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VLBI measurements at 2290 MHz on baselines of ~104 km between Deep Space Net-
work stations have been used to identify sources that are suitable for precision astro-
metric applications. In addition, the observations are used to determine the positions of
the milligresecond nuclei in 546 extragalactic radio sources. Estimated accuracies, gener-
dlly range from ~0!'S to 1'0 in both right ascension and declination, with ~6% of the
sources having estimated uncertainties =35 in at least one position component. Arcsec-
ond positions serve as a useful starting point in the construction of high-precision VLBI
reference frames, and arve also important for unambiguous determination of optical

counterparts to compact radio sources.

I. Introduction

Two of the quantities that may be measured by very long
baseline interferometry (VLBI) are time delay and fringe fre-
quency. Time delay is defined as the difference in time of
arrival of signals from a celestial radio source at two antennas
plus an instrumental delay. Fringe frequency is defined as the
difference in the doppler shift of the received signals as
induced by Earth rotation plus the local oscillator frequency
offset between the two antennas. A measurement of time
delay places the position of an observed source along a particu-
lar arc in the sky if the contribution due to instrumental delay
can be removed. Correspondingly, a measurement of fringe
frequency places the position of the source along a generally
different sky arc if the contribution due to instrumental local
oscillator frequency offset can be removed. These arguments
assume that baseline coordinates and atmospheric effects are
known. Observations of sources with accurately known posi-
tions allow instrumental delays and frequency offsets to be
determined. Hence, a measurement of time delay and fringe

frequency can be used to uniquely determine the right ascen-
sion and declination of a source.

This technique was first described by Cohen and Shaffer
(1971) (Ref. 1), who determined the positions of 35 compact
sources with typical accuracies of 1" to 3". More accurate
positions for ~102 compact sources have been determined
with the VLBI technique of “bandwidth synthesis,” which
provides exiremely accurate measurements of time delay
(Refs. 2, 3). In this article we use relatively crude time delay
measurements along with fringe frequency measurements to
determine the positions of the milliarcsecond nuclei in 546
extragalactic sources with accuracies of generally ~1".

The observations were not performed primarily for position
measurements, but were part of the development of an all-sky
VLBI catalog of milliarcsecond radio sources at 2290 MHz
sponsored by the Deep Space Network Advanced Systems
Program (Ref. 4). The catalog is being formed by searching for
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VLBI components in known extragalactic radio sources. The
catalog will eventually contain about 103 sources and will be
useful in the creation of high-precision celestial reference
frames and in investigations into the nature of compact extra-
galactic radio sources. We expect to determine arcsecond posi-
tions for a large majority of those sources, which will consti-
tute at least an order-of-magnitude improvement in positional
accuracy for most of the sources.

Arcsecond positions serve as a useful starting point in the
construction of high-precision VLBI reference frames. VLBI
reference frames are used for AVLBI navigation (Ref. 5), clock
synchronization (Ref. 6) and baseline determination between
widely separated Deep Space Stations (Refs. 7, 8) and mea-
surement of Earth rotation orientation (Ref. 9). The results of
this article are presently being utilized as a first step in the
formation of a VLBI reference frame of about 100-200
sources in which relative source positions will probably be
determined to ~1073" by means of high-accuracy bandwidth
synthesis time delay measurements (Refs. 2, 10). The arcsec-
ond measurements are also being used for unambiguous deter-
mination of optical counterparts to the compact radio sources
and for identifying the location of the compact source in more
extended optical or radio objects.

Il. The Observations

The observations were performed with pairs of antennas
within NASA’s Deep Space Network on either California-
Australia or California-Spain baselines (see Table 1) in 30
separate observing sessions between 1974 and 1978, A list of
experiments appears in Table 2. The observations were per-
formed at 2290 MHz with right circular polarization. The
receiver chain generally consisted of an S-bafid traveling wave
maser, followed by a special phase stable S-band VLBI receiver
which converted the RF signal to an IF of 50 MHz. The
NRAO Mark II VLBI recording system then recorded a 1.8-
MHz data bandwidth by digitally sampling at a 4-Mbs rate

(Ref. 11). Digital sampling and phase stability of the receiver.

chain were controlled by rubidium or hydrogen maser atomic
clocks. Each source was observed for a few minute interval
with most sources being observed only once.

Ill. Method of Position Determination

A. The Measurement of Time Delay and
Fringe Frequency

Values of time delay and fringe frequency were obtained
with the NRAO Mark I VLBI cross-correlation processor and
postprocessor programs. Each observation was broken into a
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number of 30-second segments. For each segment residual
values were calculated between measured values of time delay
and fringe frequency and premeasurement estimates of these
quantities. All usable segments of each observation were then
averaged to produce mean values of time delay and fringe
frequency residuals and corresponding rms scatters. Typical
values for the rms time delay residual scatter were 30 nsec and
for the rms fringe frequency residual scatter, ~2 mHz. These
scatters were assumed to be estimates of random measurement
error unless the values appeared unrealistically low, in which
case default values of 20 nsec and 2 mHz were used.

