sechbion 1 ¢ General Discussion

General Principles of the Systen

LoFe radio waves propag ate well cover great distances and have long been
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cr vadio telegraphy. 4 1ist of the trensmitting stations relevent to the
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nressnt paper is glven in Teble 1. It will be sesn that freguencies are in
Lhe region of 20ke/s giving wavelengths in the region of 15 lma
Since the waves are reflected by the ionosphers at a height of about

four wavelengths, it is COnVc)"ZL:EﬁJ‘J to think in terms of mode propagabion in
the wavegulde formed by the ionosphere and the suris S
these not familiar with this concept, it may be sai
urposes, waves travelling in a given mode nay be o

i

8
to travel along the surface of the earth with a »pha
ferent from (anc’i usually less than) the velocity of

Hany nodes are generated at the trans
close to the transmitter is complicated: by about
modes except the first have been effectively absorbed and the p“ﬂozzﬁ'n‘aﬁion
vattern becomes simple.® At ranges beyond sbout 7,000 miles the 1tuation may
again beccme complica which have trevelled round rih in the
opposite direction (

D

cof ot

he @

f ) ced in Teble 1 now have
stabilities of a few parts in 10Y. The stebilitiss are steadily being improved,
‘ i ' seable futurce. One pert in 10
S — rpal navigation gar‘aoaes.
the stations (averaged over a day) are monitore
conbinu sld, und the _,eflburw are avallable for subsequent correction of‘
navigational fixes il required.®®
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mer 't that the transmitters have absolute frequency
sye remainas at onstw‘lt height, the phas

: fay stween 2,000 wi and 7,000 niles therefo

remalns constent with +:me cmd chanzes unifor l;y with the great-circle distance

rom the transmitter. The phase patiterns from the varicus transmitters can

he used for navigetion in one of two ways.

(1) A nhighly stable oscillator is carried zboard ship and the phases of
the trensmissions fromtwo suiltebly placed stations rclative to this local
oscillator are measured. Sharting from a kmown point (usuelly a harbour),
the changes in great-circle distances from the transuitters can be calculated
and these allow the ship's position to be determined.

(2) If three suitably-placed transmitters ere aveilable, the relative
3 t é )

phases between them mey be measured and this gives the necessary infcrmation
to calculate changss in the ship's position. The advantagze of this systen

1s that it removes dependence on the sgtebility of the oscillator carried by

the ship, but beceuse it is necessary to have three transmitters available at
widely separated bearings, the geographical coverage is more limibted than the
CNE (1) esoribed sbove (the three transmittor systen is alnost idsntical
WL ’ ientol systen described below) and 1% would Bat
e t specianlly fer this purpose and constructing

the necegusary char

* Bates and Albee (1965), however , claim that the 2nd order mode cen be im-
vortant on some patihs, particulerly at night, out to ranges of at least
5,000 miles. T argue that tihe lerge short-term phese fluctuations are
due bo interference between the first and second modes, and not to solar
S. This does not affect the general conclusions of

I

or geonagnetic effect
this report however.

“ Write to: Radio Broadcast Sarvice Section, National Burcau of Standards,
Boulder Leboratories, Boulder, Colorado, U.S.A. For U.S. Navel stations:
U.3. Naval Observatory, wWashington 25, D.C.
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(1) is ussé, it is wor third receiver since

st th zdding a
e areas it cen then be used in effect f

in sulcab as a difference %J3+em: all
three answers are pl ted in the ordinary way and the sane bime increments are
added or substracted from 2ll three until tucv all crosz at the seme pcint,

The third receiver is in any case useful since 1T can often be used to bridge
the servicing intervals of one statlon by using snother and this poiat has Dpeen
stressed by several authors.
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Systen (2) will not, therefore, be conside

~
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Omega 15 the name given to a V.L.F, system of navigation which is under

development by the U.3. Navy (Swanson and Tibbals, 196J)v The present

experimental system uses fOuL transmitters locabe d at MQJall, Panama, New York
State and Wales. Hach of these transmits pulses of 10°2ke/s lasting approxi-
enanles each

mately 1 sscond and interleaved in a 10-sscond time sequence which en
to be identified. The carriers are frequency-stable and phase-locked to one

another.

