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INTRODUCTION 

Very long baseline interferometry (VLBI) is a technique which was developed by radio 

astronomers for investigating small angular teatures in galactic and extragalactic radio 

sources. Jr an interferometer is formed from two separate clements along a baseline vector 

IT and operated "'t wavelength "'J\.., interference fringes will result with an angular separation 

0 = :\fiTII radians 

= 206265 A/i-t:~ I seconds of arc 

For the Goldstone--Haystaek ("Goldstack") baseline which will be discussed later, B ·='cc 

4000 km and A?' 4 cm, so fJ ·~-::: 1 o- 8 radians= 2 milliseconds or arc. The resultant fringes 

may be thought of as Doppler "beats" resulting from the dillerential velocities or the sta­

tions when viewed from the source. The resultant fringe frequency varic:: as a diurnal. 

sinusoid which has a maximum frequency (when the baseline is "broadside" to the source) 

of 

B1 cos rS f ='cc_.: .... - . -- I IL 
13713" 

where B' is the equatorial component of the baseline and <'i is the dcc:lination of the source. 

For sources at low declinations, the Golds tack interferometer has fringe rates of~ 7 kHz. 

An interferometer will respond only to signals which arise from sources smaller than a fringe. 

The various sources which have apparent angular sizes smaller than -., 1 millisecond or ar,~: 

include 

• Nucleii of quasars and certain peculiar galaxies 

• Maser-like galactic sources emitting in the OH ("'J\.. ~ 18 ctn) and l-1 2 0 (A= 1.35 cm) 

spectral lines 

• Pulsars 

• Man-made sources such as satellites and lunar beacons. 
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Table l 

Current VLBI Experimental Programs. 

Program 

"Quasar Patrol" (tu investig:ne the structure and 

variability of ex trag:1lactic radio sources) 

Ast I urnc t rie and Ceodctic ubscrva iium with 

VLBI 

Di!fr re11 t ial A,t rume try 

• Quasa1 p1 ,1pe r 111 ut ions 

• )2L'lletai relativity tests 

• pulsar ptuper mutiuns 

t'lfrkr \VdVd:ngth VLBI 

• ,tudies u( the Crab Nebula ;:ml assuci;tted 

' pu.1sar 

• ,.t: 1Jic, , ,f ext ragaL!L· tic radi'1 <uurre 

s I ni..: ture and spectra 

• studies uf the intersrc'lbr medium 

• su pcrnuva remnant mapping 

• in le rp! a ne ta I y scintilla tiuns 

Dc(amdcr \V;1velength VLBI 

• ( same as meter \vavelcngth program) 

• ,tudics of sporndic 1adio emission from 

Jupiter and Saturn 

Frequency 

7.8 GHL 

14.5 GHz 

7.8 GH1. 

7.8 G!lz 
8.1 Gllz 

2.3 GHz 

196.5 \!Hz 

!11.5\lllz 

73.o \lllz 

26.3 MIIz 

! 

Stations 

I lay stac k-G olds tone 

Plus Onsala and 
Greenbank 

Hay st ac k-G olds tune 

plus Fair ban ks, 

Onsala, and C rec:11 bauk 

I fay stack-Go Ids tone 

l L:iystac k-Westford­

CJ'Ccnbank 

Grcci,bank-Golds tone 

GrL·e11bank 

Sugar Grove 

Arccihu 

Boulder 

IL1swdl and 

B,nildu -A me, 

_ _L __ ,_ 

Coliaborating 

!nstitutions 

GSFC lJniv. of J\Jd. 

\1 IT ~faystack Obs 

.IP! 

CSFC-ll11iv, of I\IcL 

M!T lhysu1ck Obs. 

NO,\/\ 

L~ f 1 ~j 11 t 1 er\ 

CSJ-C-Univ. of Md. 

\HJ Haystack Obs. 

GSFC Llniv. of Md. 

JD[ 
'' 

CS1-,· Llniv. of Md. 

~-m.L 
A l·2lil, u ()bs. 

G'.-J-C Univ. of lvld. 

:\OAA 

Univ. ,.Ji' IO\Va 

!<J\'.';; SLde l ~niv 

• 
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Telescope 

Location 

Haystack, 

i\fass. 
\Vestford, 

1\-·!ass. 

