PRECISION TIMING AND VERY LONG BASELINE INTERFEROMETRY (VLBI)

Thomas A. Clark
(roddard Space Flight Center

INTRODUCTION

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

astronomers for investigating small angular features in galactic and extragalactic radio

sources. I an interferometer is formed from two separate ciements along a baseline vector

B and operated at wavelength A, interference [ringes will result with an angular separation
0 = N|B| radians

= 206265 M|B| seconds of arc
For the Goldstone—-Haystack (“Goldstack™) baseline which will be discussed later, B =
may be thought of as Doppler “beats” resulting from the ditferential velocities of the sta-

tions when viewed from the source. The resultant fringe frequency varies as a diurnal
sinusoid which has a maximum frequency (when the baseline is “broadside™ to the source)

B cosd
S |
13713 A

where B’ is the cquatorial component of the bascline and 6 is the declination ol the source.
For sources at low declinations, the Goldstack interferometer has fringe rates of = 7 kHaz.

of

£

I

An interferometer will respond only to signals which arise [rom sources smaller than a lringe.
The various sources which have apparent angular sizes smaller than ~ 1 millisccond of are

include
e Nucleii of quasars and certain peculiar galaxies
® Maser-like galactic sources emitting in the OH (A = 18 ¢m) and H, O (A= 1.35 cm)
spectral lincs
® Pulsars

® Man-made sources such as satellites and lunar beacons.
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The experimental programs currently being pursued by the GSFC*/University of Maryland
VLBI team arc shown in Table 1. Our cmiphasis is on astronomical obscrvations utilizing
the VI.BI technique. 1t should be noted that these programs fall into two distinctcategories.
At frequencies = 2 GHz, the program emphasis is on high-sensitivity receivers,

large precision telescopes, and high-stability frequency standards (Ly pically hydrogen
masers). The meter and decameter wavelength programs also require large telescopes; but
due to the bright sky, receiver performance is less critical. The lower observing frequency
permits less precise frequency standards (rubidium). The long-wavelength programs are
summarized in more detail by Clark and Erickson (1973). The properties of the telescopes
we are using arc given in Table 2 and the basclines we have formed over the past four years

are shown in Iigure 1.

TECHNIQUES

In order to form an interferometer such as the one shown in Figure 2, let us consider that
- - . A . - - .
the baseline is a vector B and that a unit vector S describes the location of a point source.
A
Since we can cgocentrically think of the sky as moving over the carth, S is a time variable,

§(1).
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Figure 1. GSEFC VLBI baselines, 1969-1972.

#*There are two groups conducting VLBI investigations at GSFC. Dr. J. Ramasasiry’s group (Code 592) is involved in
Earth Physics and Tracking Applications of VLBIL Dr. Clark’s group (Code 693) is primardy involved in the Radio Astron-
omy aspects of VLBI, In this paper, GST'C refers to Dr, Clark’s group,
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Figure 2. Simplified block diagram of an interferometer.

A wavcfront from the source arrives at the left-hand station T, carlier than at the right-hand
station, where

crg(t)zB-é(t)

Qur antennas have effective collecting arcas A, and A2 , 80 the voltage induced by the
source will be proportional to the incoming wave’s electric field by

V, A, E, o 2mift

V,yon/Ay E, e27rif(t-’rg)




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, where we permit a phase shilt ¢ (which may be time
variable) to exist between the local oscillator sources. Therelore, the outputs from the IF
converters will be

Vi o /A, F’o czni(f-fo)t

vV, «+/A 2 I e2mi[(f-L )t-f'rg] ei®,

If the signal in the left-hand channel is now delayed by 7' {which is nominally = 7). then

fad

Vi ey, 2mUET oA 2, e
V"=V,
Notc that the phasc shift of the delay line 7 enters at the intermediate {requency (_f-fo)

The cross correlator multiplics the two signals V' "and V,". 1 we assume that only the
difference terms are passed by the bandpass | IHCI ie., iiccmwum of ~ 2f. i = 201-E, )

are attenuated, then
R{frtg,) =V, =V, 'e

oA A B, P e2TiHoTe (20T, - 7)o

Lopd oy L

The “A” lerm represents the fringes. since it is the variation of 7 with time that results in
4 periodic sinusotdal interference pattern. Nole Lhat when the delay line 77 is “tracked”
with 7 .1t is the ocal oscillator frequency fo_. and not the signal frequency [ which desuribcs

the trmgm

In order to conveniently process these fringes, we next slow them down further by remov-
ing the nominal fringe frequency fi., where

ood
ff—:{'l“ UUT}_’,) =1,

By suitably “‘scarching” about f; we can define the true fringe frequency f, = Af. Since the
output from this last heterodyning operation is at de, we can now integrate or Jong periods
of time. We arc limited by the time interval L. of the “C” term over which the local oscil-
lators maintain cohercnce, i.c., when < ¢, (t+t ) - ¢, (1) >~ 1 radian. The uncertainty
principle dictates that the fringe frequency can b(, mmsurui with a accuracy of

~(2m X integration timc:)'I , orabout 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). In general, we observe a band of noise




frecquencies, and not a discrete, unique frequency. FFor 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, O sources in our galaxy and manmade sources in general do not
mecet this criterion.)

