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I Introduction

Itnis‘prop05€d to build a very long basellne interferometer
.(VLBI) to inVeétigételthe structure of radlio sourcés'having features
with dimenslons of the order of 1072 to 10™2 seconds of arc. In |

order to achleve this resolution at'convenient radio frequencies,

basélines of several thousand kilometers are required. In cdnventional-T

Interferometer systems coaxial cable or radio links are used both to

éafry the local oécillatér'signal to pfovide coherent osclllators at

'the'two elements, and tq-retufn the‘i.f.-signal to a common correlator.

I'oy baselineé of %hoqsands‘qf kilometers, hoWever, the cost of’

.coaxial cable 18 ﬁrbhibitivé, while-the use of‘éxisting,tEiephone

'}1nes doéé not provide aQeqUate bandwidth. Miérowave radio links

féould be used, bhﬁ they-are'very expensive.té_operaté and difficult -

ﬁo procure, Also little is'known about their overall phase stability.-
The COstfaﬁd,iﬂconvenience of an~elab6rateﬁcomMunidaﬁiohéHmink

Ls avoidedhbyrbperaﬂing the individuélfinterferometer elements inde«

- pendently. Thls can be done by using atomlic standards both as local

oscillétbrs and as a time reférence, and by sepafately recordling

-hﬁhe intermediate frequency outputs on hilgh speed magnetic tape.

The two magnetic tapes are later brought togethef, énd-the-two_

1., ﬂignals are correlated infa dlgltal computer.

Such a scheme. is not a new idea,‘and has been discussed in rather :

gcnoral terms by several radio astronomy groups. Recently'a short .

~article appeared in the Soviet Journal Radiophysica 8, 651, 19655\1)"

}thh briefly dlscussed the requilrements for this:type of inter~

"epometer. Although the féasibility of such an grrangement;has been-
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?reaiized for some time, it was thought until very recently that all
‘radio soufces would be resolved by rather modest baselines of alfeW'~
hundred thousand wavelengths which could be obteined.by_using'more'
or less conventlonal techniques, This conclusion was based.on the.
_ rcsults‘of severel earlier interferometer studiles.
The Nancay(g) and CslTech(B)'groups, using basellnegs of a few
Abhousand wavelengths found Lhat about half of all extragalactic
radlo sources had dimensions greater Lhan one minute of arc. At
Lhc same time workers aL Jodrell Bank (4) achieved baselines up to
61 JIX)wavelengths by using . . " radlo links between stations 72
mlles apart. The long baseline studles indicated'ﬁhet oniy one or
two percent of‘the extragalsctio‘radio sources were unresoived'at
Lhis spacing and Lt wa.s thought that few sources had structure-
andcr one second of arc, '
Recently, however, four independent lines of research have
Indicated that there are e‘number of sources which have components

well under O”Ol. Firstly,,the Engilsh group have extended thelr

~bagelines flrst to 180, OOO wavelengths and then to 600,000 wavelengths'

and. have found sources which have components which are unresolved
with a resolution‘of 1 seconds of arc. (5’6)"A second plece of
'cvidonco comes from studies of scintillations of radio sources in .
the intcrplanetary medium. From this work, done at Cambridge(7 8),
Arccibo(9), Australis and in the Soviet Union, it is recognized
that, in general, only sources having significant features under
one second of arc show scinbiliations,'and that other condltions
”icing cqual the scintillation amplitude increases wlith decreasing

