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PREFACE 

This volum e conta ins the proceedings of Symposium No. 5, aGeo detic Applicatio ns 
of Radio Int erferometry,a of the International Association of Geodesy (l AG ) 
General Meeting held in Tokyo, Japan, May 7-8 ,  1 982 . The sympo sium was organ ized 
by Special Study Group (SSG) 2.51  on Radio Interferometry . The member shi p of 
SSG 2 .51  is listed on page v. Thirty- six technical pa pers were presented during 
seven 90 minute sessions. TQe symposium concluded with an eighth session devoted 
to answering complex questions and discussing issues that could not be accomm odate d 
during the presentations of the papers.  

The program listed on pages ix through xii was organi zed by the Techni cal 
Program Comm1ttee, composed of W. E. Carter (Cha1rman), W. J. KlepczyruDd, and 
W .  E.  Strange . The membership was selected to obtain balanced representation 
of the Very Long B aseline Interferometry (VLB I), Conne cted Eleme nt Interferometry 
( CEI ), and Electronic Satellite Tracking techniques . In an attempt to obtai n  
comprehensive coverage of the various facets of geodetiC radio interferometry, 
the Technical Program Comm ittee first selected specific subjects far each session 
of the sympo sium . Then, based on current literature and personal knowledge o f  
the programs and activi ties of various organizations and individuals, the 
committee invited more than 15 papers.  The authors of invited papers received 
no special status or financial support to attend the symposium but the re sponse 
was, none theless, excellent . The only plan that had to be abandoned was a 
session dedicated to the geodetic uses of the newly devel oping Global Positioning 
Satellite ( GPS) System . ( A  comprehensive report on the GPS activities is 
contained in the Proceedings of the Third International Geodetic Symposium on 
Satellite Doppler Positioning, L as Cruces, New Mexico, February 1 982 . )  

The final program included the invited papers and contributed paper s which 
were rece1ved in response to a call for papers.  Only those contribu tions for 
which the authors pledged completed ma nuscripts suitable for publication were 
accepted.  Unfortunately, two authors did not submit completed manus cripts, and, 
therefore, the proceedings contain a total of only 34 papers.  

The Technical Program Committee also assembled a list of potential session 
chairm en, and � eq uested their partiCipation and support on the same basis as 
the authors of invited papers.  Agai n, the response was 1Dme d1a te and su pportive. 
The session chairm en are listed on page vii .  

All of the arrangements for the meeting rooms, regi stration, accommodation s, 
and the many other tasks that must be accomplished to stage an internationally 
attended sy mposium were performed by the l AG Japanese Local Organ izing Comm ittee. 
Most of the sessions were attended by more than 200 scientists . The fam lities 
were more than adeq uate, the staff of typists, projectionists, and other suppor t 
personnel was efficient and courteous, and the Japanese hospitality produced 
many pleasant memories for the participants .  

The proceedings were assembled and published by the Nationa l GeodetiC Surv ey 
of the Nat i ona l Oceanic and AtmospheriC Administration from camera ready 
typescripts and illustrations prov ided by the authors. We chose this method to 
minimize th e cost and time req uired to complete the proceedings, realizing that 
minimizing the delay in distributing the papers was particularly important in 
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such a rapidly advancing subject area. We are indebted to the many people at 
the various organizations who prepared the camer� copy . The manuscripts senerallJ 
conformed to our guidelines and were of e�cellent quality.  The members of SSG 
2 .51 would also like to express their thanks to Eleanor Z. Andree , NGS, far her 
assistance in assembling the final copy and shepherding it through the publishing 
process . 

Mention of a commercial company or Product does not constitute 
an endorsement by NOAA' s  National Ocean Survey . Use of information from this publication concerning proprietary products or the 
tests of such products for publicity or advertising purposes is 
not authorized.  
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EXTRAGALACTIC RADIO SOURCES AS GEODETIC TARGETS : 
STRUCTURE, PROPER MOTION, LIFETIMES 

K .  I .  Kellermann 

National Radio Astronomy Observatory* 
P. o. Box 2 

Green Bank, West Virginia 24944 , U . S .A.  

ABSTRACT . Compact radio sources associated with quasars 
and galactic nuclei are excellent targets for geodetic 
measurements . But many sources have a finite angular 
size with an asymmetric and wavelength dependent bright
ness distribution . Dual-wavelength observations used to 
eliminate the effect of ionospheric bending may there
fore be  difficult to interpret . A further complication 
is the apparent component motions which can cause a 
shift in the luminosity centroid in j ust a few years . 
Comparable position shifts may be  caused by the frequent 
flaring and fading of spatially separated components . 
Because the precision of individual position measurements 
is approaching a milliarc second , detailed radio pictures 
as a function of wavelength and time are necessary to 
interpret geodetic VLBI observations . Measurements made 
with simple 2 or 3 element interferometers can lead to 
ambiguous results . 

INTRODUCTION 

Extragalactic radio sources are among the largest known obj ects in the 
univers e ,  and · are typically resolved with interferometer baselines of a 
few kilometers . Typically , the radio emission comes from two clouds 
symmetrically located with respect to the parent galaxy or quasar . It is 
widely accepted that the radio emission comes from ultra-relativistic 
electrons moving in a weak magnetic field . The origin of energy , and the 
manner in which the electrons are accelerated and transported into the 
extended radio lobes , is not understood , but the basic energy source ap
pears to be  closely associated with quasars or with the nuclei of active 
galaxies .  

The quasars or galactic nuclei are themselves very compact sources of 
radio emission . Within these sources the density of relativistic electrons 
is so great that the radio source becomes opaque to its own radiation below 
some cutoff frequency , vo . For v « vo' S « v2•5• For v » vo' the radio 

* Operated by Associated Universities , Inc . , under contract with the 
National Science Foundation. 
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a spectrum is a simple power law of the form S � v where the spectral index , 
a, is (1-y) /2 , and where y is the index of the electron density distri
bution . 

Because there may be a distribution of relativistic electron density and 
magnetic field strength , different parts of the source may become opaque at 
different wavelengths and the observed total flux density will be nearly 
independent of frequency. Such sources are said to have "flat" spectra in 
contrast to the "peaked" spectra typical of more uniform sources . 

In sources with peaked spectra the radio emission generally comes from 
two components of s imilar s ize and flux density and spaced a few hundredths 
of an arc second apart (Phillips and Mutel 1980) . These are ideal geodetic 
targets since the position of the centroid is well defined and is found to 
be essentially independent of observing frequency and time . Compact sources 
of this type can be generally recognized on the basis of their character
istic spectra , but detailed radio pictures are desired if they are to be 
used as the basis of geodetic measurements . 

In general ,  however , the radio structure is more complex, is wavelength 
dependent , and changes significantly on time scales of a year . These all 
lead to variations in the observed phase or group delay of geodetic obser
vations made with radio interferometers and may lead to errors in the 
determination of terrestrial baselines . The baseline error introduced by 
source structure depends on the length (in wavelengths) and orientation of 
the baseline . On transco�tinental and intercontinental baselines , phase 
deviations � 2� are not uncommon, and correspond to baseline errors com
parable to the observing wavelength , which is typically a few centimeters .  

SOURCE STRUCTURE 

Most extragalactic radio sources appear to be highly elongated over a 
wide range of dimensions . In those quasars and radio galaxies where the 
compact component is relatively strong , the radio source is generally 
asymmetric and consists of a low luminosity "j et" feature extending up to 
a million parsec or more from a bright nucleus . When examined with high 
resolution , the nucleus itself is also elongated consisting of a j et-like 
feature extending from a small core component in the same direction as 
the more extended jet. The s imilar direction of the j et over a wide range 
of  linear scales suggests that the mechanism responsible for the focus or 
collimation takes place within a few parsecs of the basic "engine" and 
lasts at least 107 years.  

Because of this asymmetry , the position of the centroid may depend dra
matically on resolution . Figure I shows the structure of the bright quasar 
3C273. If observed with a simple 2-element interferometer , the effective 
position will depend on the interferometer resolution. Thus , baseline 
vectors determined from measurements of group velocity or interferometer 
phase are not uniquely determined from two-element interferometry unless 
the source dimensions are small compared with the interferometer fringe 
spacings , or complete images are obtained with multi-element aperture 
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synthesis techniques, and then used to model the apparent position centroid 
for any specific interferometer configuration . 
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Figure 1 .  Radio structure of the quasar taken from Conway 
(1982) and Pau1iny-Toth et a1 . (198 1) . 

FREQUENCY DEPENDENT STRUCTURE 

A further complication occurs because the brightness distribution is of:en 
frequency dependent . This is because in the opaque parts of the source the 
flux density varies as v2•S, while for transparent sources it varies � v-l. 
So the brightness ratio will vary as v3•S• Thus , if two components, one 
transparent and the other opaque , have.equa1 flux density , SI = S2 at fre
quency v , then at frequency VI = 2v , o 0 
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In other words , a shift of  a factor of two in observing frequency gives an 
order of magnitude change in relative flux density .  In a more complex (real) 
source there is a mixture of partially opaque and transparent regions , so 
the effective exponent is typically about 1 ,  rather than 3 . 5 ,  but neverthe
less brightness distribution at two wavelengths separated by only a factor 
of two or three in frequency apart may be sufficiently different that in
dividual features cannot be  unambiguously aligned . 

