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ABSTRACT

Long baseline interferometry (LBI) has proved itself to be an invaluable geodetic tool. In this paper,
the objectives and results of several studies using the Canadian LBI system will be presented. Radio
telescopes at the Algonquin Radio Observatory (ARQ), Lake Traverse, Ontario; the Owens Valley
Radio Observatory (OVRO), Big Pine, California; and the Chilbolton Observatory (CHIL), Chilbolton,
England, are being used to obtain precise positions of a number of extragalactic radio sources and to
determine the components of the baselines connecting the radio telescopes with submeter precision.
For example, the standard deviation of the weighted mean of the equatorial component of the ARO-
CHIL baseline from five observing sessions between March 1973 and January 1978 is only 31 cm.

Since LBI is insensitive to the uncertainty in the geocentric gravitational constant, GM, it is a very
useful technique for determining the scales of the coordinate systems used by other precise tech-
niques. Beginning in May 1977, a number of LBI observing sessions were accompanied by simul-
taneous satellite Doppler observations. The baseline components obtained from the satellite Dop-
pler observations were compared to the LBI values. The weighted mean scale bias of the NSWC
9Z-2 satellite Doppler coordinate system relative to the LBI system was found to be 0.42 * 0.05
PPM. The weighted mean difference in the origin of longitude was found to be 0787 = 0701 while
the difference in declination origin was found to be 0706 £ 0"01.

A pilot project to use LBI to make high-accuracy measurements of earth rotation parameters is also
under way. The major innovation setting this system apart from other similar efforts is the inclu-
sion of a scheme to accurately monitor local oscillator drifts using two-way transmissions through
the Anik B communications satellite. The purpose of this innovation is to eliminate the trouble-
some possibility of mistakenly interpreting oscillator drifts as real geophysical effects.

*Now at Department of Earth and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, MA 02139
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INTRODUCTION

Although originally designed for astrophysical purposes, the Canadian Long Baseline Interferometry
(LBI) system has been used to obtain a number of geodetically useful results [Petrachenko, 1976;
Cannon et al., 1979a; Langley et al., 1979]. In this paper, we present the results of further studies
using this system and briefly discuss plans for a project to make high-accuracy measurements of
earth rotation parameters using the Anik B communications satellite to accurately monitor local
oscillator drifts.

VECTOR BASELINE AND SOURCE COORDINATE DETERMINATIONS

Between February 1975 and January 1978, seven LBI observing sessions were carried out using the
46m antenna at the Algonquin Radio Observatory (ARO), Lake Traverse, Ontario; the 40m antenna
at the Owens Valley Radio Observatory (OVRO), Big Pine, California; and the 25m antenna at the
Chilbolton Observatory (CHIL), Chilbolton, England. The dates on which observations were made
and the frequencies used are listed in table 1. Thus far, only the data from the observing sessions of
May 1977 and January 1978 (considered to be the best) have been analyzed for their geodetic and
astromeftric content.

Table 1
Dates of Observations
. _ Frezuency Antenna
Observing Session (MHz) ARO CHIL OVRO

4 - 6 February 1975 10680 X X
21 - 25 June 1975 10680 b X X
13~16 May 1977 10680 X X X
15-18 July 1977 10680 X X X
15 - 18 September 1977 10660 X X X

9 - 13 November 1977 10660 X X X
17 - 20 January 1978 10660 X X X

A description of the Canadian LBI system, the observing strategy and the analysis technique has
been given by Langley [1979]. Only a few of the details will be repeated here.

The observations were first corrected for the effect of the neutral atmosphere. Hopfield’s model
[Hopfield, 1971] was implemented using an extension of the algorithm of Yionoulis [1970]. Sur-
face measurements of pressure, temperature, and relative humidity used as input to the model were
taken at or near each of the stations during the observations. The observations were not corrected
for the effect of the ionosphere. At the approximately 10 GHz observing frequency, the maximum
contributions of the ionosphere to fringe frequency and delay are about 0.3 MHz and 1 ns respec-
tively and that for most of the observations the contributions will be less than 0.1 MHz and 0.3 ns.
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Since the standard deviations of the fringe frequency and delay residuals were expected to be about
2 MHz and 20 ns respectively, the ionospheric effect was considered to be fairly insignificant.