'”angular slze, While the sources known to’ be approximately 0,1 seconds




'jof arc or lees are all good scintillators; some sointiilate,much

n-muet be exoeedingly high and the corresponding source dimensions must -

very active reglons in the nuclel of galaxies. Angular dimensions

-two orders of magnitude smaller. Thirdly, etudiee of the intenslity

.are generally eesociatod with distant quasl- stellar sources or wilth

4,

more readily than others indicating dimensions one or'poseibl& aven

of ‘extragalactic radio sources as a functlon of frequeéncy have

diﬁeioSGG sharp low frequency cut-offs in some of their radio fre-
qucnoy spectra. ‘These canhot be due to eimple aynchrotron radietion 3 " .
and it is thought that the cut—off is due to- synchrotron self- |

absorption. If this is indeed the case the brightnees temperature

be Ln the range 0001 to 0"0L. Sources with spectra of thls type

of 0001 imbly linear slzes of only a few pareees no matter how

distant the source. Pinally, bhe finding of repid time varlations |
in the radio.and optical luminosity of some Of tne‘quesi stellar

gources in the Uniteo States and in the Soviel Union agaln indlcate

lincar dimensions of only a few parsecs. Theee very:small dimeneions

are important in that they require exceedingly high deneities of
relativietic particles, resulting in the radiation of about 1045

erpgs/sec from a very_emell volume, Direct confirmation of the existence jé

of such smell‘redio sourcee is important and investigations with
resolutions O"Ol will no doubt play a maJjor role in any attompt
to understand the origin and evolution of radio gaiaxies and quaei
stellar sources. |
Fxtension of interferometer baselines using radio linke cannot
be continued much further. Already the Jodrell Bananelvern 21—0m~

interrerometer uses two repeater stations over an 80 mile path,
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jthercby producling a baseline of 600 000 wavelengths;. It is likely e i
‘thal in the near future the resolution of this instrument will be -
doubled by going to 10 centimeter wavelength. Increases beyond
this do not -seem practical using direct‘radio.links ane-it is .

‘ 11kol& §hat the Jodrell Bank group will also abttempt to correlate

Lndependent recei&er; presumablyfone in the United Kingdom and one

in the USSR.

The.system propoeed here, once-perfected, could ee“used with
alrcady exleting radio Lelescopes, so that it generally would make ‘ o
use of exlsting 1nstrumentation. Only the. accurately controlled

llocal osclllators and the data recording system would need to be
transported to the 1ndividual installations. The use with the many
existing radio teiescopes7would provide the variety of baselines . - é
Jneceesafy to obtain a reasonably detailed structure of radio sources,
and ‘would ultimatel& yieid‘resolutions up to (0,00% éeeonde,of arc.
Thus, 15 the fullest sense this. would be a natlonal and hopefully '

eventually an-international operation.

IL. Proposed System

The system initially proposed would use the NRAO 140-foot telescope
at Greenbank, W.Va., together with the 1,000-foot epherical dish
ut the Cornell University Arecibo Ionospheric Observetory in Puerto
, R{(o. The distance between these two stations is 2600 km, glving
0 buueline of 5.% x 106 anelengths at an opefating frequency of
: 611 megacycles. This would glve. a fringe spacing of 0V03 and allow

the rosolution of gources to about o''ol.

\



Bhoice of Operating Frequency

The cholce of frequency is a compromiSe between thellonger

effeetive baselines obtainable at higher frequencies and the greater

algnal strength and simplicity of radiometer systems at ihe iow
_ frequenedes, 611 Megacyclee has bcen chosen ag an initial opexating
[rcqucncy for the followlng reasons: ot which o
a) JL 15 close to the highest frequen%?““vﬁ“‘zte Arecibo dish
- can preeently achleve thilgh eificiency, and the dish is
l presently lnsbrumented to operate at thils frequency°
b) A rc]abive]y smele radiometer and feed can be constructed
for the 140- Tt antenna at this frequcncy°
c) This basellne gives nearly one order of. magnitude increase
| over the highest resolutions currently avallable,
f a) 611 megacycles is ih 8 protected radio'astronomy frequency-
bendf
. ¢) Adequate signai~ﬁc-coise.ratio 1s achlieved with relatively
simple‘;eceivcrs for a reasonable saMple-cf sources,
f) AL thie frequency the combined effect of lonospheric and
‘atmoepheric'phase fluctuations is‘adequately Low, although-
a rathcf'higher'frequency would be pfeferred in thils
respect.~ | : |
It is hopcd.tﬁqt in perhaps one year tce 1000 1t dish may be
cSublc at 20 cm at Which.time the system coﬁld readily beeadapted
to thilp frcquenc&. This would give a factor of 2.5 increase in

fescluﬁion. 'TWGnty-centimetens is a logical choice for the second |

jtuge of operation, since NRAO, and many other observatories;already‘

“have low nolse systems operating at this frequency.,. Hlgh frequency




| Fperation is desirable as there is growing evidence that at’ centi-

metsr wavelengths many sources contain fine structure not deteetable

at longer wavelengths.