The gysten measures the relative phase between pairs CP st tions, and thus

gives hyperbollc position lines which are only useful when three stations are
available with reascnably large aagular separation. The g6054 cphical coverage
is therefore limited at the present time to parts of the North Atlantic, Horth-
Bast P ¢, and Arctic Uceans. [Even in these areas it is doubtful whethew

1t able for general use ot the present time, In practice the recelvers
are xpensive, difficult to get, and the system, being under development,
is o be changed in such a way as to make them obsciete. The receivers
ars specialised and it would be difficult to adapt other standard
SQULDQVL N

It is hoped that a system with world-wide coverage T ith three

fregquencies to avoid lane ambiguities will be operati o l 7 about

Obviousiy one cernot hold up development of other systems in antic ion of this.
It will be scecen that the basgic difference in principle betwesen Omega and

o system discussed here is that the latter carries a stable oscillator with

he receiving systen, so that only two suliabry placed trensmitiers are

required instead of three, and this extends the geogrophical coverage very greatly
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Variations in the propagation tire

The height of the ilonocsphere is not, of courdﬁ, consvant as has been assumed
sbove. The most important changes are diurnal. In a daylight path the phase
velocity is enproximately 0°1% less then the VblOOlGJ C of free waves, and over
a path in darkmess it is approximately Ce%b less then C. This means, for
example, that at a range of #,QOO miles from the trensmitter the phese pattern
noves back and forth ebout O wiles. This movemsnt can be calculated and allowed
for to a first order of accurary, but comparatively large unpredictable changes

.

in the phase pattern remain.

Measurements of these changes are reported in a series of publicatlons issuveld
by the Motional Bureau of Sbwnd:rdoa The most applicable to the ;buﬁﬂt study
ig the first ox cne series (Brady et >t al, 19 963) which reports memsur( ents on
signals from BA Panema as recaivad at Trenicfurt, Germany, which is a peth
of agproy‘ﬂa TV 5,000 n.m. lorgely over waber., The other roports show resulbs

wnich are broadly similar,

Month means wers beracted f che mea SMCT 2 he standard deviation
Monthly means > gubtracted fron the measur nts and the standerd deviatio

of the anomaly calculated. Vealues for three months are shown in figure 2, The
standard doviations corresponded to chenges in the position of the phase nattern



v arying fron approximately 0°15 n.m. in sumner over all-deylight paths to as much as
‘ e in winter over night-time paths., For rather more than 70, of the tine the
standard deviation weas less then 1°0 nen.

These figures egree wsll with scme quotad by Stanbrough and XKeily (190—:-),
_\ B

oL
and. Stanbrough (196'9 ), for who node tests on short & Jy'tlrnu trips in

the vicinity of Woods Hole, E wsetts, in May and June 196) and found &
mexdnum error of 0°3 nem. using G%R, Rugby end = NP, Faweii at 3,000 end 5,000 0.0 -

istance respectively,

The repidity of these veriations is significant in connection with the
cesihility of the measurement of the drift of a ship on station. Relevant figures
are given in the N.B.3. reports. The r.m.s. phase difference bedwssn obser-

rated by time T ere celculated for times when the paths are all-
o

Q)

4.3 ~
ht or u11—-d'm This is casicr on north-south pathis, ond so sonme figures
Coiiege, A path are plotted in figure 3 (from Crary and
converted to Gguinluﬁh n. miles of horizontal movement). But ncte
i ethod of calculation does not extract systematic daily variation:
it assumes tgat over all—&qyli“ht or all-dark paths, bthere is no systematic
variation with time of day, which does nct seem to be completely true.

v.wa 3

The shin's oscillator

{0

High quality &uwftz orystal oscillators are available which ave suiteble for
from the same wenufacht-
'ns“uou for the drif't
er day (a change of 1 part in 10711
L‘OXl“"t 1y 01k miles /d «) Thes: oscil~
35;,011. Howaver, to achicve this stability
peration and the totel drift over & crulse lasting scveral
nay be very serious, so many operstors arc now using atomic osclllators.
or cesium). For cxomple, ccsium-boan frc&u\,ﬂoy stenderds which are
al g-tern stabilitics of 1 part in 1011 are

soipboard use. Yhese vary a little in performance ev

2T e o

urer, bhut the best af“wr ageling and with car;l“ul con

«-O

1y compact and wiiich heve long
ble from several menufacturcrs at costs in the region of @ 15,000, They
2150 secn to be reasons ﬁlr relichble

Hydrogen mager osciliators with evrﬁn higher stabilities are in an advanced
state of development and should be availeble soon, but their suitsbility for
shipboard use is not known to the p'"eajent writers,

It will be seen thot the statl wencies are all multiples of 100 o/5.
of comparison of phase is somewinat complicated, but in eflect the

of the ship's oscillator is div i“ed dovn to 100 ¢/s and the received

Th

3
compared 3 1t1 the cppropriate harmonic of this 100 ¢/s reference. T
be is disployed in terms of mic "osvc-o*fxcw, so that it is conve ﬁluﬂ.’c al
chorts in t@'"m of trovel time in microsecondsSe.

e
20

;s e circles from the 6 stations of Table 1.