B. Theoretical Models of Time Delay and
Fringe Frequency

To estimate source positions, we must have theoretical
models for the quantities of time delay (7) and fringe fre-
quency (V). Such models may be expressed by:

T = Tg+Tt+Ti

<
i

Vg+Vt+Vi

where 7, and v, are the geometric contributions, 7, and v, are
the tropospheric contributions, and 7, and »; are the instru-
mental contributions. No ionospheric contributions were con-
sidered since (1) the contribution of the unmodeled iono-
sphere is generally no larger than the assumed random mea-
surement errors in time delay and fringe frequency, and

(2) ionospheric contributions are difficult to estimate.

The geometric contribution to time delay is merely the dot
product of a unit vector in the source direction and the
baseline vector in light seconds, corrected to account for the
Earth not being in the same rotational position when a particu-
lar wavefront arrives at each of the two antennas (Ref. 1). The
geometric contribution to fringe frequency is merely the time
derivative of 7, (in Hz). The uncertainty in the baseline vector
coordinates between Deep Space Network antennas is ~1 m
(3 nsec), which is negligible compared to the assumed random
measurement errors in time delay and fringe frequency.

The tropospheric contribution to time delay was deter-
mined by calculating the effective tropospheric signal delay at
each antenna according to a cosecant elevation angle depen-
dence and then differencing the resultant values. The zenith
values of the dry and wet components of the tropospheric
delay were assumed to be 6.7 and 0.5 nsec, respectively. Errors
in the troposphere model should amount to <1 nsec in zenith
path length delay and when mapped to the observed elevation
angles are insignificant compared to the assumed random mea-
surement errors in time delay and fringe frequency.




C. Calibration of Instrumental Delays and
Frequency Offsets

Observations of sources with well-known positions allowed
instrumental delays and frequency offsets to be determined.
For each experiment, such calibration sources were scattered
in time among the sources whose positions we wished to
determine. A list of the 82 calibration sources utilized appears
in Table 3. References from which the calibration source posi-
tions were obtained appear in Table 4. Most of the calibration
source positions are VLBI determined and can be referenced
to the FK4 reference frame (Ref. 12) with an accuracy of
~0"1 (Ref. 10). However, a few calibration source positions
are optically determined and may have uncertainties as high as
170 in the FK4 reference frame.

At least four position calibration sources were employed
per experiment. Table 2 displays the number of calibration
sources used in each experiment as well as the number of
source positions determined. Within an individual experiment,
the time delay and fringe frequency residuals of calibration
sources often exhibited nearly linear drifts with time over the
experiment. For each experiment, a straight line was fit in a
weighted least-mean-square sense through the time delay resid-
uals of the calibration sources. This resulted in estimates of
instrumental time delay and instrumental time delay rate. In a
similar manner, a straight line was fit to the fringe frequency
residuals of the calibration sources, resulting in estimates of
instrumental frequency offset and instrumental frequency off-
set rate. In each experiment, the scatters of the delay and
fringe frequency data points about the straight line fits are
consistent with the estimated data uncertainties.

D. Position Determination

For each observation of a noncalibration source, residuals
were formed between the measured values of time delay and
fringe frequency and the corresponding values predicted by
the best premeasurement models for these quantities. After
these residuals were corrected for instrumental effects (see
II-C), a least-mean-square differential correction scheme was
used to estimate corrections to source position in right ascen-
sion and declination as well as the uncertainties associated
with these corrections. In this calculation of the position
uncertainty estimates, only the random errors in the measure-
ment of time delay and fringe frequency were considered. To
account for unmodeled effects, 075 was added in a rss manner
to the formal estimates of right ascension and declination
uncertainty for each experiment but one (75-06-17), to which
we added 170. Since the position correction vector was calcu-
lated in coobrdinates precessed to the date of the experiment,
the resultant new source position was subsequently precessed
back to 1950.0 coordinates.

IV. Results

The calculated positions of 546 sources and the correspond-
ing uncertainties are shown in Table 5. The positions are
referenced to the equinox of 1950.0 and elliptical aberration
terms are included so as to agree with past astronomical
convention., The source positions and position uncertainties
for sources which were multiply observed were estimated from

a weighted average.

Seventy sources were observed two or more times, and the
scatters in their position estimates are consistent with the
estimated uncertainties. Figure 1 displays a histogram of the
ratio of the weighted rms scatter of the individual position
coordinate estimates from the mean position of each multiply
observed source to the weighted rms estimate of position
coordinate uncertainty. For the 70 multiply observed sources,
the rms value of this ratio is ~0.6 for both right ascension and
declination. In addition, the individual ratio values never
exceed 1.6,

For 35 sources, we could compare our position estimates
with higher accuracy position estimates (Refs. 10, 13, 14).
Figure 2 displays the ratio of the absolute value of the differ-
ence between our source position estimate and the more
accurate value to our estimate of position uncertainty. For
these 35 sources, the rms value of this ratio is ~1.3 for both
right ascension and declination, but declines to ~0.9 if we
eliminate one source (P2145+06) whose ratios are anoma-
lously high. For both right ascension and declination, the value
of the ratio exceeds 2.0 for only 3 sources, reaching a maxi-
mum value of 5.6. Hence, these position estimate comparisons
along with the multiple observation comparisons indicate our
position uncertainty estimates are realistic.