Local Oscillator System

The independent local oscillators will be derived from atomie o
standards. Rubidium and cesium controlled crystal oscillators are .
avallable for 10 or 15 thousand dollars. They give-a stability of

11 over a one week perlod. The output of these units -

one part in 10
are at radio freduencies which can resdily be multiplied up to the
. desired operating frequency.‘ .. |
It should be stressed'that‘there wiil be nosintent to recover
| any phase information from the interferometer.' In'order fo measure
tho angular extent of the source, it is sufficlent to measure the
7 amplitude of the fringe visibility alone. Thus, only sufficient '
‘phase stabiiity-is needed to maintain coherenee. It appears that
the short term stability of the oscillators may be good enough for.

several minutes of coherent integration.

Time Keeping

If the L.f. bandwidth- is 300 kiloecycles, it will be necessary to-

" have the times at the two observatorles synchron;zed to better than
one microsecond. This can be achleved by'using‘the atom;c.standarQB
‘used to derive the LO frequenoy,rsinee‘these can orovide a time

- reference which drlfts by only about L microsecond pef say. Once'
_the'time difference between the two clocks is established: s .

| \Vi o oany subsequent smell drift may be determined directly

from the astronomical measurements. This is-discussed.further_below‘




Radiometer Systems '_ '

The AIO 611 Mc/s feed illuminates 600 feet of the dieh, Thus, |

the AIO~NRAO combination is equivalent to using 290 Tt antennas.
This givea a sensitivity of about 1.2 degroes antenna Lemperature
per flux unit. The Arecibo Ionospheric Observatory.ls currently
instfumented at‘6ll megacycles, with a parametric amplifler. NRAO
has no facilities for 611 Mc/s, but a simplo feed and crystal mixer:
receiver could easlly be constructed._ A parametric amplifier would
glve about a féctor of two 1ncrease in the signal'to nolse ot the
NRAO and. about JE-increase in the interferometer sensitivity. It - . | ;
is not'c;ear if‘this is worth the trouble. With a system temperature -
of 300 degrees and an-1.f. bandwidth of 300 kilocycles, RMS nolse
fluctuations will be équivalent to about 1.2 flux units in a one
.%eoond‘integration perlod. Thus witn integration times of the
order of one minute we should be able to debect quite.a number of .
sources even Lf they are significantly resolved. |

| insting radiometer systems wlill have to be modified for the
‘intorferometer.' Second conversion to bring the pass band down to,
say, O to 300 ke 15 necessary. to obtain reasonable sampiing rateé.‘ ‘ o
'Carefully tailored fllters will be necessary, to ensure that there ‘
18 no aliasing, and ‘the bands received at the two statlons are

essentially identioal.

Cailbration

No attempt will be made to directly calibrate the fringe
‘visibility. Instead the relative intensities of the fringe ampliﬁudo

~of sources suspected to be unresolved will be compared with thelr -

known flux densities at zero spacing. . Those showing the same
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}elative,intensities at the two spacings may be assumed to be un-
‘ resolved.‘ Some check 1is provided by checking gources to see if
the fringe amplitude remains constant with hour angle. - However,
dee to the limited motion of tpe Arecibo dish, this ls not a very"
sonsitive test., - |

In the unlikely.event that there are ho unresolved sources at
thig spacing, a rough absolute ealibration may be achleved by the
measurement of the ratios of the. source antenna temperatures to the
‘receiVsr temperatures and mgltiplying thig factor times the‘absolute
correlation coefficlent to obtain the flux oorresponding to the
observed fringes. This technique is probably much less accurate

than- the method of ratlos, but may be resorted to-in‘case of need.:

‘Preleinarx_Tests

| The , two 1ocal oscillators must be tested to find thelr mutual
eoherence time. This is most simply‘done‘in Ithaca), us}ng the
polarimeter at the Danby iRadio Observatory.