Thus , dual frequency observations which are commonly used to correct for 
ionospheric b ending may be easily misinterpreted , unless full images are 
obtained at each observed wavelength , and the alignment of particular 
spectral features is properly made. 

Using 3C273 as an example , at wavelengths A � 1 m most of the flux from 
the compact source comes from the 0�05 jet-like feature,  while for A � 1 cm, 
the smaller northern core dominates. The apparent shift in the position 
centroid between 3.8 and 13 cm is � 4 milliarc seconds , which is consider
ably more than the internal precision of current position determinations 
(e . g .  Ma ,  Clark , and Shaffer 1982) . 

COMPONENT MOTION 

Perhaps the most difficult obstacle to using compact radio sources to 
carry out a long term geodetic program is the temporal changes in struc
ture which occur due to the brightening and fading of different parts of 
the source or to actual component proper motions . Hot spots in j ets may 
propagate with nearly the velocity of light , and if the motion is oriented 
close to the line of sight , the effect of differential signal travel time 
from components at rest and at motion may cause an apparent transverse 
velocity which is many times greater than the velocity of light (e . g . 
Kellermann and Pauliny-Toth 1981). The corresponding shifts in the radio 
centroid may b e  of the order of a mil1iarc sec per year (e . g . Walker 1982) . 

This is illustrated in Figure 2 ,  again using the quasar 3C273. Figure 2 
is taken from Pearson et ale  (198l) and shows the relative motion of the 
j et component of 3C273 during the period 1978 to 1980 . In Figure 3 this 
motion is ' traced back to 1972 and it is seen that during the period 1972 
to 1980 there was a total motion of about 6 milliarc sec or a shift of 
3 mi11iarc sec in the position of the centroid. 

The situation is further complicated since the outer feature in 3C273 
has now faded from sight , and so the apparent position has suddenly 
shifted back toward the core. 

SUMMARY 

VLBI observations of compact radio sources have a repeatab ility of 
about 1 milliarc second , and the corresponding baseline vectors between 
two VLBI stations show a scatter of only a few centimeters . Since it  is 
generally not possible to observe unresolved "point" radio sources , multi
element mapping of the angu1ar ' brightness distribution is needed if 
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celestial radio sources are used as targets for geodetic measurements . 
Particular attention to the wavelength dependence of the radio structure 
is needed when multi-wavelength observations are used to determine the 
effect of ionospheric refraction. Long term measurements of baseline 
changes may be difficult to distinguish from variations in the angular 
structure unless multi-epoch images are availab le . 
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ABSTRACT: The current precision of the positions of compact radio sources is 
at or below O�'OI. However there appear to be discrepancies at this level in 
aligning the catalogs. A short radio reference catalog is presented and 
meant to derine an almost inertial rererence rrame. . Recommendations are made 
for presenting future observations in reference epoch 2000 and for the obser
vation of common sources by different observers in order to improve the 
intercomparison of the different catalogs. This will lead to improved values 
for the precession constant, nutation series and other earth rotation para
meters. 

INTRODUCTION 

For geophysicists the interest in radio source catalogs may be stated as 
rollows: Radio source catalogs derine an almost inertial rererence rrame 
against which motions of objects on the earth, motions of the earth, objects 
in the near earth environment (satellites), and objects on the celestial 
sphere (planets, stars, and galaxies) may be determined. Other applications 
are in astrometry and astrophysics. The status as of May 1982 of the posi
tional accuracy of these catalogs and the need for uniformity in future cata
logs are the subject of this paper. 

The positional accuracy of radio sources has improved steadily since the 
1970's. Surveys at radio frequencies near 2.5 and 5 GHz (Pauliny-Toth et ale 
1978; Shimmins et ale 1975) contain almost all radio sources with flux densi
ties greater than 0.6 Jy at galactic latitudes greater than 10°. These 
sources display angular structure ranging from .,. 0�0001 to .,. 60". Johnston 
et ale (1980) describe the characteristics of these sources and estimate that 
there are'" 1500 extragalactic sources of intensity> 0.6 Jy over the entire 
celestial sphere and that.,. 20$ of these sources will have the maJority of 
their emission in unresolved or point like components of milliarc second 
scale, making these sources suitable for defining an inertial reference 
frame. Therefore the number of strong radio sources defining a reference 
system will be smaller than that contained in the fundamental optical catalog 
(FK4), which contains 1535 fundamental stars. 

The distribution of sources should be uniform over the sky, so that precise 
measurements of the relative positions of the antennas can be made at any 
time. There is a need for sources distributed near declinations of 80°,60°, 
40°,20°,0°, _20°, -40°, -60°, _80°, separated by 90° in right ascension. 
This is a total of only 36 sources. For Very Long Baseline (VLB) observa
tions with the longest baselines, i.e., Goldstone to Tidbinbilla, the catalog 
must contain considerably more sources because only a small fraction of the 
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celestial sphere is visible at both sites simultaneously. These sources must 
be intense enough (� 1 Jy) to be visible with a minimum size antenna pair 
(each antenna 20 m in diameter) and have small apparent sizes (� 1 mas) and 
positional stability (1 mas) on the sky. Catalogs that contain the required 
number and spatial distribution are the JPL catalog as defined by Purcell et 
ale (1980) and the catalog of Witzel and Johnston (1982). The source distri
bution on the s� for the Witzel and Johnston (1982) catalog is displayed in 
Figure 1. 

Figure 1. The distribution of sources on the celestial sphere in the Witzel 
and Johnston (1982) compilation. There are 188 sources. • denotes sources 
with positional accuracy < 0�05. 0 denotes sources with positional accuracy -

° � 0�'01 or for sources 6 � -20 with accuracy < 0�'03. 

Inspection of Figure 1 shows that precise positions of extragalactic sources 
south of declination _40° have not yet been measured as of May 1982. 
Measurements need to be made in the sout hern hemisphere. 

AVAILABLE PRECISE CATALOGS 

Recent high resolution surveys of radio sources have shown that there is an 
adequate number of compact sources. In a VLA survey of the complete sample 
of radio sources of flux density> 1 Jy north of declination -40 degrees, and 
galactic latitude b> ± 10°, 262 sources were found to contain 90� their flux 
density at 5 GHz in components less than 1" (Ulvestad, Johnston, Perley, and 
Fomalont 1981). In another surve,y at 2.3 GHz, Preston and Moribito (1980) 
found that 52 sources display a flux density greater than 1 Jy, 210 sources a 
flux density greater than 0.5 Jy and 665 sources a flux density greater than 
0.1 Jy on size scales of � 5 mas. 
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TABLE 1 

CATALOGS OF RADIO SOURCE POSITIONS 

Number Observing Reference 
Authors Instrument of Precision Epoch Epoch 

Sources 

Connected Element +nterferametry 

Elsmore & Ry1e (1976) Cambridge 55 0�03 1973.1; 1950 
1974.2 

Elsmore (1982) Cambridge 25 0.03 1979.8 1950 
Hilldrup et al. ( 1982) VLA 29 0.02 1980.0 1950, 2000 
Kaplan et al. ( 1982 ) Green Bank 16 0.01 1979.9 1950, 2000 
Perley (1982) VLA 393 0.05 1981.0 . 1950 
Wade and Johnston Green Bank 34 0.03 1975.4 1950, 2000 
(1977 ) 
Ulvestad et al. VLA 250 0.10 1979.10 1950 
(1981) 

Very Long Baseline Interferometry 

Clark et al. (1976) US-Europe 18 0.04 1973.9 1950 
Purcell et al. (1980) Madrid- 117 < 0.01 1978.0 1950 

Gold ston e-
Tidbinbilla 

Shaffer et ale (1982) US-Europe 48 0.005 1981.5 2000 

Progress in measuring the positional accuracy of radio sources up to 1978 
is summarized in Johnston et al. (1980) .  The earlier measurements were very 
poor near the equator. In 1977 Wade and Johnston measured thirty-four 
sources ranging in declination from _200 to +700 to accuracies below 0�08. 
In 1978 Fanselow et al. (1980) measured positions of sources from declination 
_400 to 700 with accuracies below 0�03. 

A summary of high accuracy catalogs of radio positions is shown in Table 1. 
This summary contains all catalogs having original measurements with quoted 
accuracies of O�l to 0�05 which have a large number of sources and all cata
logs quoting accuracies better than 0�05. The catalogs are broken u� into 
those determined by connected link interferometry and Very Long Baseline 
Interferometry (VLBI). The positional precision of the catalogs is between 
0�10 (Ulvestad et ale 1981) to 0�005 (Shaffer et ale 1982). The frequencies 
of the catalogs are between 2.5-8.0 GHz. The earlier catalogs were obtained 
at frequencies between 2 and 5 GHz and measurements were made at only one 
frequency. The latter catalogs of Hi11drup et a1. (1982); Kaplan et a1. 
(1982); Purcell et ale (1980);  and Shaffer et a1. (1982) were made at two 
frequencies between 1.4-2.6 and 4.9-8.4 GHz in order to eliminate the delay 
path length in the ionosphere as a cause of systematic error. The earlier 
single frequency catalogs are circa 1975 when the sun was at solar sunspot 
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minimum and the ionosphere was not as active as in 1980, a time of solar 
sunspot maximum. 