It each of the IF converters had a filter with a power response G({jp), where fig = {-f ), then
the response of the corrclator to broadband signals would be
J G(E,)R(E . Af 9, ) dE,

SG(Tp) afy

R’ (Af,A7,t8,) =

« [G(f,p) e 2MhirA g
where AT =17" - T, The latter relation should be recognized as the Fourier transform of the
response function G, measured in residual delay (A7) units. We call the envelope of
R'(A7) the DRF. It has a characteristic width ~ (27 X bandwidth)' . For a rectangular
passband of width AFR , the DRI will have the form

R(AT) @ Sil’l(ﬂ%FR Ar)

i AFR Ar
which is ~ 3 usec wide for our normal 360-kHz recording bandwidth. In order to narrow
the DRF, we have developed a technique of synthesizing a wide bandwidth (Rogers, 1970;
Hinteregger, 1972; Hintercgger ct al., 1972) by sequentially sampling a number of discrete
360-kHz bands over a range of up to ~ 100 MHz. Figure 3 shows an observed DRF
utilizing the Goldstack configuration with five switching steps over ~40 MHz. Note that
the delay A7 can easily be measured to a few nanoseconds (ns).

Let us briefly describe the actual VLBI recording system. We use adaptations of the
“Mark-1"" recording system developed at the National Radio Astronomy Observatory (Bare
et 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 sccond. Data is
blocked into 0.2-second rccords (~ 140 kb), and the time at which cach bit was sampled
{at a 1.4 psec rate) 1s known to a few hundred ns with respect to a local UTC clock. Tapes
are started at each station on a nominal (and prenegotiated) minute, and tape formatting
(record counts + bit counts within a record) establishes synchronization. Tapes are then
brought together at a later time and arc played back on an ordinary digital computer. The
computer calculates a priori values of T and 7:;;’ changes the bit alighment by 7/ = Ty *n
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 %g ) are then removed by phuase rotations on
the cross-correlation valucs. Small residual Af's are measured by additional offset
“oscillators” (actually by performing fast Fourier transforms) and best-fit values of Ar,
Af IRl and ¢ (t) are derived. These computer programs have been implemented for JBM
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 are done in a hard-wired
integrated-circuit correlator.
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Figure 3. Delay resolution funciion, Goldstack, April 15, 19772, Source: VR 42.22.01.
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Many experiments we perform call for measuring times on several tapes, so 10-20 minute .—
stability levels of ~ 101 are desirable.

In order to achieve these levels of stability, we began collaborating with Mr. H. Peters of
GSFC more than four years ago on deploying hydrogen masers to radio astronomy obser-
vatories, and on making masers and the associated local oscillator multipliers more stable
and reliable. Mr. Peters has made availuble two older Varian H-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 VILBI experiments. Masers built by Dr. Vessot of the
Smithsonian have been used at Agassiz Observatory, Massachusetts; 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 of years. The Canadian VLBI tcam owns two EH-10s, which they
have used extensively, Apologies arc offered to those-who have been slighted by omission
from this list. It should be clear that VLBI requirces the best standards available, and is

one of the major users of those that are available in the ficld.

In Figure 4 we show the phase stability which we achieve with hydrogen mascrs at X-band,
To form this plot we have removed the a priori fringe phase due to the source-interfero-
meter geometry (21rfu 'f“g) and 4 5 X 1073 linear offset. The dotted line shows the trend
of the mean phase as determined from three-minute observations. The short solid lines

show the phase trend during cach three-minute run. The data span 42 minutes. No correc-
tion for phase noise due to the neutral atmosphere was possible for these data. The iono-
spheric contribution should be negligible. These data show three distinet regions. During
the first hall two slopes appear, zero and -3 X 107" 3. The last half has a constant slope of
+4 X 10714, The phase 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 duc to
clouds passing through the beam of onc of the telescopes, since the phase scems to return
to the mean line after a few minutes,
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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 <A¢> S 1 radian is
only ~ 1071,
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Figure 5. Phase stability plots with rubidium standards.
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Figure 6. VLBI phase stability, 196.5 MHz, 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 Goldstack configuration in the fall of
1970. Our initial cxperiment 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 cvent and has
become our “Oktoberfest’™). As a surprisc to us, we found that 3C279 showed significant
fringe amplitudc variations (see Figure 7) which could be interpreted in terms of 3C279

being an equal double source with a scparation of 1.55 £ 0.03 milliscconds 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 10° 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 Astrometry: VLBI shows great promise of being able to perform geo-
detic measurements over large distances to accuracies of better than onc meter. Because

of our inability to measure the phase offsets of the independent local osci]lator’.:s [o, (O,
we will find it difficult to work to the levels of a fraction of a fringe in angle (= 1 cm in
length) directly. However, we can observe the fringe phase (27 'rg) either as a function of
time to define the fringe rate

1 d
27 dt

(1) = o=@

or as a function of frequency to define the group delay

d
Tg(t) T df ¢
independent of the value of $y-
A least-squares fit on (t) and/or Tg(t) for data spanning a number of hours of time on a
number of sources permits the scparation of the baseline and source geometry terms. We
have demonstrated (Hinteregger et al., 1972) that we can perform geodetic measurements
at the ~ 1 meter level in the length of B and a few meters in the orientation of B and our

<@ 85
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The lower [requency cxperiments are of purcly astronomical interest and beyond the scope
of this paper,
SUMMARY
In summary, VLBI is finding applications in a number of distinct areas, including
®  Astronomical studies of quasars, pulsars, and so on
e Precision geodesy
®  Tests of fundamental physical laws
®  Satellite tracking

In order to perform VLBI measurecments we need precise time and frequency standards.
VLBI has been one of the main driving forces in the development of ficld-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 enginecrs developing advanced
standards.

The work described in this report reflects the combined efforts of a number of individuals
at a number of institutions. Tt would be futile to try to list them all, but the MIT members
of our team (consisting of 1. Shapiro, A. Rogers, A. Whitney, H. Hinteregger, C. Knight,

D. Robertson, and a number of others) have spearheaded the geodelic and astrometric
work described here. They derive financial support from the NSF and ARPA.
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