Figures 3(a) and 3(b) show histograms of the number of
sources versus estimated position uncertainty for declination
and right ascension, respectively. Estimated accuracies gener-
ally range from ~0'5 to 170 in both right ascension and
declination, but ~6% of the sources have uncertainties >35
in at least one position component. Most of the sources with
high uncertainties were near the equator where the position-
measuring technique can have lower sensitivity (see Ref. 1).

V. Summary

Positions for the milliarcsecond VLBI nuclei of 546 extra-
galactic sources have been determined to an accuracy of ~1".
The reliability of the determined positions has been demon-
strated by testing the repeatability of multiple observations on
the same source and by position comparisons with more accu-
rate radio catalogs.
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Table 1. Particlpating Deep Space Station (DSS) observatories

Baseline Length

Location Designation Diameter,
m Kilometers Wavelengths
Tidbinbilla, Australia DSS 42 26
DSS 43 64
3 7
Goldstone, California DSS 13 26 10610 B1x10
DSS 14 64
8.4 x 103 6.4 x 107
Madrid, Spain DSS 61 26
DSS 63 64 _J
Table 2. Equipment list
Number of Number of
Experiment DSS position source
Yr Mo Day stations calibrator positions
sources determined
74 07 31 14/42 6 6
74 08 13 14/42 4 11
75 06 17 14/42 4 19
75 08 24 14/42 4 15
75 09 15 14/42 6 17
75 09 21 13/63 8 27
76 10 26A 13/43 9 21
76 10 26B 13/43 6 20
76 11 09 13/63 4 8
76 11 11 13/63 9 22
76 11 14 13/43 5 28
77 02 12 13/43 5 8
77 02 2§ 13/43 6 26
77 04 21 13/43 4 14
77 04 22 13/43 S 18
77 06 15 13/43 4 18
77 09 11 14/61 4 8
77 09 28 13/63 7 48
77 10 11 13/63 8 20
77 10 27 13/43 5 16
77 11 01 13/43 4 27
77 11 21 13/43 6 20
77 12 11 13/43 4 21
71 12 13 13/43 5 28
78 01 09 13/43 5 57
78 02 20 13/43 5 21
78 03 14 13/63 4 24
78 03 21 13/63 4 37
78 04 04 13/63 4 32
78 04 16 13/43 5 11
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Table 3. List of callbration sources

Position Position Position
Source reference Source reference Source reference

P 0104-408 1 4C55.16 1 NRAO 512 1
P 0106401 1 0J 287 1 3C 345 1
P0113-118 1 B2 0912+29 13 P 1645+17 2
DA 55 1 4C 39.25 1 DW 1656405 1
3C48 13 AO 0952+17 1 NRAO 530 1
DW 0224467 1 OK 290 13 P 1741038 1
GC 0235+16 1 3C232 13 3C371 1
3C84 1 GC 1004+14 6 3C 395 13
P 0332-403 1 P 1104445 1 0V-236 1
NRAO 140 1 P1116+12 5 P 1933-400 1
CTA 26 1 P1127-14 1 0oV-198 1
NRAO 150 1 B2 1215430 13 P 2012-017 11
P 0402-362 1 ON 231 1 P2021-330 12
P 0420-01 1 3C213 1 3C418 13
P 0428+20 13 3C274 2 GC 2047+09 10
3C 119 13 3C275.1 7

3C 120 1 3C279 1 P 21344004 1
P 0438-43 1 3C 286 13 P 2137420 10
NRAO 190 1 P 1354+19 8 P 2145+06 1
3C 138 13 0Q 208 13 VRO 42.22.01 1
3C 147 13 0Q 172 13 CTA 102 1
DA 193 1 OR 103 1 0Y-172.6 1
P 0605-08 1 P 1510-08 1 P2245-328 1
P 0607-15 1 GC 1514+19 13 3C454.3 1
P 0736+01 3 P1514-24 9 GC 2254+07 13
01363 1 P 15464027 3 P 2319+07 4
DW (0742+10 1 DW 1555+00 1 P 2345-16 1
0l 425 1 DA 406 1

Table 4. References for callbration sources
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Fig. 1. Comparison of position estimates for 70 multiply observed
sources. For each source, S is the ratio of the weighted rms scatter
of individual position coordinate estimates about the mean value to
the weighted rms estimate of the uncertainty in that position
coordinate
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Fig. 2. Comparison of position estimates with more accurate radio
positional catalogs. For each source, A is the ratio of the absolute
value of the difference hetween our source coordinate estimate and
a more accurate value to our estimate of uncertainty in that
coordinate
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