The catalog of Shaffer et ale (1982) is only a preliminary catalog pre
sented at the January 1982 URSI meeting. Some other comments follow. The 
catalog of Kaplan et ale (1982) is from three months of measurements on the 
Green Bank interferometer (20 results quoted) while the catalog of Hilldrup 
et ale ( 1982) is from four days' observation on the partially completed VLA 
in January 1980. The measurements of Ulvestad et al. (1981) and Perley et 
al. (1982) are from single maps made from one or several observational cuts 
with the VLA. The source positions were measured with synthesized beamwidths 
ranging from 2"-0�'3 in the cases of the connected element catalogs and a few 
mas with the VLB catalogs. 

The precision in Table 1 quoted for each catalog is that of the most in
ferior positions. These are usually low declination sources. The "average" 
accuracy of the catalogs may be much better. These catalogs are those which 
reduce and list the data in the standard manner, e. g. use the IAU recommended 
methods for reporting positions in terms of the 1950 or 2000 epochs. Kaplan 
(1981) has recently published specific recommendations for presentation of 
sources at the 2000.0 e�och. The �ublished e�ochs are listed in Table 1. 

Not all of the catalogs list the epoch of observation. The VLBI catalogs 
of Clark et ale (1976) and Purcell et al. (198o) were obtained from data 
taken over periods of several years and list no epoch of observation. The 
epoch of Purcell et al.'s (1980) catalog is estimated as 1978. 0 while Clark 
et ale (1976) is estimated to be 1973. 9. The connected element catalogs give 
the epoch of observation which is listed in Table 1. The epoch of observa
tion together with a complete description of the constants used in reducing 
the data to a reference epoch or the use of the procedures recommended by the 
IAU for the reduction to reference epochs 1950 and 2000 should be stated 
along with the source positions. The values of the precession constant, 
nutational series and other earth rotation parameters are not known at this 
time to the accuracies that can and will be achieved by radio interfero
metric measurements of celestial positions. The effects of many of the 
motions will be to cause a rotation of the right ascension and declination 
axes between 'catalogs. 

COMPARISON 

The comparison of the accuracy of the catalogs must be accomplished by dif
ferencing the positions of the sources common in the catalogs. Of course, 
the catalogs must also be on a common reference epoch. Our comparison will 
be between the Wade and Johnston (1977) list and the other authors in Table 
1. Table 2 contains the differences in coordinates between Wade and Johnston 
(1977) and the other precise catalogs. For right ascension the weighted mean 
difference multiplied by the cosine of source declination is listed while for 
declination the weighted mean difference is listed. The nns of the weighted 
mean 'differences is also listed together with the number of common sources 
between the Wade and Johnston (1977) catalog and the others. Same sources 
whose position differences exceeded three times the nns of the combined 
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errors in their positions were deleted fram the comparison. This amounted to 
five sources. 

TABLE 2 

Weighted Mean Differences in Coordinates between 
Wade and Johnston (1977) and other Precise Catalogs 

Catalog 4a cos cS 4cS 
arc sec arc sec 

K - WJ -0. 007+0. 014 -0. 012+0. 010 
H - WJ 0. 007+0. 010 
ER - WJ -0. 090+0. 026 
E - WJ -0. 040+0. 012 
C - WJ -0. 002+0. 009 
P - WJ 0. 008+0. 007 
S - WJ 0. 042+0. 001 -

WJ = Wade & Johnston (1977); 
H = Hilldrup et ale (1982); 
E = Elsmore (1982 ); 
P = Purcell et a1. (1980); 

0. 011 +0. 015 
0. 049+0. 016 
0. 046+0. 015 
0. 002+0. 009 
0. 024+0. 007 
0. 015+0. 009 

N Comments 

8 CEl, Epoch 1950 
5 CEl, Epoch 1950 

17 CEl, Epoch 1950 
13 CEl, Epoch 1950 
17 VLBl, Epoch 1950 
18 VLBl, Epoch 1950 
19 VLBI, Epoch 2000 

K = Kaplan et ale (1982); 
ER = Elsmore and Ry1e (1976); 
C = Clark et ale (1976); 
S = Shaffer et al. (1982). 

The right ascension differences for the 1950 epoch catalogs whose right 
ascension reference point is 3C273, i.e. Clark et a1. (1976); Wade and 
Johnston (1977); Kaplan et ale (1982); and Hil1drup et ale (1982) compare 
favorably. The other catalogs, namely those of Elsmore and Ry1e (1976), and 
Elsmore (1982) which have a right ascension zero point based upon the posi
tion of the star B Per and Purcell et ale (1980) which has a right ascension 
zero point based on the position of the quasar NRAO 140, have a significant 
difference in right ascension due to the different zero point reference 
positions used. The zero point adjustment of the right ascensions masks 
motions such as precession and nutation or other rotations in the reference 
frame. 

Since radio interferometric positions in declination are measured relative 
to the instantaneous spin axis of the earth, the declinations should be 
directly comparable if they were obtained at the same observing epoch. If 
the motions of precession and nutation were known exactly, then we could 
directly compare the differences in declination at a common reference epoch. 
The fact that the precession constant used in establishing sources on the 
reference epoch (1950) is known to be in error by O�Ol/year, should cause a 
small rotation in the declinations when referenced to 1950 and may be expres
sed as 0�01 sin £ cos a multiplied by the difference in observing epochs in 
years, where £ is the obliquity of the ecliptic, and a is the right ascension 
of the source. Inspection of Table 1 shows that the observation epochs of 
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the catalogs are between 1973. 1-1975. 4 and 1978-1981. 5. Therefore this 
effect may have a maximum amplitude of � 0�02 in the declination differences 
for observation epochs spaced five years apart. 
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Figure 2. The weighted mean differences in declination versus right ascen
sion. The error bars represent the rss of the errors. X Purcell et ale (1980 )-Wade and Johnston (1977 ); 0 Purcell et ale (1980 )-Hilldrup et ale (1982 ); V Purcell et ale (1980 )-Kaplan et ale ( 1982 ) . 

The differences in declination for the Kaplan et ale (1982 ) and Hilldrup et 
ale (1982 ) catalogs are not significant as the rms shows. There are only --

five and eight sources common with Wade and Johnston (1977). However the 
difference in declination for Purcell et ale (1980 ) is significant. This may 
be due to the discrepancy in the value of the precession constant used for 
epoch 1950. Figures 2 and 3 display the differences in declination versus 
right ascension and declination respectively. The data for the reference 
epoch 2000 (Shaffer et ale 1982 ) should show no significant difference in 
declination when compared to Wade and Johnston (1977) because an improved 
value of the precession constant is used for this epoch. The difference in 
declination is marginally significant since its value is 0�015 ± 0�009 and in 
the same direction as the Purcell et ale (1980) difference in declination 
listed in Table 2. An unexplained offset in declination as is the case of 
the Cambridge catalogs, may be in the catalog of Wade and Johnston (1977) 
which was measured using connected element interferometry. This matter will 
be resolved when catalogs with proper epochs and.more sources in common are 
produced in the near fUture. 

Comparison of the significant differences in declination of the Elsmore (1982) and the Elsmore and �le (1976) catalogs which both have an average 
offset of 0�047 cannot be explained by this effect. This large offset may be 
due to some instrumental effect caused by the fact that the Cambridge instru
ment has only east-west baselines. 
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Figure 3. The weighted mean differences in declination versus declination. 
The symbols are as defined in Figure 2. 

REFERENCE POINT IN RIGHT ASCENSION 

The reference for the right ascension zero point in these catalogs has been 
based upon 3C273 (Wade and Johnston 1977), other quasars (Purcell et ale 
1980), or the positions of optical objects such as Algol (Elsmore and Byle 
1976). However it must be remembered that the inertial reference frame is 
defined by the positions of the quasars. Various authors would like to see 
the radio reference frame related to the FK4 and future optical systems. 
This requires assuming coincidence of the positions of the optical and radio 
radiation. This is probably true on the milliarc second scale for quasars 
but may not be true for stellar or solar system objects such as asteroids. 
At this time the position of individual optical components can be measured to 
0�05 (de Vegt and Gehlich 1978), while the radio source positions are now at 
the O�Ol level and may exceed this precision. Although there are many ways 
of relating the optical and radio reference frames, it must be remembered 
that the quasar reference frame will be more stable than any optical refer
ence frame based upon objects inside the galaxy. Therefore, it is reco� 
mended that in future radio catalogs the zero point of right ascension be 
defined by the quasars themselves. The relationship to the optical Teference 
frame, although extremely useful, should be established by secondary refer
ence benchmarks and used to relate the optical/radio reference frames for 
astrometric/astrophysical studies. Unfortunately, the source 3C273B which 
has been used as a zeropoint right ascension reference in the past displays 
structures on the arc second and milliarc second scales as is shown in Figure 
4. However at the present level of comparison of individual source positions 
(01' Ot'Ol), the effects of this structure and the structure of other sources on 
source position determinations are Just beginning to appear. Tb reach 
positional accuracies of 0�001, the source structure and its time variations 
as shown in Figure 4 will have to be taken into account. Some sources dis
play less structure in their radio emission than others (Eckart et ale 1982). 
Sources such as 0454+844, 1803+784, and 2200+420 appear to display over 90$ 
of their radio emission in components extended over < 5 maS. The study of 
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the structure of radio sources is only in its infancy. Detailed studies of a 
large number of sources are just now underway (Readhead and Pearson 1981; 
Eckart et al 1982). From these studies, new sources ideal for the definition 
of an inertial reference frame may be selected. 
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Figure 4. Left: Arc second VLA map of 3C273. This source consists of two 
maJor components--the dominant compact source and the extended component 
located 20" away along a position angle 2220 from the compact source (Perley, 
Famalont, and Johnston 1982). Right: The milliarc second structure of the 
compact component measured at several epochs (Pearson et al. 1981). Note 
that the compact mil liarc second structure changes with time. 