The data reduction system must also: be thoroughly tested before
long baseline operation is attempted. - If two complete data pro=
‘essing'systems'sre avallable at NRAO, it youid be usefullto test
the complete operation using the existing NRAO interferometer.‘

Howover, slnce AIO already has such equipment, lt may be expedlient

to organize only one such set of data processing equipment. Operation

of the system may then be simulated by generating two magnetic tapes .

with fdentlical random numbers and independent noises.

\ELT. 'Atmospheric and Propagation ELffects
¥ "

;

Rays to the ends of ‘the. interferometer wlll propagate through

[T §
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jindependent columns of the atmosphere, Differential behevior in
the two columns may cause . a logs 1n coherence. The major effects
-‘arc propagation lee, refraction, and Faraday rotation._
: A differentialfpropagation time, A't', will destroy the coherance |
between the ﬁwo rays 1f 1t 1s greater than the reciprocal. bandwidth:

I AT is constant the coherence can be restored ex post facto by

adjuetlng the zero of time in the computing. process. An unknown
.. (but constant) AT - could be found by having the computer search for -
maximum coherence. _However, 1f AT varies in.a £iﬁe comparable to
‘the observing time,'the‘coherence cannot be restored in3eny easy -
.manner. | | | . o "
- Differential refraction will glve a differential propagation

ltlme, and the coneideraﬁiOns are the same as above,
| Differential Faraday rotatlon wlll bring some of Lhe incoherent
perpendicular component into one of the antennas. If A¢ is the
differential rotation, the coherence 18 reduced by cos Aé. The
| coherence cannot be restored in the computing process, Tne‘effect‘
can be ellminated, however, by using circulerly polarized antennas,
or by.adjusting the‘position angles of the llnear anﬁennae to take
account of A¢, if it is known 1n advance. ' |

Interplanetary scintillations will only introduce noise into
e phaeeucoherent'interferometer} They would, however,'oirectly'
'reduce the measurable coherence in an inteneity interferometer, elthough
Lheir cffect could .be eliminated by appropriete filbere,

Tho general conclusions are: ' |

'y 1) Nighb ~time observations, wibh 8 100 ke band, will be unaffected
by the atmosphere, at 611 Mc/e.. '
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) 2),Dayt1me observations will be difficult{ because of Faraday

Rotation.

%) Observatione at sunrise and sunset will probably be impossible,

4y AL Mc/s band may occasilonally show some loss of coherence
in the day, but rarely or never‘at night.

a. Propagetion time, troposphere

In a dlstance 2z the departure of the propagation time from
that glven by the veloclty of light is t = z(n-1)/c where n 1ls

‘the index of refractlon. Taking (n-l) = 3 x 10" -4 and z = 10 km

glves 7 = 10705ec. Random variations in v will become serious
only‘when the bandwidh is in excess of 10 Mé/s,‘which value is
much greater than any eontempleted‘for the VLBI. A heavy rainfall,
whicﬁ mlght correspend to a filled ene—millimeter leyef'of Liquld
'water, gives 7~ 3 x 1077sec, which is negligible. -Heavy rainfall,
‘rhowever, is'usually accompanied by‘heavyliightning (at Arecibo) . '%é
and the extra nolse that would give makes it advisable not to | :

.obgerve at such times.

