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~ ABSTRACT 

Radio :tstronomy experiments have rlcrnunstr:ttecl the fcasjbillty of m:tl;ing prc-  
c i s e  position mensurcmenls using intt-rferomctry technirlucs. The app1jc:ltion 
of this method to navigation and mnrinc geodesy js cliscussed, and conlpnrisons 
are  made wjth existing n:~vigntion systems.  'The ve ly  long baseline tcchnjquc, 
wjth a mas t e r  station, can use cithcr :in :~r t i f ic i :~l  satell i te o r  n:itur:~l sources :IS 
position rcfcrences;  :I high-speed tl:~ta linh is ~-rcluii,etl. A c o ~ ~ ~ p l c t e l y  ship-bornc 
system i s  shown to be feasiblc,  nt the cost of poorer  sensitivity for  n:itur:~l 
sources ,  A comparison of clopplcr, delay n n d  phase-t~~nclz rnodcs ~f opc1-:iting :i 
very long baseline configuration i s  made, 3s tlint between jnstnntaneous ~ l ~ c a s u l - r -  
ments and those where n source c:ln b~ trncl+,ed f rmn horizon to trnnsit. Geo- 
metr ic  limit;~tions in Iatitutle and longitude covcrngc :ire. cliscusscd. 'I'hr. charac- 

a t e r i s t ics  of natur:il ractio sourccs,  their flux, distributjon on the sky, and 
apparent s ize  a r e  shown to provide a limit on position measurcmcnt precision. 
The atmosphere and frequency standrtrtl used both contrbihute to position meas- 
urment  uncertainty l y  a I f~c t ing  i n t c r f c r o m ~ t r i c  ph:lse. 

INTRODUCTION 

The Navy, as wcll a s  civilian mar iners ,  have Iwcn looking for  thc iclcal n:iviga- 
tion system for  centuries. Recent dpvelopnicnts in rnclio fr-eclucncy navigation 
techniques, together with inertial  navigiitjon, h:ivr m a d e  navigation much Inore 
reliable,  hut a study of future possible tcchnir~ues is sti l l  of considerable in- 
terest .  One such technicluc i s  radio intcrfrrometry.  The radio interferometer 
technique comhines radio signals f rom two :intennas spaced a distance apart  to 
obtain the angular resolution of :111 :~ntenna whosc (1i:izncter ecluals this distance. 
In principle the radio interfcrompter i s  sirnilxr to the Mich:~clson interferometer 
user1 a t  optical wavelcngths with 110th signals heing conlbjnctl coherbently (with 
phasc p r ~ s e x v e d )  to produce nn jntcrbfc.rence pattern, However, whilc t h ~  ear th 's  
atmosphere l imits optical cohercnt interferonlctcrs to baselines of n few meters  
becausc of atmospheric phase degratlntion, this cffcct i s  nluch l e s s  sc1-ious :it 
radio wavelengths, and baselines of thousands of kjlornrters have been usccl. 
Radio interl 'eromctcrs have cletcrmin~d positions of radio-emitting galaxies more  
precisely than can be done by optical means,  and hnvc measured the distance 
between fixed antennas with a precision of centimeters.  'l'he attractive charac- 
ter ic t ics  of radio intcrfcrometry for  :i navigation system include, besides its 



high inherent precision, a possible savings on the cost and complexity of a satel- 
lite navigation system, and an all-weather capability. 

The radio interferometer technique was developed scveral years ago by radio 
astronomers a s  a means to overcome the inherently poor angular resolution 
available from a radio astronomy antenna. Figure 1 shows the basic principle 
of operation. A radio interferomctcr consists of two antennas spaced a distance 
apart,  pointing at  the same radio emission source, which may be either natural 
o r  artificial. The two incoming radio signals :Ire amplified scpamtely, and then 
brought toghcther ancl correlated. The maximum correlation occurs whcn the 
signal from one antenna is delayed an amount equal to the excess travel time 
along a line from the radio source to the other antenna; the source must be srnal- 
l e r  than the resolution of thc interferometer. Thus, the interferometer meas- 
ures,  for  a source at  a distancc much greater than the baseline, the dot product 
of the baseline and the source position vector. Early interferometers had the 
two antennas located close enough together so that the two signals, and also the 
oscillator necded to beat to base band, could be communicated by means of cables. 
This limited interferometer baselines to several kilometers. To overcome this, 
independent mastcr oscillators were used at each station and thc signals brought 
togcther by means of microwave link o r  high-spccd tape recording. Thjs tech- 
nique is  known as  the Very Long nascline Interferometer, o r  VLBI, technique, 
and has enabled antennas placed on opposite sides of the earth to form a success- 
ful interferometer. The longest baseline user1 so fa r  i s  that between Westford, 
Massachusetts, U. S. A. and Semeiz, U. S. S. R. (near Yalta), a distance of about 
8000 kilomctcrs. 