RECOMMENDATIONS 

For future observations of the positions of extragalactic sources, it is 
recommended that source structure be taken into account if the positions of 
radio sources are to approach accuracies of 0�001. Further, since dual 
"frequency observations are needed to remove the effects of the ionospheric 
path delay, the "source" structure needs to be known at both frequencies in 
order to calculate this correction exactly as source structure is a function 
of frequency. Therefore it is recommended: 

1) Source positions be presented at 2000. 0 epoch using 
the procedure outlined by Kaplan (1981). The improved 
values of the precession constant and nutation series 
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over reference epoch 1950 should allow the catalogs to 
be compared directly. However, there will probably be 
a small rotation between the right ascension and 
declination axes of the catalogs. 

2) That the epoch of observation for each source be 
stated to one hundredth of a year. 

3) Dual frequency observations be made to remove the 
effects of ionospheric path delay. 

4) Source structure should be accounted for. Detailed 
maps of sources should be made at an initial epoch. 
Further observations could be made and a goodness of 
structure criterion be used to evaluate changes in 
source structure. This criterion is defined as : 

_ minimum synthesized beam SG - V - V , max m�n 

where V and V ,  are the minimum and maximum 
" b 'lma¥ b m�n d Th h 1d b d v�s� � ���es 0 serve . e sources s ou e mappe 

initially and the value of the goodness of structure 
criterion measured. Any noticeable change in the 
value of this criterion during subsequent measurements 
would result in the source structure being redeter
mined. 

5) A list of sources defining a reference frame should be 
observed by all observers. This list should consist 
of '" 40 sources. 

6) The position of 3C273 should define the zero point. 
The radio structure of this source should be taken 
into account when determining its radio position. The 
position of the compact object in this source is 
defined as the reference position in right ascension. 

RADIO REFERENCE CATALOG 

Following these recommendations, a catalog has been compiled using the 
available catalogs summarized in Table 1 as was done by Witzel and Johnston 
(1982). The reference �int of right ascension is defined by the position of 
3C273 i.e. a(2000) = 12 29m06�6997 (see Hazard et al. 1971 for 1950 
position), which coincides within the errors with the optical position 
(de Vegt and Gehlich 1981). The source positions are listed for epoch 2000. 
The recommended catalog appears in Table 3. 
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TABLE 3 

Recommended Fundamental Radio Sources 

Source �2000 

0133+476 01 h36m58�5954 47° 51 '29�'111 
0212+735 02 17 30. 8212 73 49 32. 639 
0235+164 02 38 38. 9277 16 36 59. 188 
0237-233 02 40 8. 1770 -23 09 15. 862 
0316+413a 03 19 48. 1613 41 30 42. 111 
0332-403 03 34 13. 6538 -40 08 25. 408 
0336-019 03 39 30.9385 -01 46 35. 862 
0420-014 04 23 15. 8015 -01 20 33. 016 
0454+844 05 08 42. 3352 84 32 04. 556 
0552+398 05 55 30. 8062 39 48 49. 159 
0607-157 06 09 40. 9494 -15 42 40. 676 
0727-115 07 30 19. 1130 -11 41 12. 615 
0742+103 07 45 33. 0601 10 11 12. 682 
0826-373 08 28 04. 7811 -37 31 06. 274 
0831+557 08 34 54. 9042 55 34 21. 078 
0851+202 08 54 48. 8758 20 06 30. 632 
0923+392 09 27 03. 0149 39 02 20. 855 
1104-445 11 07 08. 6937 -44 49 07. 595 
1127-145

b 
11 30 07.0532 -14 49 27.398 

1226+023 12 29 06.6997 02 03 08.587 
1358+624 14 00 28. 6504 62 10 38. 527 
1404+286 14 07 00.3941 28 27 14.676 
1519-273 15 22 37. 6833 -27 30 10. 620 
1555+001 15 57 51. 4340 -00 01 50. 422 
1611+343 16 13 41. 0658 34 12 47. 909 
1741-038 17 43 58. 8579 -03 50 04. 634 
1803+784 18 00 45. 6676 78 28 04. 020 
1921-293 19 24 51.0577 -29 14 30. 168 
2021+614 20 22 06. 6815 61 36 58. 799 
2200+420 22 02 43. 2906 42 16 39. 978 
2243-123 22 46 18. 2320 -12 06 51. 278 
2245-328 22 48 38. 6870 -32 35 51. 880 
2352+495 23 55 09. 4576 49 50 08. 299 

�Comp1ex Structure on all size scales. 
Reference Position in Right Ascension. 
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Flux Density 
5 GHz 

2. 0 
2. 2 
1. 4 
0. 9 

56. 0 
1. 5 
2. 6 
3. 1 
1. 6 
4. 7 
2. 4 
3. 0 
3. 6 
1. 8 
5. 5 
2. 8 
7�6 
2. 8 
4.7 

45.8 
1.7 
3. 0 
2. 0 
1. 2 
2. 2 
2. 2 
2. 5 
6. 8 
2. 3 
2. 4 
2. 4 
1. 8 
1. 6 



SUMMARY 

The accuracy of current rad io positions appears to be at the O�Ol level , as 
comp arison of the available catalogs has shown. The claimed accuracies of 
some individual catalogs exceed O�Ol , but detailed comparison cannot be made 
until all catalogs sp ecif ically state the ep och of observation and contain 
common sources in order that detailed comparison can be made between the 
catalogs. In this way, imp roved values of the precession constant , the 
nutation series , and other earth rotation parameters can be determined from 
the rotation and other motions of the right ascension and declination axes 
needed to align the ,different catalogs. 

A short radio reference catalog is presented which summarizes the available 
catalogs at th is time and is believed to contain the best posit ions. Th is is 
a "preliminary" catalog meant to define an inertial. reference frame . The 
sources in Table 3 should be observed in the future to aid the comparison of 
catalogs and are def ined as fundamental radio sources ( FRS ) . Future observa
tions carried out as recommended in th is pap er will hop efully establish the 
accuracy of the radio reference frame at the submilliarc second level. 
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NUMERICAL EXPERIMENTS ON MAINTAINING THE CONVENTIONAL 
TERRESTRIAL SYSTEM BY VLBI NETWORKS 

Seiji MANABE 

Internatioal Latitude Observatory of Mizusawa 
Mizusawa, Iwate Japan 

ABSTRACT . Characteristics of the station displacements 
and the Earth orientation parameters to be obtained with 
VLBI are investigated under the condition that a network 
of stations has neither rotational nor translational 
motion. It is found that 80 J of actual displacements 
are recovered in estimated ones if a number of stations 
in the network is more than 8 .  

INTRODUCTION 

In order to define and maintain the conventional terrestrial system (CTS) 
with a few centimeter accuracy , it is necessary to take into account a lot 
of geodetic parameters.  In other words the accurate CTS is realized only 
after consistent estimations of these parameters from observations . However , 
some of them cannot be independently estimated . The separation of the 
dependent parameters requires constraining conditions on them . Definitions 
of the CTS and the celestial reference system essentially depend on the 
choice of conditions . For a long term stability of the CTS , the most 
important condition is the one that distinguishes the polar motion and UT1 
(referred to as the EOP , hereafter ) from secular displacements of observing 
sites. When determin1ng the CTS by using VLBI , constraining conditions on 
translational and rotational components of the CTS are necessary . 
Introduction of the conditions yields spurious station displacements as well 
as mutual dependences among them. In the present paper , adopting the 
condition that a VLBI network has neither translational nor rotational 
motion as a whole , we investigate how this condition causes biases in 
estimated station displacements and the EOP . We briefly remark on an 
assumption of smooth variation of station positions . 

CONSTRAINING CONDITIONS 

We assume that both the EOP and the station displacements vary stepwise 
with time . This assumption is conveneient because it covers wide range of 
types of variations and is a basis of an assumption of smooth station 
displacements.  We further assume that a time scale of the EOP variation is 
much shorter than that of the station displacements .  For observations in a 
period during which the station displacements are regarded to be �onstant , 
the coefficient matrix of VLBI observation equations is orthogonal to a 
matrix 

H= (�) ( 1 ) 
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where n by 6 and 3k by 6 matrices B and C ,  respectively , are given by 

B= (I 3 • • •  I 3) T 
o • • •  0 (2) 

and 
0 -n 1 m l • • • • •  0 - nk mk 

0 0 n 1 -1 1 • • • •  nk -lk 
cT= -m 1 1 1 0 • • • •  -mk lk 0 =(CT • • • •  C�) (3) 

1 0 0 • • • •  1 0 0 
0 1 0 • • • •  0 1 0 
0 0 1 • • • •  0 1 0 

In the above n and k are a number of steps of the EOP in a step of the 
station displacements and a number of contributing staions . I 3 is a 3 by 3 
unit matrix and I i ,mi and ni are direction cosines of the i-th station 
with respect to the current terrestrial system. 