Lo S

pows

Figure 1 shows the 2,000 "11 e
The 7,000 nile ronge eircle of GBR is also shown: +the rest of these are omitted
to avoid confusion, but they are not, in fact, too helpful unlsss studled on a
globe. TFor example, the great clrele path fx om Howeii %o Iisbon (epprox. 7,000
3 s e dobted line, and illustrates the surprising fact that the
i and Panone could give quite good coverags of the Korth Bastern
'«.'v.fith position lines croassing at obtuse angle In practice,
> bevter than Howeil in this area becausv of its shorber range.

o

D
e
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T s 5 - . . 3 o <r e a 1,
Using the first systen doscribed cbove, there is therefore good coverage over Ao2ha
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wost of the worid's 0GEANE ECED % How the Iandian Ocean and part of the Southern
Oceaono A station is being constructed at Korth West Cgpe, Australia, with the
assistance of the U.S. Navy and this should extend coverage to much of the
Indian Oceszn, tnough position lines will cross at rather acute angles in the
northern areas. A station in Hong Kong or the Philippines would be hetter.

&
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A stetion designed specifically for this application could be comparatively
cheap and simple. Because of the very nerrow effective bvandwidth of the
receivers (of the orcer of 0°01 o/s) tnev heve high sensitivity and it would be

necessary to btransmit only a few hundred watts of power,

Existing stations can normally be received witn adequate signal strengths
anywhere in the surface of the earth.

Other considerations

At the present tine, most of the stations go off the alr at stated times
for servicing. These times are shown n Teble 2 and represent a major
difficalty in the case of the longer servicing intervals. Not only is a
pbulCZOﬂ not cvaileble during this interval, but the shipt!s position must be

mown by other means bto within about three miles if there is to be no risgk of
Delng cne complete phase in error when the station returns to service. For a
periocd of an hour or two on a steady course, extrapolaticn of the previcus rate
of change is usually adequate to lock the gystem into the correct phase when the
signal returns. Again, if V.L.F, navigation ever becomes widespread, 1t would
presumebly be pogsible to arrange for servicing shutdowns to be kept short, or
even avoided altogethers

The trensmissicon 15, of course, interrupted during message keying, but the
absolute phase is mainteined and the raceiving sebs are designed to cope with
these sihort interruptionse.

The V.L.F. statlons are used as frequency stendards, and the rsceiving
sets Jdesigned for this, which are available com;ef01“71y, ere also suitable
for navigation. It 1s therefore possible to assemble a shipboard navigation

rstem for ebout B 13,000 with a negligible amount of special wiring and
OOﬂut“uCthl

bd 7

Note on Indien Qcean results

Tests on the system were made in the Indian Ocean during the International
Indizn Ccean Lxpedition. The results in 1964 and 1965 were on the whole very
unsatisfactory, This is hardly surprising since nearly the whole of the
Indian Cceszn is bevond the recomuended range of all stations except GBR, Rug
and & greot deal of trouo“e was experienced from waves coming the other way
round the World (antinodsl paths). Also, other then n GER, JXBA, Panana

itable of existing stations and should give coverage over the

is the most suit e @
S.i. cornsr of the Indiecn Oceen, but this station wos off the air for most of

the period.

In one sense thess tests were unfortunate since v hove tended to give
the system o bad nane, whereas the sent author feels thet it has real
potentialities in nore favourable areas where till the only available
radio aid to navigation.

o
(%N



Section 2 @ Lssessment

Present capabilities

(1) For position determination

Unpredicatable chianges in the position of the phase pattern linit accuracy
o about *0+5 n.m. under the nost favoursble conditions (sumner dey'lmb\ and.
to asout #5¢0 n.m. under the lezst favoursble conditions (winber night-tine
Drift in the freguency of the transnmitier veries a little fron gtation to
station, but in most cases onoulﬂ introduce errors not excesdi aile
per day (GBR at the present time scems to be aboub twice as as %ﬁls)g

Drift in the ship's oscillator will cause
0+15 n, miles per day if an atoxnic os
seeillator the drift rate will be agout thls val
ort but will increase steadily as the time from

~

‘\"ﬁ

ha

Brrors due to our lack of Imowledg
tne earth, etc., should not introduce errors gre

miLlES.