b. Propagation time, ionosphere “ ' | @
The appropriate formula for excess propagetion ﬁime‘in the |
Lonosphere is t = 27 x IO"M(ZN)f—Q, where (zN) is the number of
electrons in a one sQuare-em column, ahdfr is thelobserving fram

quency in cps. For f = 6,11 x 108

and (zN) = 5 x 10+2 (a typical

number for the daytime ionosphere, looking vortically(lg) : '
e I ox 107 gec, If oblique propegation 1s allowed for, « nght

- be nearly one microsecond in the day, and oneutenth microsecond at

}nlght. The olectron content is very variable, RO differential

' propagation times of this order must be expected.
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j Rapid chgnges In the‘ionosﬁhére are known.to occur at suqrise
and sunget, and duriﬁg timeé qf‘disturbances. It appears that the
coherence In a 100 ke band would not be affeéted. ‘A 1 Mc/s band |

"would not be affected in the middle of bthe nilght, but‘should‘be
used at other times only.when the lonosphere is stable ovér»bbth B
‘1ocations. |

¢. Refraction

The above estimates for excess propagation time.assume that
there 1s no refraction. Ih’fact,'there will be a substantial
differential refracﬁion, slnce the two‘stétions are eﬁd-apart on-
the earth's surface: When AIO looks at zenith angle T =20° to the
'L”southeast, NRAO will be at - = 43°, The maximun differential
nrefracﬁion dge fé the troposphere will be about 015, Thé‘iono~
Aspheric refractién, at'j = 43°, will be on the order of seconds
of arc normally, but 1t also will be variable, and ‘mlght be 10"

or ‘more-at 8 time of rapld change, such as sunfise; when there . are
strong horizontal gradlients.
The effect of refraction is to make.the path lonéer, and
change the prOpagation time. - The tfopospheric refractlion tékes
'placo near the boLLom of the atmosphere, and has a negligible 7
offect. A refraction of 10" at 5oo km would add.about 0.4 micro-
saeconds to the propagation the, ‘
Refraction normally changes vefy ;ittle in-qh observing period,:
50 Lts effééts{ even if'large, could generaliy be removed ex post
gggﬁgg.by.appropriate,processihg, The unusually“large.réffactions_
')will also occur on a'shoft time scale., They will hard1y~ever.' |

/affect the coherence in a .100 ke band, -but migﬁt occaslonally do
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J 80 in a 1 Mc/s band, at the highest zenith angles.

d. Taraday Rotation

The appropriate formula for‘Faradey rotation is
. : i . .
o = 2.4 x 10" B, (zN)f™ with B, in gauss énd the other quentities
as above, | Since B, changes slowly with azimuth and elevation

(for the limited. range available at AIO), differential Faraday

-rotetion is proportional to differentiel propagstion time¢ Assume:

B, = O.%,\(zN) = 5.10 3, and £ = 6,11 x 1085.thie gives b L35
radiens as & typlcal deytime value at the zenithi and ¢ might get
to 1.8 radlans at the highest zenith angles{ There would be &,
variable fraction aleo, which would approaoh unity at sunrieo,
sunuet, and at tlimes of disturbences.

The linearly polarized antenna at AIO is fixed on the carriage

f house, so that Lts position angle changes continuously. as the az=-cl - -

drive moves. The NRAO entenha'(eqeatorially mouoted) will have to
be<programmed to be-perellel-with the ATO feed. It would be possible .
to compute a "normal differential Peraday rotation" and program -

the NRAO antenna to remove it. Thls would be.s maximum of about

35°,  1Ir this correotion were itself correct to 50%, the residual
deytime errors would be no more than about 15 « This 1ls an. acceptable'
value, since the coherence is reduced only by. the eoeine of the error
an&1e.

It is doubtful that sunrise_end sunset‘effeets could be

computed closely ehough that such & correction scheme could be used. .