Corresponding to H ,  there are three kinds of conditions among the station 
displacements . They are 

(i)  

(ii)  

(iii ) 

n 
I: n · x /)"X1' / I Xl' I - I: (y -x /)"T )T=O where n · = ( l ·  m· n . ) T 
i 1 i r r r '  1 1 1 1  ' 
r n . x /)"X1· =0 , 
i 1 
I: (y -x /)"T ) T=o ,  r r r r 

(4) 
(5) 
(6) 

The condition (i)  leads to the minimum length estimates and the case of n=1 
was adopted by DERHANIS and MUELLER ( 1 978) . The condition ( iii ) implies that 
the EOP has no secular motion. The condition (ii) , which we investigate in 
the following , implies that there are neither rotation nor translation of a 
VLBI network. This condition is considered to be more appropriate than the 
other two , because it approximates the Tisserand mean surface of the Earth 
and the EOP do not affect the station coordinates . 

The assumption of stepwise variations of station positions is quite 
general . If the displacements are ,  as in the case of long periodic tidal 
displacements ,  expressed as 

/::"x . (t) = I: a . 1f1 (t) (7) 1 1 1 
with unknown vectors ail and known function of time f1 (t) , the condition 
(ii) becomes as 

� ni x a
i1=0 • (8) 1 . 

Therefore , a mututal dependence among parameter vectors is just the same as 
that of the stepwise variation. The condition (i)  is reduced to 

� n . x a ' l - I: f1 (t ) (y -x /)"T ) T=O (9) 1 1 1 r r r r r 
and have to be investigated for each 1 separately . 

CHARACTERISTICS OF SOLUTIONS THAT SATISFY THE CONDITION ( ii )  
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Actual displacements ot the stations usually do not satisty the 
·conditions described in the previous section . Hence , solutions of the 
observation equations differ from true ones , even if there are no 
observation errors. In order to understand characteristics ot a network , it 
is important to investigate how calculated displacements are distorted by 
imposed conditions. 

" " 
" Under the condition ( ii )  estimated displacements �X l · · · ,�Xk and the EOP , 
p , are linear combinations of actual ones . In a matrix form, we have 

( 10) 

The rank of Q is deficient by 6 .  Q depends solely on geometry of a network. 
Q is calclated by solving VLBI observation equations without observation 
errors . The last three columns of Q are 

because P does not affect �. 
We calculated Q for several networks . The number of stations in each 

network ranges from 3 to 1 0 .  Typical lengths of baselines are from several 
hundred to several thousand km. Figures 1 and 2 show some of the results . 
Q is expressed as a response to a unit displacement in local topocentric 
coordinates . The networks shown in figures are Kashima -ORRLAS -Haleakala 
-Goldstone , Haystack -Richmond -Onsala -Wettzell -Kashima -ORRLAS -Haleakala 
-Goldstone -HRAS -Nanjing. In the former 4-station network, the input 
values are recovered by a factor Of 0 . 4 to 0 . 7 .  Spurious displacements are 
not small . In some cases , the spurious ones amount to 0 . 4 .  This is quite 
large . It is noticed that there are pairs of stations for which the 
displacements of one station induce large spurious displacements of the 
other . Haystack -Richmond , Onsala -Wettzell and Haleakala -Goldstone are 
examples of such pairs . In the case of the 1 0-station network , the recovery 
is improved to a factor of about 0 . 7  to 0 . 9 .  The spurious displacements are 
diminished . However , there still remain tightly connected pairs , even though 
the tightness is smaller . The almost same features are found for a-station 
networks . In the case of a three station network , all stations are tightly 
connected. It may be concluded that , for a network composed of more than a 
stations , most of the observed three-dimensional displacements originate 
from actual displacements Of the station itself.  This conclusion is not 
valid for the paired stations . 

Figure 3 shows spurious EOP induced by 1 m displacement of the staticns 
in the 1 0-station network. The maximum value of the spurious EOP i& about 
o�ooa . In the 4-station network , t�e resultant EOP are much larger . The 
maximum value amounts to o�oa . Effects of the station displacements on the 
estimated EOP seriously depend on a size Of a network as well as a number of 
staions . For example , 1 m displacement in a network whose baseline lengths 
are several hundred km typically induces biases in the EOP by O�1  and the 
maximum value is 0� 1 5 .  
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MAINTENANCE OF THE CTS BY SMOOTHING 

In the stepwise approximation or the station displacements , there is no 
relation between consecutive steps . It is reasonable to assume that the 
displacements change smoothly with space and time . For a VLBI network 1r. 
which the stations are not densely distributed , the continuity in space is 
not important . On the other hand , if we utilize the continuity in t!me , 
condition to separate the station displacements from the EOP is required 
only at an initial epoch . The continuity in time is expressed by a first 
order devided difference as 

I �Xi (tj +l) - �i (tj ) I / I tj +l - tj I = smal l .  ( 11 )  
If  we assume that higher order devided differences are small , just ths same 
number of the conditions as the order of differences are necessary to 
recover rank of the obervation equations . If the station displacements are 
calculated by using the continuity in time , the system will show gradual 
rotation and translation with respect to the initial rererence system. 
Recovery of rotation and translation depends on an assumed smoothness of 
the station displacements .  The system will neither rotate nor translate if 
strong continuity is assumed , while the observation equations become 
ill-conditioned and hence the constraining conditions are required if weak 
continuity is assumed . 

We made several experiments to see how the station displacements are 
biased by simultaneous usage of the constraining condition( ii)  and the 
requirement rrom smoothness . Smoothness depends on the data used . We a 
posteriori determined an optimum smoothness by using a Bayesian Informat!on 
Criterion(ABIC ) by AKAIKE ( 1 980 ) .  We could not find significant differences 
of optimally smoothed case from . the unsmoothed case where the condition ( ii) 
was applie.d at each step of the station displacements .  However , this is not 
a definitive conclusion , because the results strongly depend on the 
simulated data . 

CONCLUSION 

It is concluded that at least 8-station network is necessary to recover 
more than 80S of the actual displacement for VLBI observations . The stations 
have to be distributed so as to avoid forming tightly connected pairs . 
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ASTRONOMICAL/GEODETIC REFERENCE COORDINATES 
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ABSTRACT . Transformation between the solar barycentric 
coordinates and the geocentric ones is derived within the 
framework of relativity. It is found that general-relativistic 
effects in the transformation up to the order of (v/c)2, as 
well as special-re1ati vistic ones, are important to analyze 
astrometric and geodetic data . 

They are ; 
special-relativistic : 

1 st order Doppler (aberration ) ,  2nd order Doppler 
general-relativistic : 

contraction (or expansion ) ,  shear , and rotation , 
of proper reference frame . 
The contraction of space-coordinates includes Lorentz 

contraction and the one of time-coordinate does the well-known 
gravitational retardation of clock. The rotation means 
geodetic precession and the periodical "geodetic nutation". 
These are indispensable in the reduction of VLBI�bservations. 

INTRODUCTION 

Three types of reference frames have been used in the field of positional 
astronomy. They are barycentric, geocentric and topocentric coordinates. Each of 
them is used to its proper purpose and may be transformed to each other. In the case 
of very-10ng- baseline-interferometric (VLBI) observations, it is also necessary to 
use them properly. The barycentric frame gives the basis to describe the Earth ' s  
position , planetary ephemerides and the source directions . The radio wave 
propagation is discussed also in this frame. The topocentric coordinates are related 
directly to the observers and to the local physical laws. The geocentric frame plays 
a role of intermediary which, on the one Side, relates to the barycentric frame by 
the celestial mechanical transformation ( including the general relativistic 
description of motion ) and , on the other side, is related to the topocentric frame 
by the geophysical quantities such as the rotation and the deformation of the Earth. 
For the sake of this circumstance, the geocentriC coordinates are useful . to extract 
the geophysical quantities from the observational data. It is also a good reason to 
use the geocentric frame that it approximates the topocentric frame in some 
cases . 

Hish accuracies of the newly developed techniques such as VLBI, request inevitably 
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the general relativistic effects in the mutual relations among these three 
coordinates systems. Same of the relativistic effects have already been included in 
certain previous analyses, but the inclusion seems to be imperfect so far. As shown 
later , one derivation of a delay time in a VLBI observations does include the order 
of v2/c2 correction in the time coordinate, but does not include such corrections 1n 
the spatial coordinates.  As discussed later , the same order of magnitude corrections 
should be taken into account both in time and spatial coordinates which, in some 
sense , can be measured by radio waves . 

In this paper we discuss on the relations between the geocentric frame and the 
barycentric one within the framework of relativity. In the next section we derive, 
as a simple oase, the speoial relativistic equation of a delay time for VLBI stations 
whioh are locally Jll)ving with a constant veloc1ty with respect to the barycentric 
coordinates. By this derivation, we point out an incompleteness in a currently-used 
formulation. In the third section we derive the tully-general transformation between 
the geocentric frame and the barycentric one relat! vistically. Each term in the 
transformation is discussed in the fourth section. Discussions on the topocentric 
frame are given in the fifth section and the conclusive summary is at the last 
section . 

Through the present paper , Greek indices run from 0 to 3 while Latin ones do from 
1 to 3. We represent 4-vectors in bold-faced letters, 3-vectors in letters with a 
wavy underline , and 3x3-matrix in capital letters over a tilde . 

SPECIAL RELATIVISTIC CASE 

To see the special-relativistic effects on the geometrical relation of VLBI, we 
treat here a simplest example (Figure 1 ) . Two observers ( denoted by A and B ,  
respectively ) are fixed in a frame moving along x-axis with a constant velocity .!. 
relative to an inertial frame ( here called "barycentric frame" ) .  