Goldstone, 

Calif. 

Fairbanks, 

Alaska 

Onsala, 

Sweden 

Greenbank, 

\V. Va. 

Sugar Grove, 

\V. Va. 

Arecibo, 

Puerto Rico 

Boulder, 

Colo. 

Haswell, 

Colo. 

Ames. Iowa 

Sponsoring 

Organization 

".HT-NEROC 

JPL 

NOAA 

Chalmers Inst. 

of Technology 

'\RAO 

XRL 

NAIC 
Cornell 

:\'0/1.A 

Univ. of Iowa and 

Iowa State 

Table 2 
Telescope Employed In VLBI Program. 

Observing System Site Time/ 
Frequency Size I em per a ture Freq, Standard 

120 ft 50-80K Maser 

7.8 GHz 

60 ft 200K Maser 

14.5 GHz 210 ft 40K Maser 
7.8 GHz 210 ft 30K Maser 
2.3 GHz 210 ft 20K i\fase r 
2.3 GHz 85 ft 20K Maser or Rubidium 

7.8 GHz 85 ft 150K :Maser or Rubidium 

7.8 GHz 84 fi SOK iv1aser or Rubidium 

14.5 GHz 140 ft lOOK Maser 
8.1 GHz 3 (ri 85 ft IOOK Maser 
2.3 GHz 140 ft IOOK Maser 
73-196 I\JHz 300 ft 1000-2000K Rubidium 

73-196 MHz 150 ft 1000-2000K Rubidium 

73-196 MHz 1000 ft 1000-?000K Rubidium 

Dipole 

Arrays 
26.3 1-IHz 104 m2 area 20000K Rubidium 

• • 



The L'.Xpnimc11tal programs currently being pursued by the GSFC*/Universily or Maryland 

VLBI learn arc shown in Tabll:' 1. Our emphasis is 011 astronurnical observations utilizing 

the Vl,Bl technique. It should be noted lllat these programs fall into twu distinctcategori('S. 

Al frcquc;ncies > 2 GHz, the prugrarn (:mplusis is on lngh-scnsitivity receivers, 

large pn:cisi on telcsL·opes. :1 IHI h igh-s la bili ty freq ucncy s Llll(L1 rds ( ly pie ally hydrogen 

masers). The rnctcr and dc,:,rn1eln wa\,,:lcngth programs :dso require large telescopes; but 
due to the bright sky, receiver performance is less critical. Tlw lower observing frequency 

permits less precise frequency standards (rubicliun1). The lo11g-wavckngth programs arc 

summarized in more detail by Clark and EriL:bon ( 1973). The properties of the klescopl:'S 

we are using arc given in Table 2 and lhe baselines we have formed over the past four years 

are shown in hgure 1. 

TECHNIQUES 

In order to form an interferometer such as the one shown in Figure 2, let us consider that 
- " the baseline is a vector Band that a unit vector S describes the location of a point source. 

Since we can egocentrically think or the sky as moving ovn the earth, S is a lime variable, 

" S( t). 

Figun: l. CSH" VLBI bc1sdi1ws, l'!Ul-1'1'/:~. 

'1-Thcrc a,.: two t'.r<.H1p, conducting YLBI inwstlt',atiun, at GSrC. Dr. J. Ra111,isa,1ry\ poup (Code 592) is involved in 

Earth Phnic, and Tracking Applications of YLlll. l.lr. Clark's group (Code 693) is primarily involved in the Radio Astron­
omy aspects or VLBI. In this paper, GSFC refers lo Dr. Cl,nk's group. 
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TIME DELAY, T'= Tg(t) +t,z 
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\ 
\ 
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\ g 

\ 
\ 
\ 

CONVERSION 
TO I.F. 

SEARCH L.O., f1 + £:>f 

Figure 2. Simplified block diagram of an interferometer. 

A wavefront from the source arrives at the left-hand station Tg earlier than at the right-hand 
station, where 

CT (t) = B. s (t) g . 