Very large errors might also be introduced durlng distUrbancee.
In the middle of the night the' eleotron content is reduced
from Lhe daytime value by a factor of 5 to 10. The differentiel
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}araday‘rotation would be less than 10°, and could be lgnored.
Faraday‘rotaﬁioﬁ decohérence effects.cah,be eliﬁinatedlby

ﬁsing‘circularly-pblarized Qntennas. This;however,-would be

extremelyldifficult;at ATO and it appears that é Linear ahtenha

ﬁust be used there. If a linear dntenna_is used at ALO and &

clrcular antenna at NRAO, the coherence will be reudced by WAER

The obéérving and processing times would have to.beAinciedsed_by.z.
Faraday rotatlion appears to severely-limitAdaypime'observations,

unless one of.two clircularly polarized antennaS'are‘used;'br-unless‘ |

the fifstfordef effect 18 removed by programming=ﬁhe.poéiﬁion' |

-angle of one of the antennas.: - ' |

‘e, Interplanetary scintillation

‘ ALl sources which will be studied by. the interferometer will
/;150 displayzinterplanetéry.scintillations when tﬂe SOurée 1s close
enough té the sun} Fo. example, CTA-21 has relative-ﬁgﬁ-fluctuaﬁions

. of 10% aﬁ an elongation of 35°, gt 611 MHz. It is thought.that' _
'these scintillations wlll be independent at ihe‘two-stapiénsm Thelr
effect will be to add nolse to the me&surement{ and B8O obsérvationﬂ
close to the sun should be.avolded. |
| The. scintlllations are lndicatlve of ifregularities in the outer
corona. Since fhe firstlFresnel‘zones at 1L.A.U. are only 270 km

" in diameter, thebrays are'essenﬁiaily independent, Thé coronal

irregularities. are thought to be of scale 1ess'than,the.intérferémeter

baseline (2600 km) Bo that there is the possibllity of a differentlal

propagation time in the corona. As long as the scintillatioﬁé‘a}e
¥ \?eak, however, this effect will be negligible. For, 1f the

'Jdiffer@ntial_propagation time‘thfough-independent irregularitles



pere a8 much as one rf period, the scintillations would be strong,

~

‘not wvicalk.

LV. Data Ooutput

The L.F. output of the individual.radiometers may bg~recered in -
oné of' three Qifferent forms: as a‘direct analogue tape recording,
B tﬁe output of an A/D converter oper@ting at-twice‘the banqﬁ1dth,
or as the output of a clipper recorded as digital bits (ésséntially
- the ouﬁpuﬁ of a one bilt A/D converter).: |
" In all of these ﬁethods the basic difficulty is synchronization.
-In order that not too 1afge an area of tape 5e‘sgar¢hed to find |
the necessary delay-setting; the absolute éynchronization of the
¢locks must be known -to an accuracy of a few tens of times the
‘faciprocal.of.the 1.f£. bandwidth. In order that this necessarily {
”limé consuming.search'need nbt be repeated for every‘obsafvation;
the clécks, once synchronlzed for the day, shéuld remaln synchronlzed
 to an accuracy of one or two times the'reciprocal 1.€. béndpass for the
few.hours that may pass beltween the obgervation of unresclved sources.
Let.us conslder the-analogue method of recording the 1.1, |
.signals. Then, when the signals are brought to a qentral polint
for cdrrelation, there‘are-two ways to prbceed: the slghals may
‘be processed in a machine constructed especlally for this purpose,
or thdy may be immediately converted by an.A/b'convertef'anﬁ then
processed digltally.. In the latter case, the conslderations are
'.much the same as in the case of dlrect digital'reéording,-and wlll
be considered‘together with thatlcase° In elther case thg output
Jgf the maéter‘cloék‘would be récorded‘on the tape along with the

* . Information to supply the synchronization.
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J Let us consider the requirements of g device to perform Lhe
First correlabion of the tapes from an interferometer operating at
600 Mc/q between Green Bank and Arecibo. irstly, the syncuroniza-

tion must be accurate to a fraction of the raeclproeal bandwldth,

If no variable delay buffer (a difficult feat, especially for
onalogue slgnals). 1s provided, then one tape drive must be slaved
Lo the other, It ie unlikely that this slaving can be achieved

to better than a degree or so of capstan revolution, about 20
microeeconds al, 150 1ips. This imposes an upper limit of about