A Y 

v 

B "----+--------------�.� 

,... '" 
Figure 1 .  VLBI stations moving with a constant velocity. The (x,y)-coordinates 

como v i n g  wi th the station s ,  A and B ,  have a relat ive velocity ..x.. to the 
( x , y ) -coordinates.  

An event is described by a 4-vector of which components are written as (ct,2,y,i) 
= (x') in the frame comoving with observers ,  and (ct,x,y,z)  = (�)  in the barycentric 
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frame . The components in both frames are related each other by a Lorentz 
transformation : 

� A � ct = 1r (  ct - xv/c ) ,  x = • ( x - vt ) ,  9 = y, 'i" = z , 
where �= ( 1 _ (v/c)2 )- ( 1 /2) . 

(2-1 ) 

In a typical VLBI observation, we receive an electrc:iDagnetic wave emitted fran a 
very distant source. The wave can be treated as a parallelly propagating wave. The 
event of reception is described by one of the observers ' 4-vector at which he 
receives a certain phase of the wave. In an eikonal approximation, the phase of a 
wave is given by (g�� kPx� ) ,  where 

(kJ' ) = ( u) ,  kx , k» ' ka ) 
is 4-wave number vector of the wave and g�� is a metric o� space-time. 

When the observers A and B receive the same phase of the wave , it holds 
that 

( gp� kPx� 
)A = ( g�� k�x� )B • 

This is rewritten to a well-known expression as 
(2-2) 

( t A - tB ) = ..l0 ( .!A - !B ) I ( c CAl ) - So ( .!.A - .!a  ) I c (2-2 ' ) 
where n = - k I� is the unit vector of source direction and can be treated as 
canmon at both observers A and B. Since a phase (gJ'� kPx" ) is invariant under the 
Lorentz transformation, the equations (2-2) and (2-2 ' ) also hold for corresponding 
quantities in the comoving frame and then we get 

t A - tB = -i· ( !A - iB ) I c • (2-3) 
The relations between .a and J!. are easily derived tran the Lorentz transformation 

of 4-vector (k�) . In our case , they are � = ( nx+ (v/c ) )/ (  1 + nxv/c ) ,  
n9 = ny ;{( 1 + nxv/c ) ,  . 

ni = nz/f( 1 + nxv/c ) • 
which show a well-known aberrational effect . 

(2-4 ) 

Following Robertson 's derivation (Robertson 1915) , one starts fran the equation 
(2-2 ' ) and uses relations such as 

and 
t A = t + A t , tB = t 

!A(tA) ::: �A(t)  + k(t)  A t  
= .!A(t)  + v .!.x A t  • 

Equation ( 2-2 ' )  is then rewritten as 
At = -.!to (.!A (t)  - .!B (t ) ) I c - (nx v I c) At 

or 
A t  ( 1 + (nxv )/c ) = -.!!. ·(!A(t)  - .!B(t» /c (2-5 ) 
On the other hand, fran a "time part" relation of the Lorentz transformation 

(2-1 ) ,  one has 
(tA-tB) = �(tA-tB) - 1v ( xA(tA) - xB( tB» I c2 

= rAt - Tv ( xA(t)-xB(t»  I c2 - fv2At/c2 
= At/T - �v ( xA (t )  - xB(t» I c2 • (2-6 ) 

Inserting A t  of the equation (2-5) into (2-6 ) ,  one can obtain 
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t ... -ta = - c.'r [( I -r�:v/c + I _��;C)t)( XA(t) -XB(t» + I -r'l'l�,,/C ( �A(t)- �B(t»)] 
_ I � 1" VIc. r ( �(t) - X8(t» _ _  1 "fl., / ) ('6f1(t '- lfalt» - - G \" � "fI.  .. v/c. C it ' -r ')lllll c. 

= - -t �  'Yli f l'X,.,lt) -AS<t» + ni l �fI(t) - � B (t» } 
(2-7) 

If one uses "spatial ·part" relations of the Lorentz transformation such as , 
�A-�S = t(xA(t)-xS(t » ,  1A-9s = YA(t )-YS(t) , (2-8) 

one can obtain the correct relation of the equation (2-3) . 
Robertson 's derivation and also Chopo Ma 's  equation (Chopo Ma 1978) seem to miss 

such "spatial part" of the Lorentz transformation. lheir "relativistic" treatment 
is, therefore, incexnplete even in the order of (vic) . The effect in the equation 
(2-8) is the well-known "Lorentz contraction",  and our calculation showes here that 
the "Lorentz contraction" should be taken into account . 

TETRAD OF THE OSSERVER 

To d�scuss on the relations between coordinates within the frame of relativity, 
the concept of a proper reference frame gives a usefUl point of view (Misner et al. ,  
1970, ,13. 6).  As a first step toward the construction of a proper reference frame or 
a local inertial system of the observer , we will represent his tetrad { eQ } ' the 
system of comoving orthonormal bases along his world line , 

Let us consider a following metric 
ds2 = _ d� = - ( 1 - 2 ; ) dt2 + 2 g odx dt 

+ ( 1 + 2 T; ) d.!.' d.!, - - < 3-1 ) 
where ; and .§.. are scalar and vector gravitational potentials, respectively, and "f is 
a constant parameter , We take a unit system such Jrat c = G = 1 hereafter . 

We assume that the 3-velocity v is small ( '!' 10 in the neighbourhood of the 
Earth ) and also assume that ;> FO ( v2) and .a. � O(v3�. It is easily shown that 
the above metric includes all the effects up to O(v  ) under these assumptions.  

An orthonormal tetrad fixed to an observer obeys the following Fermi-Walker 
transpotation (Misner et al . , 1 970) 

( 6/,t. + .a ) � = 0 ( 3-2) 
Here 6/1� is a coveriant derivative along a world line of the observer and Is 
expressed as 

6 q""/6't. = dql'-/d'C + r�r u\JqCF" < 3-3) 
where r is the Christoffel symbol and ... is the 4-velocity of the observer. The 
matrix !l is expressed by u and the 4-acceleratlon a as 

.f1!v = aPuv - a" uf" (3-4 ) 

We note that the O-canponent of equation (3-2) is the equation of mtion of the 
observer. 

· We can rewrite ( 3-2) as 
( d/dt + TT ) eQ = 0 < 3-5 ) 

where 
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1TJ'� = (dt/d�) ( rJA", .. u" + n.t� ) 
A solution of the differential equation ( 3-5 ) is obtained as 

e�(t )  = U ( t , tO ) e2(tO) 
using a propagator U ,  which is given by the time ordered exponential as 

U (t , tO) = expo [-�� ll (t)  dt 1 
t

O
t = 1 - ft Tr (t, ) dt 1 + S t 1T (t 1 ) dt 1 ( �1 n (t2) dt2 - • • • 

( 3-6 ) 

( 3-7 ) 

( 3-8 ) J 0 0 ) 0 
In our problem, S 'TT dt is O(i) and we can neglect the third and the higher terms 

in the above expansion . 
Using the metric ( 3-1 ) ,  we obtain an explicit expression of U as follows 
U ( t , tO) = ( UOo t ( � - 10 » ) + O(v3 ) 

v - Vo U - .. -
Here 

uO 
0 = 1 + ( cp - <Po ) + ( :!.. - !O ) 2/2 + 0 ( v3 ) , 

� = [ 1 - r ( q> - CPo ) ] 1 + ( .!. - .YO ) ® ( 1. - !.D  ) 12 
- !. " !o  - ,9.(t ,tO) + O( v3 ) 

where 
Q (t ,tO ) = !i [ ( 1 12 + r )Q - A - e ldt 

and''V 0 ...., -v -

..0. =  v A dv/dt,  A = ' V I\  g,  6 = v 1\ f • -.." 'IN � ,..", ... ...... ,.".., ItN' NWW 

( 3-9 ) 

( 3-1 0 )  

( 3-11) 
<3-1 2 )  

< 3-1 3 )  
In the above expressions , suffix 0 stands for a value at to.  The symbols 
� and A are direct and exterior products , respectively, i . e .  

and 
( a ® b ) ij = aibj , - -
a l\ b = a ® b - b QP a  

( 3-1 4 ) 

( 3-1 5 )  
� � IftIIIi> � ¥WliI' """" The coordinate velocity JJ the 3-gradient 'V and the 3-extenal acceleretion f are 

defined 8S 
� NW 

vj = (dT/dt) uj • � = �/axj and fj = aj - aOvj 
It can be shown that the following representation of tetrad 
( eQJA(t»  = ( 1 + rp + v2/2 t

l.. )+ O(v3 ) 

L ( 1 -rf)1 + !,f!JJyj2 - !t( t , -oo ) 

( 3-1 6 )  

< 3-17 > 

is a solution since it satisfies the equations (3-7) ,  (3-9) through (3-13) .  The dual 
tetrad is given as 

( ea,. (t»  = ( ' - rp + v2/2 _tv 'r O ( v3 ) 

-,l.. ( ' +fcf» "! + ;!!2 + �(t ,- OO )/ 
( 3-1 8 )  

Comparing the above result with the Lorentz transformation matrix caused by 
velocity v 

( 3-1 9 )  L (l.) =- ( 1 + v2/2 t.,!.. ) + O ( v3 ) 
\ :L. ,t + Y,.e!l2 

and L (l)-1 = L (-l) , the following physical meaning of each term is obtained : 

( 0 , 0 )  component q> ; graVitational time dilatancy 
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v2/2 kinematical or Lorentz time ailatancy 
( O, j )  and ( j , O )  components 

tv , v i aberration or Doppler effect - -
( j , k )  component -1�! ; gravitational space contraction ( isotropic )  
vev/2 ; Lorentz space contraction (directional ) - -

diagonal term --- anisotropic contraction 
off-diagonal term --- shear 

-Q ; space rotation '" 
-TSfbdt rotation by space curvature 

-��dt/2 rotation by second-order Doppler effect 

S!dt rotation by external field motion 

S�dt rotation by external accelereration 
We note that the usual Thomas precession is the secular term of the sum of 

rotation by second-order DOppler and external acceleration , while the geodetic 
precess10n 1s that by second-order Doppler and space curvature .  