Our antennas have effective collecting areas A
1 

and A
2

, so the voltage induced by the 
source will be proportional to the incoming wave's electric field by 

Vi a. ../Ai E e21Tift 
0 
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where f is the frequency of observation. To facilitate processing, the signal is amplified and 
converted to a convenient intermediate frequency (IF). This is done by heterodyning with 
a local oscillator at a frequency v 

O
, where we permit a phase shift ¢

0 
(which may be time 

variable) to exist between the local oscillator sources. Therefore, the outputs from the lF 
converters will be 

V' a: y1A, F c2ni(f-r )t 
I 1 ·"o · O 

Ir the signal in the left-hand channel is now delayed by r' (which is nominally= r"), then 
"' 

Note that the phase shift of the delay line 7
1 enters at the intermediate frequency (f-f0 ). 

The cross correlator multiplies U1c two signals V1" ,ind V:_''. H we assume that only the 
difference terms are passed by the bandpass filter, i.e., frequencies of·- 2J~r = 2(f-(,) 
arc attenuated, then 

The "A" term represents the fringes. since: it is th(' variation of r~ with time that results in 
a periodic sinusoidal interference pelt tern. Nole li1al when the delay line 7

1 

is "tracked" 
with, . it is the local oscillator ircc1ue11c, f.. and not the signal fre(1uenc,1 r which ckscribes g ., 0. , J 

the fringes. 

In order to conveniently process these fringes. we nexl slmv them down further by rcnwv­
ing the nominal fringe frequency ff' where 

. d . . . • 
ft·= - (1 T ) = ) • T dl O g O g 

By suitably "searching" about fr we can define the true fringe frequency fr+ Llf. Since the 
output from this last hctcroclyning operation is at de. we can now integrate for long periods 
of time. We arc limited by the time interval le of the "C" term over which the local oscil­
lators maintain coherence, i.e., when< ¢

0
(t + tc)-¢\,(t) > - 1 radian. The uncertainty 

principle dictates that the fringe freq ucncy can be measured with a accuracy of 
~(21r x integration timer1 , or about 1 mHz for our normal three-minute recording time. 
The "B" term describes the phenomenon of the "white-light" fringe, which we more 
properly call the delay resolution function (DRF). ln general, we observe a band of noise 
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frequencies, and not a discrete, unique frequency. l•'or the extragalactic radio sources, the 

intrinsic radiation is so broadband that it may be considered as uniform over any realizable 

passband. (The OH and H 2 0 sources in our galaxy and man made sources in general do not 

meet this criterion.) 

If each of the IF converters had a filter with a power response G(fif), where fif = f-f
0

, then 

the response of the correlator to broadband signals would be 

J G(f.f)R(f 1.,M,t,¢ ) df.
1
. 

R' (M tlr t ) = 1 1 0 1 

, , ,¢0 JG(fif) dfif 

o: JG(fif) e•brifif~r dfif 

where Llr = r' - rr.. The latter relation should be recognized as the Fourier transform of the 
response function G, measured in residual delay (Llr) units. We call the envelope of 
R'(Llr) the DRF. It has a characteristic width~ (2n X bandwidth)" 1 . For a rectangular 

passband of width LlFR, the ORF will have the form 

sin(1r~FR M) 
R(~r)a · 

1r ~FR .0.r 

which is~ 3 µsec wide for our normal 360-kHz recording bandwidth. In order to narrow 

the ORF, we have developed a technique of synthesizing a wide bandwidth (Rogers, 1970; 

Hinteregger, 1972; Hintcrcggcr ct al., 1972) by sequentially sampling a number of discrete 

360-kHz bands over a range of up to~ I 00 MHz. Figure 3 shows an observed DR F 

utilizing the Goldstack configuration with five switching steps over ~40 MHz. Note that 

the delay 2'r can easily be measured to a few nanoseconds (ns). 