0 ke/s bandwidth, so that it may noﬁ be possible'to-utilize the
full bandwidth inherent in the recorder. L
Fven ‘given an eleotronié "signal stretcher,”:this oorrelatihg

evloo must have several other features that. are difficult to
Jbtain. IMrstly, the delays must be variable between: the two tapes
ot intervals (depending on the bandwidth) of a few~secondsvin
- order to keep the correlator in the "white }ight" fringe'of the
interferometer; Secondly; 1t must have an output every milliseoond
in order to avoid smearing the fringes, or else heve'built,in a
devlice which phdSe detects the fringes. These functions.ere
'spfficiently compliceted that 1£ would seem most profitable to
have this correlator controlled by, and linked to a small stored
proaram dlgltal computer. This special correlator would appeer .
to be a sufflclently complicated device that. it would be‘cheaper
and ecasler, at 1Laat in this flr“t attempt, to do the corrolating
In o large beneral purpose digital computer.

}‘ Doinp the correlation in a digital oomputer conpumes & groat

deal of computing time. (Perhaps much more compuber time than
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.H}teleeoope time.) Wlth thie thought in mind, the xperiment ehould
be douLgnod to require 2 Jsinimum of computation, which. is to say
 that the maximivn amount_of informatlion be placed in each number
that the computer must prooess.‘ It is known that &bout half of
the Lnformation in a noisenlike sighal is contained in the first
bit" ‘80 thaL a onembit oorre]ator recovers all the correlation with
8 degradabion in signal to nolse ratio of W/Q at the advanbage of
‘handling a much smallerrnumber of blts than any other-procedure.

If the onejbit conversion is done before recording, it also
‘solvee some of the difficulties 15 the reoording. The maotor clock
may drilve a phift reglster so that each bit comes from a preclsely
defined interval, and if the tape unit is controlled fromua slower

output of - the master olook, 1t may be startead at 8 given clock
’timo. further, 1f a stendard digital recorder lLs used as the tape
reoorder, the tapes may be ﬁed direcﬁly into the general purpose |
. dipgltal computer for processing with no further ado. This apﬁears
to roqﬁlre a minimum of equipment in terms of A/D converslon in

the tape controller.:

Bandwidth and Sampling Consideretione 7

. | ‘The number of bits ofldata required to detect a glven
source is independent of the bandwidth used and is v ?e ° whore
T cand T are the. antenna temperature of Lhe source a£5 the recelver
tempcr&ture, respeotively, and v 1s a numerical ooefficient of
order 10 depending on the certalnty required in the detection and’

the degree of correlation between adjacent bits. S8lnce the computer

Xprocessing and the physlcal length of the tapes are the controlling

“factors in the processing rather than the telescope time required,
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}ha bandwldths are dotermined by considerationb other than the
requlred signal to nolse ratio. ‘Firstly, there 1g a maximum bandu
width Setzby the maximum'speéd‘of commercially aVailablg recorders.
Thé fastest tape drives now on the market operate at a rate of
1.2 x 10° 6-bLlt words per. second, or 7.2 x 107 bilts per!second.l‘»
On the other hand, we would like the maximum integration time to
be shorter than the time in-which any system ﬁarameter may change
appreéiably. The local osclllator. coherence time may be on thé o;der
of minutes. The time during which the phase path‘tﬁrough the
lonosphere may éhange significantly 1is also‘oflthe Same<o}der.
since a 2,400 foot reel of tape, holding 1.2 x 108 bits, would last
about % minutes at the rate of 7.2 x 10° bits per recond, this
'_ﬁocmb to be the optimum bit rebording rate.
}' et us, bthen, assume that the recording rate will be
7.2 bd 105 bitg per uegond. The . coxxebponding maximum bandwidth
Ls %60 ke. - This is about as high as would be desirable, in terms
‘01 coherence loss due Lo lonospheric offcctm. Another cons lderation
1o Lhat the varying delay should be ‘able Lo be handled by shiftlng
the two records relative to each other by an integral numbcx of
blts, clse 8. time~consuning interpolation will have to bo done.
- In the_worst possible case the delays are off by half a sampling
period, At/2, dnd'there will be a frequencyudependént phaae“error.
- ¥ the bandpass 1s squafe, from O to B cps, ﬁhen the loss in
coherence is | ‘ | | 'l |
‘(EWB)ml cos (wAt/2)dw = Eigﬁ%%At :
}IC Lhis factor 18 to be held to a minimum of 0.8, then