As mentioned in the preceding paragraph, the principle of interferometer opera- 
tjon js straightforward. When applied to a navigation system, however, there 
a r e  many possible choices to be made. Figure 2 shows some of these. Either 
natural o r  artificial (artificial satellite) illuminating sources can be used. Tho 
two most suitable classes of natural sources a r e  the quasars, which have a broad 
spectrum, and the water-vapor sources, which emit narrow band radiation near 
1 . 3 5  centimeter wavelength. The natural sources a r c  in general weaker than an 
artificial source, and a r e  variable in signal intensity, but of course spare us the 
cost of an artificial satellite. The basic operating configuration can be either 
the VLBI one, with a shore-located mastcr  station, o r  a shipboard configuration, 
using two antennas on the bow and stern of a ship. If an artificial signal source 
is used, a l'one-station" interferometer configuration i s  also possible, with the 
satellite generating the signal reference. The basic observable in all interfer- 
ometers i s  relative phase. However, in VLBI measurements, the oscillator 
stability i s  usually too poor to measure phase directly, and either delay o r  rela- 
tive doppler rate i s  measured. An instantaneous measurement of one radio 
source always gives a line of position on the earth's surface. There a r e  several 
ways to obtain the two intersecting lines of position needed to determine ship 



posjtion. 'This includes observing two radio sources, observing. both delay and 
doppler from one source, obscrving one source a t  different positions on the sky, 
o r ,  for  the shipboard interferometer,  rotating the ship. 1Eotnting the ship ;tdds 
no information for a VLBI system. The same is  t ruc for simultaneous use of 
more than oric master  station. 

Although land-based interferometry is now clonc on a routiiic basis,  there :Ire 
several practical problems to be solved in implementing a shjpboarY1, real-time 
system. Figure 3 shows in symbolic form a blocli di:~grnm of a possible system, 
using natural sources and the VLBI concept. Note that both ship and master  
station require two antennas, one a t  each station pojnted a t  the same natural 
radio source, and one each pointed nt the data link sntellite. Sincc both antennas 
on the ship must be kept pointed accurately, thcy must be liiounted on an inertial 
platform. Second, random phase excursions must he kept to less  than 1/4 of the 
observing wavelength (or  about one centimeter) over thc integration jntcrval of  
several seconds. This m:ly be done using a th~cc-axis  accclcroxneter as  input 
to a phase-compensating networl;. Finally, the correlation peak shows up as one 
point in n plane in which one dimension js time delay, and  the other i s  djfferen- 
tial dopplcr. The width in both planes i s  affcctcd by the ship's position uncer- 
tainty, the frequency-standard's accuracy, anti ship's velocity uncertainty. A 
special-purpose, real-time computer i s  rccluired to (lo this scarch. a 
The configuration diagram fo)' the shipbo:~rtl system is shown in Figure 4. Thc 
requirement for phase stability i s  ensjcr to meet than for the VLBI system, since 
only differential acceleration must be measured, but the ship's h e ~ d i n g  must be 
accurately known, since this systcm measures anglcs. In addition, thcre is a 
problem obtainjne; sufficient signal from natural sources with two antennas small 
enough to be easily mounted on board ships. Figure 5 illustrates this. Two onc- 
rncter antcnnas can produce a usable signal for  w:tter-vapor sources in about 
two minutes integration, hut a t  least 10-meter antennas would be required for  
a. quasar system. 'Shis i s  not a problem for artificial sourccs. 

Artifjcial satellites may be used with interferometers in various ways; in some 
ways, this i s  an extension of technirlues already in use. For  example, cohercnt 
doppler tracking of a space probe corl-esponds closcly to the interfcromctcr 
phase-trnclr concept. Ontl important use of interferometer techniques developed 
by radio astronomers is  to point out the feasibility of nieasurjng the range, a s  
well a s  range-rate, to a targ.et to within one carricl- cycle, by tllc usc of wide- 
band modulation tcchnicyues. Wjth a precise cloclc on board the satellite, the 
range to the satellitc can be measured without n real-time lnnstcr station, mak- 
ing a tlone-stntion" interfcrometer. A system with less  dependence on the 
satellite orbit results if thc satellite js observecl simult:~ncously wit11 a master  
station, and t r im~wlat ion  i s  used. '1 '21~ range can be trac1;cd during a satellite 
pass,  thus enabling (1etermin:ltion of both coordinates of mohjle station position. 