For each observing session, the corrected delays and fringe frequencies from all three baselines were
simultaneously fitted to a model [Langley, 1979] for which the following parameters were esti-

mated: the x. v. and z components of each hacphnp the right ascension and declination of the
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sources observed (with the exception of 3C273B); and the coefficients of clock polynomials for
fringe frequency and delay. The right ascension and declination of 3C273B were not estimated as
they were used as a fiducial point for determining the coordinates of the other sources and, in part,
the orientation of the baselines. It is usually the case when precise delay observations are available
that only the right ascension of the fiducial source must be held fixed. However, when fringe fre-
quency observations alone are used or when the fringe frequency observations dominate the delay
observations when both types of observables are used (as in the present case), both the right ascen-
sion and declination of the fiducial source must be fixed [Cannon, 1978; Shapiro, 1976]. The co-
ordinates adopted for 3C273B are those of Clark et al. [1976]. The estimated uncertainty in the
position for 3C273B is +0501 and +0.'13 for the right ascension and declination respectively.

The orientation of the LBI coordinate system was determined in part by the position of the earth’s
rotation pole and the differences UT1-UTC during the observing sessions as published a posteriori
by the Bureau International de I’Heure (BIH) [1978a, 1978b]. These data are expressed in the
1968 BIH System.

The IAU system of astronomical constants that was introduced in 1968 was adhered to in the model
including the value of the speed of light of 299 792.5 km -s~1.

Because the Canadian LBI system has a relatively narrow recorded bandwidth (~4 MHz), the fringe
frequency observations are much more sensitive to source position and the equatorial components
of the baselines than are the delay observations. The fringe frequency observations therefore domi-
nate the delay observations in the model fitting as far as these parameters are concerned. However,
the fringe frequency observable is essentially insensitive to the z component of the baseline, and the
delay observations provide the only information for estimating this component.

The weighted mean values of the source positions resulting from the model fits to the May 1977
and January 1978 data are shown in table 2. The weights used were the formal standard deviations
derived from the post-fit residuals and the parameter variance-covariance matrix. Half of the sources
were observed in only one of the observing sessions. For these sources, the single result from the in-
dividual model fit has been entered. The E-terms of annual aberration have been included in the co-
ordinates in table 2. This conforms with normal cataloging procedures for the epoch 1950.0.

The baseline components from the individual fits are shown in tables 3 and 4, while the weighted
mean values of the baseline components are shown in table 5. Again, the weights used were the
formal standard deviations derived from the post-fit residuals and the parameter variance-covariance



74 RADIO INTERFEROMETRY

Table 2
Weighted Mean Values of Source Positions from May 1977
and January 1978 Observing Sessions

Source RA(1950.0) DEC(1950.0) SZ?;]
0235+ 16 28 35M 52%34 + 05002 +16° 24’ 401 + 007 1
NRAO150 3 55 45.261+0.004 +50 49 20.29 +0.01 1
0J287 8 51 57.253 £0.001 +20 17 5838+ 0.01 2
4C39.25 9 23 55.322+0.002 +39 15 23.61+£0.03 1
3C273B* 12 26 33.248 + 2 19 43.27
3C345 16 41 17.610 + 0.001 +39 54 10.83 +0.02 2
Bl Lac 22 0 39.366 + 0.002 +42 2 8.58+0.01 2
3C446 22 23 11.084 £ 0.003 -5 12 17.60%0.21 1

*3C273B was used as the fiducial source; see text

matrix. The standard deviations of the weighted mean z components of the baselines have anomal-
ously small values, in light of the fact that the formal standard deviations of the individual determi-
nations of the z components are of the order of 4m. No explanation is offered for the remarkable
agreement between the values of the z components from the two observing sessions other than that
supported by the (slim) odds of probability. It should be noted however that the agreement be-
tween the z components of the baselines of table 5 and those determined by satellite Doppler obser-
vations (to be discussed shortly) is about 1 to 2 m! Also, because the z components of the baselines
are relatively small, the errors in z components do not contribute appreciably to the overall errors in
the total lengths of the baselines.

The standard deviations of the post-fit fringe frequency and delay residuals for the May 1977 and
January 1978 observing sessions are 2.0 MHz, 15.2 ns and 1.9 MHz, 13.1 ns respectively.

Preliminary results of the baseline and source position determinations from the May 1977 observing
session alone have been published previously [Langley et al., 1979]. The results presented here dif-
fer slightly from the preliminary results for two reasons: (1) some (poor) observations of the source
NRAOI150 were used in the preliminary analysis but not in the final model fit for the May 1977
observations, and (2) the model used for the preliminary analysis did not include the effect of earth
tides on the observations.