KFB 0.36/At = 260 ke, Since the alignment error will be randoms
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the avérage Loss in coherence over many delays will be smaller
than 0.8. This appcars to be a tolerable situation, so that,
for most sources, we assume B 260 ke,

The logic feeding the tape recorder would have to perform
’cnc-moré functipn,_the generation of-intef~rec§rd gaps. It would-
be desirable to break the records into blocks of about 100 000
hits to facilitaté-machine processing., In order to plavback
these blocks the digital computer requires a minimum tape gap
 of 3/00 {= 5 miliseconds), 50 that these gaps must be lnserted
in the rccords This function could be performed by the computer,‘-

but can be done more easily with only a small modification to the
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}commercial tape unit, to allow suppression of the parity bit to -

,write blank tape.‘-

V. ‘D&ta Processing . ‘

ATO has a CDC 3200 compuper;  By the’time this‘system is pﬁt"
Lopﬁther:NRAO wLll probably;have an, IBM 360/50 compuﬁer. Both of
these appear to be equivalent in terms of the processing times
for the VLBI rccordo. There are three basic operations to be
poriormed by the computer: the shlftlng to set the delays to the
whlto 1ipht fringe, the bit by—bit correlation,'and the - rnctifi—
Luhion and lntegration of Lhe fringe pattern. The fringe rectifi»
cation may be done before orlaftof the corral&ﬁioh,*by'complementing-
the output of one L.f. for half a cycle of pherfringe before correla-
;tion, or by multiplication by a sine wave after the'i.f.’s have been
;oorrolated and accumulated for aoout-a millisecond. - It is probably
slleghtly more efficlent to do the rectification after the correlation,
but thls can be looked into in more detail when the actual programming .
'iu_to Baldono, . | |

In.any event; 1t appears likely that the computation of the
amountas of'théAshifts and the shiffing-operations wlll take the
‘order of 1 microsecond per bit. The>actﬁal multiplicétioh 1 simply
an ”oxcluﬁive'or and takes very little time to perform The,
acvumulution Lﬂ probably most efficiently done by a tablo lookup
to Lind_thoxbumm of 12 or 16 (depending on the machine) bits, and

~then adding to accunulate thesé sums. This can also be done in
~about 1 microsocoﬁd per_bit; The rectlificatlion of the fringes
Ehnd miscellancous housekeeping will probabiy-add’ancther micro-

cecond per bit, solﬁhat the total proceééing time is about 3
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plcrouoconds per bit per pass. This must be repeated'for.at least

two different dclay settings Lo check Lhe aynchronization of the
vlocks, go at the end the total computer processing time may
amount Lo an average of 10 microgeconds per bit, or about 7 times
the telescope time. | '

The synchronization of the clocks may_be done by observing

"o nLronp unresolved or partially resolved source. It seems likely

. that unresolved sources with an. antenna temperature of éo T  are

r
. [
to be expected. Such sources can'be detected wlth about 10”7

blta. WLLh only 10b bits, a complete. correlation can be done
In only a few tenths of avsecond, so that by monitoring such sources-
the clock synchronization can be continuously updated.

Moreover, because of the small smount of computing time

iper pass for such sources, the initial. synchronization can be

cntablished by making o number of passeg each with a dilfferent
delay. In this manher a timing error of 5 millisecconds, as may:be

found rom observations‘of WWVL or Loran C, can be tolerated.

f
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