Let us briefly describe the actual VLBJ recording system. We use adaptations of the 

"Mark- I" recording system developed at the National Radio Astronomy Observatory ( l3arc 

ct al., 1967). This system records 360-kHz bandwidth noise at a 720 kbps rate on ordinary 

seven-track, 800 bites per inch computer tapes running at 150 inches per second. Data is 

blocked into 0.2-second records(~ 140 kb), and the time at which c3ch bit was sampled 

(at a 1.4 µsec rate) is known to a few hundred ns with respect to a local UTC clock. Tapes 
are started at each station on a nominal (and prenegotiatcd) 1ninutc, and tape formatting 

(record counts+ bit counts within a record) establishes synchronization. Tapes arc then 

brought together at a later time and arc played back on an ordinary digital computer. The 

eomr)utcr calculates a 11riori values or r and i- , changes the bit aligluncnt by r' ::::c: r ± 11 g g . g 

bits (where n = 3,2, 1,0) to allow for the finite width of the DRF and some clock errors, 

and cross-correlates the bits. Fringe rates (f -r ) arc then removed by 11hase rotations on . () g. 

the cross-correlation values. Small residual Af's are measured by additional offset 

"oscillators" (actually by performing fast Fourier transforms) and best-fit values of Ar, 
~LI RI and ¢

0 
(t) are derived. These computer programs have been implemented for IBM 

360 computers here at GSFC, where the bit correlations are done in software, and for the 

CDC 3300 computer at Haystack, where the bit correlations arc done in a hard-wired 

in tegra ted-ci rcu it correlator. 
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Many experiments we perform call for measuring times on several tapes, so 10-20 minute 

stability levels of~ I 0-14 arc desirable. 

In order to achieve these levels of stability, we began collaborating with Mr. I-I. Peters of 

GSFC more than four years ago on deploying hydrogL:n masers to radio astronomy obser­

vatories, and on making masers and the associated local oscillator multipliers more stable 

and reliable. Mr. Peters has made available two older Varian ll-10 masers which now reside 

at Greenbank, West Virginia, and at Haystack, Massachusetts. His NP masers have been 

successfully used at Haystack; Owens Valley, California; Fairbanks, Alaska; Maryland 

Point, Maryland; Tidbinbilla, Australia; Johannesburg, South Africa; Madrid, Spain; and 

soon Onsala, Sweden, for astronomical VLBl experiments. M,isers built by Dr. Vessot of the 

Sinithsonian have been used at Agassiz Observatory, Massachuselts; Owens Valley, Califor­

nia; and Madrid, Spain; while masers built by Dr. Sydnor of JPL are regularly used at the 

Goldstone 210-foot telescope. Haystack owns another H-10, which has been used for radar 

and VLBI for a number or years. The Canadian VLBI team owns two ll-l0s, which they 

have used extensively. Apologies arc offered to thQsc who have been slighted by omission 

from this list. It should be clear that VLBI requires the best standards available, and is 

one of the major users of those that arc available in the field. 

In Figure 4 we show the phase stability which Wt' aehiew with hydrogen masers at X-band. 

To form this plot we have removed the a priori fringe phase clue to the source-interfero­

meter geometry (21rf j- ) and a 5 X I 0- 1 3 linear offset. The dotted line shows the trend 
o a 

of the mean phase as determined from three-minute observations. The short solid lines 

show the phase trend during each thn-e-rninute run. The data span 42 minutes. No correc­

tion for phase noisl' due to the neutral atmosphere was possible for these data. The iono­

spheric contribution should be negligible. These data show three distinct regions. During 

the first half two slopes appear, zero and -3 X Ilr' 3 . The l:ist halfltas a constant slope of 

+4 X I 0- 1 4 . The pliasl~ during the three-minute runs fits the longer term curve well except 

for "glitches" at~ 0720 UT and 0735 UT. These short transients could easily be clue to 

clouds passing through the beam of one of the telescopes, since the phase seems to return 

to the mean line after a few minutes. 

VLBI PHASE STABILITY TEST 

0,3 HAYS'TACK - GOLDSTONE 7.84 GHz :E 
w 12 DCT. 1971 +10 :E 

¢ ,.. 0.2 3C84 ....,-~...--~·· t 
~ ~ 0.1 ·---... ~.:_:- ·.:-=..--;/ .. >:::.-'-,.... ~"'- --~--~- +

5 ~ 
:!:..: -~~ 
o: ,- O f-------------e~,c----------------,.--"----------.......,. 0 i= 
~~ ~ ~ 

~~ -0.1 ' - --;.,.--· +4x 10- 14 -5 ~ 
5 ~ -3 )( 10 13 ...... '...., --:·---·· ~ ------ ~ 
~I- -0.2 -:~--=-~----- ~ ...J 