The equatorial components of the ARO-CHIL baseline obtained from the May 1977 and January
1978 observing sessions have been compared to values obtained from the analysis of three observing
sessions in 1973 from which only fringe frequency data were obtained [Petrachenko, 1976]. The
five values are shown in figure 1. The weighted mean of the five valuesis 5 251 087.68 m with a

standard deviation of 0.31 m.
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I I I l I
ARO-CHIL EQUATORIAL BASELINE COMPONENT

(M)

1.0 2.0

LENGTH RELATIVE TG MEAN
-2.0 -1.0 0.0
}__
o
|

MAR73 MAY73 JUN73 MAY77 JAN/8
OBSERVING SESSION

Figure 1. Five determinations of the equatorial component of the ARO-CHIL baseline.
The weighted mean is5 2561 087.68 £ 0.31 m.

COMPARISON OF LBI BASELINE DETERMINATIONS WITH
SATELLITE DOPPLER RESULTS

During the May 1977 and January 1978 observing sessions, satellite Doppler receiving stations were
set up near the antennas used for the LBI observations. The object of these simultaneous LBI-
satellite Doppler observing sessions was to compare the determinations of the vector baselines be-
tween each of the LBI antennas by the two techniques; hence, to derive the differences in scale and
orientation of the coordinate systems employed.

For the May 1977 observing session, satellite Doppler receivers were installed within about 100m of
the LBI antennas at each of the observatories. For the January 1978 observing session, there was
no satellite Doppler receiver at the Chilbolton Observatory. However, for both observing sessions,
satellite Doppler observations were available from the TRANET permanent tracking station at Bar-
ton Stacey which is only a few kilometers away from the Chilbolton Observatory.

The satellite Doppler observations were conducted between May 9 and 15, 1977, and between Jan-
uary 16 and 21, 1978. The observations at ARO were made by the Geodetic Survey of Canada,
those at OVRO by the National Geodetic Survey of the U. S. Department of Commerce, and those
at CHIL by the University of Nottingham and the Ordnance Survey of Great Britain. The TRANET
station is operated by the Directorate of Military Survey of the United Kingdom.
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The satellite Doppler observations were reduced by Jan Kouba of the Earth Physics Branch of the
Department of Energy, Mines, and Resources using the GEODOP computer program [Kouba and
Boal, 1976] and a precise ephemeris supplied by the U.S. Defense Mapping Agency Topographic
Center (DMATC). The number of satellite passes used to obtain the satellite Doppler station posi-
tions varied from 25 for the May 1977 observations at the Barton Stacey TRANET station to 48 for
the May 1977 observations at ARO and OVRO. Although as many as five TRANSIT satellites were
observed at each station, only the observations of satellites 68 and 77 were used in the data reduction.

The satellite Doppler and LBI observations refer to different positions. The satellite Doppler refer-
ence point is the electrical center of the Doppler antenna. The LBI reference point is the point
where the azimuth axis of the LBI antenna intersects the horizontal plane in which the altitude axis
rotates. The differences in the reference points for each observing site were determined by conven-

The derived Doppler station positions were combined with the survey differences to obtain the base-
line components for the LBI antennas. These are presented separately for each observing session in
tables 6 and 7. The components are expressed in the NSWC 9Z-2 coordinate system. The first
entry in table 6 for each component of the ARO-CHIL and OVRO-CHIL baselines was derived from
the observations at the Chilbolton Observatory station. The second entry was derived from the ob-
servations at the Barton Stacey TRANET station; only the least significant figures are given. In each
case, the two results for the baseline components of the ARO-CHIL and OVRO-CHIL baselines are
within the estimated accuracies.

The differences between the LBI-derived basecline components and those derived from the combina-
tion of satellite Doppler and ground surveys are presented in tables 8 and 9. The differences are
given in the sense: LBI result minus satellite Doppler result. The accuracy estimates were obtained
by combining the uncertainties of the LBI results with the uncertainties of the satellite Doppler
results.

The scale bias of the NSWC 9Z-2 coordinate system as determined from the total baseline lengths is
given in table 10 for each baseline from both observing sessions together with the differences in east
longitude and declination.

The scale difference ranges from 0.26 + 0.17 to 0.70 * 0.41 PPM with a weighted mean of 0.42 +
0.05 PPM

The differences in the east longitudes of the baselines, which can be interpreted as a difference in
definition of the longitude origins of the coordinate systems, have a weighted mean of 0787 + 0”01.
This is in agreement with a previous result [Cannon et al., 1979a].