IJse of a shipboard interferometer wjth an nritifcial satellite enables determina- 
tion of one angular co-ordinate a t  the same time its range is measured, thus 
enabling instantaneous position determination. 

Although exact observation geornctry i s  often cornplcx, Figure (i shown approxi- 
mate prccisjon that can be obtained for v:~rious modes if a favorable geometry i s  
assumed (a signal-to-noise ratio of 10 is  assumed for  all sources). All meas- 
urments in the bottom half of thc graph a r e  limited by atmospheric constraints to 
a precision of about three meters. From this graph the inherent high precision 
of radio intcrferometer measurements may be appreciated. 

Thus the concept of radio juterferornetric navigation may add to the complement 
of tcchniryms alrcady available for navigation. Its high inherent precision makes 
i t  especially suitable for  high-accuracy applications. Although some practical 
problems remain to be solved for a shipboard configuration, these a r e  believed 
to be easily masterable if the system i s  pursued. 
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Figure 6. Inherent precision for a signal-to-noise ratio of 10  for various inter- 
ferametric navigation systems. S-band operation is assumed for artificial satel- 
lites, and X-band for the quasar system. 
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QUESTION AND ANSWEK PEKIOD 

MR. CHI: 

A r e  there any questions ? 

MR. BLACK: 

Harold Black, of Johns Hopkins API , .  I misuntlcrstoocl what  you intcndetl to 
say,  when you said that a doppler system didn't work on the Equator. 

DR. KNOWLES: 

A doppler systcrn will not dcterminc latitude for  you an thc Equator. 

MR. BLACK: 

That is not correct .  The Navy Navigatjon Satellite Systeln, which i s  a doppler 
system, works beautifully on the Equator. It gives lmth components of position. 

Now, you have to qualify your statement somehow. 

DR. KNOWLES: 

Yes, you are right, J a m  sor ry .  I should have qualified i t ,  that applies to 
natural sources that t ravel  f rom eas t  to west. It doesn't apply to artificial  
satcl l j tcs ,  which can get an  inclination in there.  

Thank you. 

MR. SWANSON: 

Er ic  Swanson, NELC. I would like to m n k ~  a comment. The whole use  of VLBI 
fo r  navigation, as you qujte properly pointcd out, requires  n very wide down 
link. Given that the inherent function of navigation actually demands a very  
slight band width - it can bc argued the r ea l  need i s  zero on transmission - you 
a r e  now talking of a method that will impact the spectrum by some megacycles 
o r  worse. 

Could you comment on that ? 



Yes. Tt is a disadvantage of i t ,  but I a m  not clear  a s  to the statement that the 
real need for  band width on  a navigation system i s  zero. 

And p:irticulnrly, on the other point that on a satellite system there i s  definitely 
a finite band width in there. 

This i s ,  by the way, one thing which I didn't rncntion on the VLBI technique. 
When you use i t  on artificial satellite techniques i t  is really more  an extension 
of other satellite techniques. If jts csscntial contribution is trying to tell you 
to usc a transmitter wit11 a wide band width coding on i t ,  so that you can get a 
lock in on thc absvlutc phases 01 the transmission, the problem is  that you 
could get 1.1y with ;I zcro band width if you were not a t  all concerned about ambj- 
guity problems. In particular, on the watcr vapor sources, we can get very 
accurate position mensuremcnts with thc narrow hand width, and you could let  
that go to infjnitcly narrow anti stil l  get position. 

Thc reason you need the band width i s  to provide you with longer waves a s  well a s  
shorter  ones, to ,let you zcro in on your position. 

1 a m  not clear  that that is the answer to your question. 1 will just lcavc that up 
for  thought. 

MR. CHI: 

Thanlc you very much. 

The nex t  paper, No. 6,  which h n s  becn withdrawn, and in place of it i s  a paper 
under the title of llApplication of Radio Interferometry to Cloclc Synchronization," 
by Dr .  William Jlurd, of J e t  Propulsion Laboratory. 
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