These terms wi ll be evaluated in the following section . 

GEOCENTRIC PROPER REFERENCE FRAME 

The proper reference frame of the observer consists of his tetrad and spokes of 
space-like geodesics started fran the tetrad at each proper time (Figure 2) • The 
space-like geodesics are determined by integrating the geodesic equation 1n a g1 ven 
field. They do not, however , differ much from straight lines in a Euclidean sense at 
least within the size of the Earth ' s  radius. It can be shown that the cieviation 
amounts to 

v2 . (the Earth ' s  radius) / (radius of the Earth ' s  orbit)  ? 1 0- 1 2  
at most . 

equal-time space (t  = const . ) 

Figure 2. A proper reference frame of an observer . 
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As a first approximation, we can consider the geocentric proper coordinates of the 
observer on the Earth ( ..a )  being a scalar product of a dual "tetrad { eQ }  and 
the geocentric position vector of the observer described in the barycentric frame 

r , 
" -!) � rill = r .  e" = rl'e"'p. ( 4-1 ) 

We are , therefore, able to discuss the relativistic variations of the observer 's 
position with respect to extra-solar objects e .g .  quasars ,  by evaluating the 
variations of a tetrad at a geocenter . 

First of all, let us consider the case that the Earth moves on a Keplerian orbit 
around the Sun and the purturbations from planets and the Moon are ignored. Assuming 
that the Earth moves on the ( x , y ) -plane , we have the following evaluations 

; = (na) 2(alr ) ,  v2/2 = (na) 2[ ( a/r ) -( 1 /2) ] ,  

{dx/dt) 2 
= {na ) 2 

(alr )2 s1n2 {u ) ,  

(dy/dt )2 = (na )2  (alr)2 ( 1 _e2 ) cos2 (u) , ( 4-2 ) 

(dx/dt ) (dy/dt ) = (na ) 2 (alr ) 2 ( 1 _e2 ) ( 1 /2 ) sin (u)  cos (u ) , 

�!11 2
dt = (na ) 2/ ( 1 _e2 )  [-e sin (f)  + 2tan-1 [ ( 1-e ) / ( 1 +e )  tan ( f/2) ] ]  , 

where a, e, n ,  u, and f are the sem1�jor axis, eccentricity, mean IOOtion, eccentric 
anomaly, and true anomaly of the Keplerian orbit, respectively. The approximate 
values of na (�v ) and e are 

na = 9 . 94 x 1 0-5 � 10-4 (note c = 1 )  
and 

e = 0. 0168 � 1 0-2• 
Therefore. we have na � e2 and we can expand a tetrad ' s  representation as a power 
series of e as follows 

eO
� = 1 + ( 3/2 )n2a2 + 2n2a2e cosM 

_e1� = -eOf = na sinM + nae sin2M + nae2 ( 9sin3M - 3sinM ) /8 

+ nae3 ( 8sin4M - 6sin2M ) /6 

e2� = eO� = na cosM + nae cos2M + nae2 ( 9cos3M - 5cosM ) /8 

+ nae3 ( 8cos4M - 5cos2M ) /6 

e31t = eO, = 0 

" e 1't = 1 + n2a2 ( 1 - 4 T - cos2M ) /4 

+ n2a2e ( ( 1 - 2 T )cosH - cos3M ) /2 
n2a2 ( - ( 2 + 4 lS' )M - sin2M ) /4 
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e2"!'oo. -1 -

+ n2a2e ( ( 3 + 6 T )sinH - sin3H )/2 

e2,. = 1 + n282 ( 1 - 41'" + cos2M ) /4 

+ n2a2e ( ( 1 - 2 r )cosH + cos3H )/2 

e " = e3.,.. = e2j' = e3� = 0 

e3,. = 1 - f n2a2 - T n2a2e cosH 
Here H is the mean anomaly of the Earth and the terms of 0 ( 1 0-' 2) are ignored . 

Secondly, let us evaluate the effect of the purturbations by other bodies . 
The main term of the direct purturbation for the potential , is 
1 . 8x 1 0-1 2  sin ( MJ ) 

where HJ is the mean anomaly of the Jupiter . This has a period of 1 1 . 86 years .  
The indirect terms are obtained through the purturbations for the Earth ' s 

position , which are given by Newcomb ( 1 895 ) as follows : 

1 04 x �A 

and 
1 04 x 'ria 

= 0. 84 T sin 

+ 0 . 35 sin 

+ 0 . 3 1  sin 

+ 0 . 26 sin 

+ 0 .23 sin 

= 0. 42 T cos 

( H + 'Is  ) 
( M - MJ + fJ> J ) 

( 0 + % ) 
( 2M - 2My + fP2Y 
( M - My + <py ) 

( M + '1'S ) 

+ 0. 31  cos· ( 0 + '1'0 ) 

+ 0 . 1 6  cos ( M - HJ + 'I' J ) 

) 

+ 0. 1 6  cos ( 2M - 2My +yJ 2Y ) 

period/year 
1 

1 . 092 

0. 08085 

0. 7993 

1 . 598 

where x = r cos � ,  and y = r sin A. and T is the time measured in century (See 
also Kubo 1981 ) .  lbe angular variables My and 0 are the mean anaaaly of the Venus 
and the mean elongation of the Moon from the Sun , respectively. 

On the other hand , the typical terms neglected in the expansion ( 4-3) are 
1 04 x SA.. = 3. 49 sin ( 2M + �2S ) 

and 
1 04 x 6 r/a = 1 . 39 cos ( 2M + �'2S ) 

• which are semi-annual . These cause the purturbations of 5. 6x 1 0-1 2  at most . 
Clearly the planetary and lunar contributions to the potential � is less than one 

third of that of the semi-annular terms, while the monthly term is comparable to the 
semi-annular term in those of velocity and rotation matrix  Q.  #'W 
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Thirdly, let us consider the effect of the vector potential .I. induced by the 
motion of massive bodies. Following Misner et a!. ( 1 970, §39. 8) , a moving planet 
contributes to 11\.1 as much as 

( barycentric momentum of the planet ) 
- ( barycentric distance of the Earth ) 
I ( distance between the planet and the Earth ) 3 

without a numerical factor of 0( 1 ) .  The rotation angle caused ·by the above quantity 
is 

1 . 7xl 0-1 1  for the Sun , 
1 . 4x l 0-1 3  for the Jupiter , and 
4. 4 x l 0-1 5  for the Saturn . 

Clearly they are negligible . 
In Table 1 ,  we show the rough sketch of the variation of geocentric tetrad . 

Table 1 .  Amplitude and period of variations of a . geocentric tetrad 

amplitude period angular remark 

in year variables 

(proper time ) 

1 . 5x 1 0-8 ( constant) 

3 . 3x 1 0-1 O  1 . 0  M 

(aberration ) 

1 . 0x 1 0-4 1 . 0 M 

1 . 7x l0-6 0. 5 2M 

3 . 2x l 0-8 0. 3333 • • •  3M 

3 . 1 x 1 0-9 0. 08085 • • D 
6 . 3x l 0-1 O 0. 025 4M 

( proper space ) 

1 )  isotropic contraction and pulsation 

1 . 0x l 0-8 ( constant) 

1 . 7� 1 0-1 0  1 . 0 M 

2)  anisotropic contraction and pulsation 

2. 5x 1 0-9 ( constant ) 

2. 5x l 0-9 0 . 5  2M 
8 . 4x 1 0-1 1  0 . 3333 • • • 3M 

3 )  shear 
2. 5x l 0-9 0 . 5  2M 
8 . 4x 1 0-1 1  0. 3333 • • •  3M 

4 )  rotation 

1 . 5x l 0-8 ( secular ) Geodetic precession 

7 . 5x l 0-1 O 1 . 0 M "Geodetic nutaion" 

34 



TRANSFORMATION TO A TOPOCENTRIC FRAME 

To derive an exact relation between the geocentric frame and a topocentric one, 
following items should be taken into consideration : 

1 .  Tidal potential effect caused by gravitational field of the Sun and the other 
planets makes spatial geodesics distorted. Then the transformation is deviated fran 
a Cartesian one .  

2. Gravitational field of the earth distorts the internal space of the earth. A 
precise knowledge on the internal constitution of the earth is requested . 

3. Every effects on an observer ' s  PIOtion such as the earth rotation, the earth 
tide, the ocean tide etc. should be described in the geocentric frame. All the 
effects are to be re-examined oarefully within the frame of relativity. 