The differences in the declinations of the baselines as determined by the two techniques have a
weighted mean of 0706 *+ 0'01. This small difference between the two technigues may, in part, be
due to the adopted declination of source 3C273B which defines the declination origin of the LBI
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Table 10
Scale, Longitude, and Declination Differences
] Scale East Declination
Baseline (PPM) Longitude () (")

May 1977
ARO-OVRO 0.70 £ 0.41 0.907 =+ 0.06 0.055+0.24
ARO-CHIL 0.33+£0.21 0.861 = 0.04 0.029+0.17
ARO-CHIL* 0.50 + 0.21 0.856 £ 0.04 0.066 + 0.17
OVRO-CHIL 046 +0.19 0.886 + 0.04 0.040 + 0.14
OVRO-CHIL* 0.55+0.19 0.875 + 0.04 0.066 = 0.14
Jan 1978
ARO-OVRO 0.45+ 0.32 0.932 + 0.06 0.059 +0.10
ARO-CHIL 0.37 £ 0.32 0.820 £ 0.04 0.067 + 0.15
OVRO-CHIL 0.26 £ 0.17 0.868 + 0.03 0.065 =+ 0.10
Weighted Mean 0.42 = 0.05 0.87 = 0.01 0.06 +0.01

*Based on satellite Doppler observations at Barton Stacey.

coordinate system and the difference between the BIH pole position values used in the analysis of
the LBI data and the DMATC pole position values used in the analysis of satellite Doppler data.

EARTH ROTATION MEASUREMENTS BY SATELLITE LINK LBI

A program to investigate the ability of a long baseline interferometer to measure UT1, pole position,
and precession-nutation has recently been undertaken. This program is discussed in detail by Can-
non et al. [1979b], and only a brief overview will be given here.

UT1, pole position, and precession-nutation have traditionally been monitored using optical instru-
ments such as photographic zenith tubes (PZTs) and polar telescopes. Recently, the optical meth-
ods have been supplemented by more modern techniques. Of these techniques, satellite Doppler is
currently the most widely used. Satellite Doppler pole positions are now routinely determined. Al-
though of higher precision than the optical pole positions they are unfortunately tied to the refer-
ence frame of the satellite orbits which slowly drift with respect to an inertial reference frame.
Furthermore, satellite Doppler data are relatively insensitive to UT1. Due to these deficiencies in
the satellite Doppler technique, LBI is being considered as an alternative technique for supplying
accurate pole position and UT1 measurements.
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In Canada, the Earth Physics Branch of the Department of Energy, Mines, and Resources is respon-
sible for the measurement of UT1 and pole position. It contributes both PZT and satellite data to
the BIH determinations of these quantities. In March 1978, the Earth Physics Branch entered into
a contract with a group of researchers including J. L. Yen of the University of Toronto, J. A. Galt
of the Dominion Radio Astrophysical Observatory, S. K. Knowles and W. B. Waltman of the U. S.
Naval Research Laboratory, and W. H. Cannon and W. T. Petrachenko of York University, with the
collaboration of the Herzberg Institute of Astrophysics of the National Research Council of Canada.
The terms of the contract require the coinvestigators to use a long baseline interferometer to meas-
ure UT1 with an accuracy at least equal to the accuracy of the best PZTs in existence;i.e., 2-3 ms.
Potential for improvement is also expected to be shown along with an evaluation of the ability of a
long baseline interferometer to measure pole position.

The use of a long baseline interferometer to measure earth rotation parameters is not a new idea.
This potential usage was recognized even before the first successful implementation of LBIin 1967.
However, technical problems have delayed the realization of this anticipated use. Since 1967, most
of these technical problems have been solved, but the fact that in the operation of a long baseline
interferometer, separate oscillators must be used at the ends of the baselines leads to the trouble-
some possibility of mistakenly interpreting oscillator drifts as real geophysical effects. In order to
eliminate the effect of the drifting oscillators, it has been proposed that for this project, the phases
of the oscillators be continuously compared via a satellite link. This is a new and significant innova-
tion setting this system apart from other LBI systems attempting to measure earth rotation
parameters.

Over the past year, phase link experiments have been performed using the Hermes Communications
Technology Satellite. The results of these experiments were encouraging. It was apparent that the
major corrupting effect, the satellite Doppler shift, had been reduced below the level of detection.
However, small residual phase drifts presently under study still remain. Over measurement periods
of about 1 day, these drifts limit the performance of the phase link to approximately the level of a
rubidium clock.

On December 15, 1978, Anik B was launched. This is the satellite to be used during the forthcom-
ing experiment to measure UT1. The satellite is now fully operational and the first phase link tests
have just been performed (June 1979). Monthly shakedown experiments will follow over the next
3 months, with the first simultaneous use of the phase link with a long baseline interferometer tak-
ing place later this year. The interferometer will consist of stations at the Maryland Point Observa-
tory, Maryland Point, Maryland; the Algonquin Radio Observatory, Lake Traverse, Ontario; and the
Dominion Radio Astrophysical Observatory, Penticton, British Columbia.
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