Age
[8%

(' Y

(2) For drirt messursnents

el on station can

The measurenent of the drift of an ocaWAOQrag ic ves
give usaful information ab th! L Ge t coguires an accuracy
of perhaps 0°2 Imots to be 4 8¢ o= 5 t”at suchh an
accuracy cannot be apnroacie v t shle in
2 N over aced

with propogatio
5. Stanbrough
le on short

c ea that O'Oj Imot
the western ﬂorcl4*t15L01

With improved frecucncy steblilit: p
ic JuOllwﬁtOfS aboard shis, thoe time 1init should be removed and absolud
1 o
ke o

at the transnitting stations, and vit
A
g (%

of nornel durstion.

should be possibl

With experience,

to an accuracy of

%
fa)
QC‘

b

would sesm to be 1o resources of an institute to se
transaitting say, Hong Kong, if local co-operation in

even a los-efficisncy antenns might prove to be rather expensive

into an important
g function as one

If these condi
within about five nm

If Vol.F. navigation

(a) Charts aveilable

suitable site availsble, and perhavs with opsration, could be owualned,

s

A

v &bdq
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tranonitters for the areo. Toe Us.3. Navy Oceanogranhic Office has olreedy

prepared a nwiber of such charts for areas in the Indian Ceean, and the author

understands that charts are at present in preparebtion for other areas.

L e o e
ing for diuvrnal changes must be

o
£ this takes the form of tgo; es, it w probably be adeguate to have houxl
bulated for each month for sach 10° square. (A‘specimep of the tables
prepared for Omega is showm by Swanson and Tibbals, 1965).

(b) Sone convenient way of correc

L3

ook
i)
-t
o3
O

It should perinops be mentioned that many users believe that 1t Is best 4o
uge a digital com“at;r to calculate the diurnal correctlons, apply them to the
measured time differences, and calculate the shipls position. However, the
sresent author feels that 1t is likely to be found more generally coannLe L to

v e
BrEs
use tables and charte, particularly in the present ralther experimental state of

the sysbems

aii end

is no+ OL;lClully cne of the

The commonly used quartz-or whos
the absolute Jimit of thelr accuracy 0 0
a:“;;jufstefq every day Dy Someonc who can assess
from a1 hc @lelwume data iy
etc.). The u

bv~tv c nsi 6 tng sklll and %1ue rgoai d in

consldorations fact thet it is 2 systen under
and needs to WHo lers
volved, and who nd guite




Section 3 : Summary snd Conclusions

Presently operating V.L.F., stations cover nearly all the ocean areas except
the Indian Ocean and parts of the Southern Ocean. In these areas, navigation
over periods of sbout a week with maximum errcrs of ebout 7 miles should t
possible at the present time: considerably higher accuracies are possible at
certain times of the year at zertain times of deg Within a year or two,
oroverents in frequency stability should allow this accuracy to be main-—
tained over periods of at least a month.

Useful measurement of the dr
nct appear to be possible, except

'
<

restricted times during the daye.

ift of an oceanographic vessel on station does
pernaps in favoursble locations and at

be convenient in routine use, charts and correction tables
2

A practical difficulty at the pressnt time is the considerable daily periods
during which the transmitters are shut down, though it is usually pessible to
inck in to the correct phase when they atart up again.

imental systen have shown an TolleSe arror of

Studies using Zperin
t;%l corrections have beecn applied. This is at
scr

about ons mile*ﬁy
10.2 ko/s whereas the sy
hut it is brooaolv stlll a go
errors due to drift in the sar

distributeld, large erroms beln

[Ol§:e}
s
O

(D
O"‘
97

bed here works abt zbout twice this freguency,
ure of tihe accuracy to be obtained apart from

o

illator. (The errors are not normally

c
more frequent then predicted by a normal distribution.)

.é\“..ozif-a
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GER
NFU
VL
NSS
NBA
NPG
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Table ]

V.L.F. radio stations useful for navigation (Dec. 1965)

Rugby, Ingland 16,0 o/s
Hawaiil 26.1 kc/s
Boulder, Colorado, U.S.l. 20.0 ko/s

Annapolis, laryland, U.S.A. 21.4 ke/s

Panana

24.0 ko/s

Seattle, Washington, U.S.h. 18.6 ke/s

2

Table 2

21N
251
LA
59'N
Ol
121N

10
158°
105°

76°
79°
1210

117 W
09 ! W

05 §

27!

39"
55"

Times at which V.L.F. stations shut dowm for servicing and
other purposes (G.M.T.

: Dec. 1965).

1300 - 1500 Daily
0900 - 1800 Wed. only + hourly 57-60

As reguired + every other Tuesday-

As required + hourly 57-60

1200 - 2100
160C - 2400

Wed. only + hourly 07-10

Thurs. only + hourly 47-50
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r.m.s. shift in phase pattern
over time T (in nautical miles)
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