"'- -10 '.; 
+5x1o·13 LINEAR RAH 5 -0.3 

OFFSET REMOVED. 8 
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0710 I 
1---~-~~-+--+----+ 

0720 0730 lJNIVEHSAL TIME 0740 

. t----+--+--·t· -----+-·--- t- ---+---+---+-+--- ··- +-- -

0 1 000 1500 2000 

ELAPSEO SECONDS 

Figure 4. VLBI phase stability test, Haystack-Goldstone, 7 .84 GHz, October 12, 1971, 3C84. 
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Some similar plots obtained with rubidium standards at meter wavelengths are shown in 
Figures 5 (from Erickson ct al., 1972) and 6. Most of the phase noise at these low fre­
quencies is due to the ionosphere since the stability required to give~¢>:::::; 1 radian is 
only~ l 0- 1 1 • 
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Figure 5. Phase stability plots with rubidium standards. 
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Figure 6. VLBlphasestability, 196.SMHz,December 19, 1971,3C287. 

RESULTS 

Let us now discuss some of the more interesting results from our VLBI program. 

( 1) Structure of Quasars: We began using the Gold stack configuration in the fall of 
1970. Our initial experiment was to be a test of general relativity by measuring the change 
in position of the Quasar 3C279 as it is occulted by the sun (this is an annual event and has 
become our "Oktoberfest"). As a surprise to us, we found that 3C279 showed significant 
fringe amplitude variations (see Figure 7) which could be interpreted in terms of 3C279 
being an equal double source with a separation of 1.55 ± 0.03 milliseconds of arc (Knight 
el al., 1971 ). When we repeated the experiment four months later, the spacing between 
components had increased to 1.69 ± 0.02 milliseconds of arc. The resultant expansion 
rate of 1.2 microsecond of arc per day corresponds to ten times the velocity of light if 
3C279 is at the distance(~ 6 X 109 light years) indicated by its red shift (Whitney et al., 
1971 ). Since this startling discovery, a number of other sources have also been observed 
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Figure 7. Significant quasar fringe amplitude variations. 

to change their structure on short time scales and a synoptic observing program known as 
the "Quasar Patrol" has been set up to study these phenomena (Shapiro et al., 1973). 

(2) Geodesy and Astrornetry: VLBI shows great promise of being able to pnform geo­
detic measurements over large distances to accuracies of better than one rneter. Because 
of our inability to measuff the phase offsets of the independent local oscillators f </J (t) I, . 0 . 

we will find it difficult to work lo the levels of a fraction of a fringe in angle (:S I cm in 
length) directly. However, we can observe the fringe phase ( 2-rr I' T ) either as a function of . . 0 a-

time to define the fringe rate 
0 

I d 
f/t)= 27Tdt¢ 

or as a function of frequency to define the group delay 

d 
T (t)"' -

1
{. t/J g ( 

independent of the value of ¢1 • 
0 

A least-squares fit on fi-(t) and/or r/0 for data spanning a nurnher of hours of time on a 
number of sources permits the separation of the baseline and source geometry terms. We 
have demonstrated (Hinteregger et al., 1972) that we can perfonn geodetic measurements 
at the~ l meter 1cvel in the Jcngth of Band a few meters in the orientation ofB and our 
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• The lower frequency experiments are of purely astronomical interest and beyond the scope 
of this paper. 

SUMMARY 

In summary, VLBl is finding applications in a number of distinct areas, including 

• Astronomical studies of quasars, pulsars, and so on 

• Precision geodesy 

• Tests of fundamental physical laws 

• Satellite tracking 

In order to perform VLBl measurements we need precise time and frequency standards. 
VLBI has been one of the main driving forces in the development of field-operational 
hydrogen masers. VLBI in return shows promise at achieving operational time and fre­
quency coordination on an intercontinental basis. The continued progress of the technique 
requires the close cooperation of radio astronomers and the engineers developing advanced 
standards. 

The work described in this report reflects the combined efforts of a number of individuals 
at a number of institutions. It would be futile to try to list them all, hut the MIT members 
of our team (consisting of I. Shapiro, A. Rogers, A. Whitney, H. Hintereggcr, C. Knight, 
D. Robertson, and a number of others) have spearheaded the geodetic and astrometnc 
work described here. They derive financial support from the NSF and ARPA. 
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