As to the 1 tern 1, we have already �1SCUSSed on it in the third section. It can be 
neglected even when the ord41r of 10-1 is required. In the item 2, the distortion is 
less than the order of 10-12 and can also be neglected, though it may be important to 
discuss on the definition of time. If the current non-relativistic treatment on the 
item 3 were justified to be a good approximation, the transformation between the 
geocentric frame and the topocentric one will be reduced to the usual transformation 
composing a parallel transport and a spatial rotation . However, this is not 
necessarily justified and remains open to questions . 

CONCLUSIVE SUMMARY 

Summarizing the present study, we note again the followings: 
1 .  In VLBI observations, it is important to distinguish clearly the two coordi�ate 

systems , the solar barycentric frame and the geocentric one . 
2. Several relativistic effects, listed in the Table 1 ,  should be taken into 

account in analyses of geodetic and astranetric data. Among them, the directional 
contraction of spatial coordinates is large enough to be detected observationally, 
though it has been omitted in the previous works . Periodic terms of isotropic 
contractions in space are slightly smaller than the present detection level, but are 
not negligible in the data analyses. Geodetic preceSSion and "geodetic nutation" are 
the other effects of relativity. They need mre accurate methods to be detected. 
Separability between the Earth rotation and them is also the problem to be clarified. 

3. There remain a lot of problems to be studied further , especially as for the 
relations of topocentriC frames to the other frames . 
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ON THE ESTABLISHMENT AND MAINTENANCE OF A MODERN 
CONVENTIONAL TERRESTRIAL REFERENCE SYSTEM 
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ABSTRACT . The frame of the Convent ional Terrestrial Reference 
System (CTS) is def ined by an adopted set of coordinates , at a 
fundamental epoch , of a global network of stations which con
stitute the vertices of a fundamental polyhedron . A method to 
es timate this set of coordinates using a combination of modern 
three-dimensional geodetic sy stems (VLBI , SLR, LLR , GPS) is 
presented . 

Once established , the function of the CTS is twofold . The 
f irst is to monitor the external (or global) motions of the 
polyhedron with respect to the frame of a Conventional Iner
tial Reference System (CIS) , i . e . , those motions common to 
all stat ions . The second is to monitor the internal mot ions 
(or deformations) of the polyhedron , i . e . , those motions that 
are not common to all stations .  We present two possible 
estimators for use in earth deformation analysis and describe 
their statistical and physical properties . 

1 .  INTRODUCTION 

The frame of the future Convent ional Terrestrial Reference System (CTS) is 
to be def ined at a fundamental epoch to by an adopted set of spatial coordi
nates Xt , of a global network of stations and their motion models or by an 
equivale�t way (Mueller 198 2 ,  Kovalevsky and Mueller 198 1 ) . These stations 
define the vertices of a fundamental polyhedron whose deformation and move
ment with respect to the frame of a Convent ional Inertial Reference System 
(CIS) is to be monitored through periodic re-observat ion s .  The main differ
ences between this terrestrial system and that of the current adopted CIO-BIH 
system are that in defining the former , the stations cannot be assumed to be 
motionless with respect to each other , and that the observat ions will no 
longer be the directions of the local plumblines (determined by optical in
struments) , but terrestrial directions (baselines) . It  is assumed that the 
global network will incorporate stations using baseline methods (VLBI , GPS 
interferometry) and coordinate methods (SLR , LLR , GPS ) . 

The funct ions of the CTS are twofold . The first , requiring near-continuous 
observations from a subset of the polyhedron vert ices , is to moni tor the mo
tions common to all stations of the polyhedron with respect to the frame of 
a CIS . For example . estimates of polar motion every two days and variations 
in earth rotation each day are required . both with an accuracy of 5 cm or 
better (National Research Council 198 1 ) . The second function . involving all 

* On leave from Shanghai Observatory , China 
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the CTS stations (distributed over the maj or tec tonic plates) is to monitor 
the deformations of the polyhedron , i . e . , those motions not common to all 
stat�ons such as interplate motions . The second function may not require 
such an intense observational schedule since it is anticipated that due to 
plate velocities the time variations of the polyhedron coordinates should be 
secular and only in the subdecimeter range per year (Minster et a1 . 1974 , 
1978) . 

The establishment of a reference system requires the adoption of well
def ined computational and estimation algorithms . We present two possible 
algorithms for the analysis of polyhedron deformations . 

2 .  ESTABLISHMENT OF THE CTS FRAME 

Considering the different measurement systems available , it will be neces
sary to merge several networks , each one defining essentially its own refer
ence frames.  both CTS and CIS . into a common set .  Suppose the relations be
tween two CIS ' s  is 

II x 

Similarly , the relation between the two CTS ' s  is 

XII = Rl ( S l )  R2 ( S 2 )  R3 ( S 3 )  X
l 

The transformation from CIS to CTS is (Mueller 1969) 

X
l 

= 5
1 NP xl 

X
lI = 5

11 NP xII 

( 1 ) 

(2) 

(3) 

(4) 

where common nutation (N) and precession (P) matrices are assumed to be used 
in both techniques . The earth rotation matrix is given by 

(5)  

in which x • yp are the coordinates of the pole and e is the Greenwich S ide
real Time . P Af ter some reduction and neglecting second-order terms . we arrive 
at (Mueller et al e 1982) 

I II -6yp = - (yp yp ) = -S l  + al cose + a2 sine (6) 

-6x = _ (xl - xII) = -S2 - al sine + a2 cose (7)  p p p 

Wd 6UT I = Wd (UT I1 - UT IlI) = -S 3  + a 3 (8) 

where Wd is the ratio of universal to sidereal time . By station collocation , 
i . e . , maintaining different instrument types at common sites , one determines 
the CTS differences (S  angles) . Then through the earth rotation parameter 
differences one finds the CIS differences (a angles) . This indirec t approach 
has been suggested by (Kovalevsky 1980) . In this paper we will deal only 
with determining the CTS differences between the various systems by station 
collocation in order to establish a unique frame of reference def ined by a 
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consistent set of coordinates Xt • For determining the CIS differences , we 
refer the reader to (Mueller et °al . 1982) . 

Suppose that one baseline method , VLBI , and two coordinate methods ,  SLR and 
LLR, are to participate in a campaign to estimate X • It is well known that 
VLBI time delay observations are insensitive to thet oabsolute orientation of 
the baselines with respect to the true-of-date frame , making coordinate dif
ferences and earth orientation parameters (polar motion and � 1) inseparable . 
In practice , this dependency is broken by initializing . earth orientation over , 
say , the first day of observations of a particular campaign . As shown , e . g . , 
in (Bock 1980) , the estimation of baseline components is then biased by this 
initialization . Therefore , continuity with the present terrestrial frame can 
be achieved by the input of BIH polar motion and UTI-UTC values for the ini
tial step . In this way , at the fundamental epoch t o  the new �TS frame cart be 
aligned with the BIH frame through the estimated VLBI coordinate differences . 
From the SLR and LLR estimated coordinates , the origin of the CTS frame could 
be made geocentric . One is then led to the following three sets of transfor
mation equations from which Xt o 

can be estimated . 

� .  = ( 1  + c1 ) (Xi)L + 
� r�' a s -SJ [0 ,] 0 a l (Xi)L + : : 

a 2  -a l 0 

(9) 

F' Y s -YJ 0 Yl (X
i) s 

Y2 -Yl 0 

( 10) 

( 1 1) 
The first set (9) includes one equat ion for each LLR station and has as obser
vations XL the geocentric coordinates of site i .  The parameters include 
the LLR i site coordinates (Xi)L ' three rotation angles a l , a 2 , a s  (connect
ing LLR to VLBI) . a scale factor Cl (LLR to VLBI) and three translation terms 0 1 ' 0 2 ,  O s (LLR to SLR origin) . For the second set , the parameters are the 
SLR site coordinates (Xi) S ' three rotation angles Yl ' Y2 , Y s (SLR to VLBI) 
and a scale factor C2 (SLR to VLBI) . For the third set ,  the parameters are 
the VLBI site coordinates (Xi)V . and the observations are any independent sub
set of coordinate differences �XV from the VLBI estimated parameters . Differ
ent combinations of equations (9)  to ( 1 1)  could be formulated although those 
given here reflect today ' s  situation (origin defined by SLR, orientation and 
scale by VLBI) . Additional sets of equations could be added for other mea
surement systems (e . g . , GPS) . Considering (9) to ( 1 1) as observation equations 
and .computing a weight matrix from the covariance matrices of the laser and 
VLBI adjustments . one could then perform a least squares adj ustment to esti
mate Xto ' a consistent set of coordinates (at the collocated sites (Xi)L = 
(Xi) S = (Xi)V) that would def ine the new reference frame . It would be geo
centric and aligned with the BIH frame at t o . The optimal distribution of a 
global network of stations and the question of the number and distribution of 
collocated sites is treated in (Bock . in preparation) . 

38 



3 .  MAINTENANCE OF THE CTS 

3 . 1 General Descrip tion 

We propose the setup for maintaining the CTS as depic ted in Fig. 1 below. 
The polyhedron at  to  is composed of a set of stations whose fundamental coor
dinates are estimated as described earlier . In the figure we see an observa
tion schedule divided into two intervals . A and B .  Level I stations include 
the dedicated subset of the ers observatories which monitor earth orientation 
on a continuous basis . Level II stations include all the polyhedron vertices 
(including Level I) which observe periodically in short campaigns (shown in 
the figure by the shaded portions) . The Level II solutions would provide 
estimated baseline lengths and their covariance matrix . This data would then 
be used as described below to estimate the polyhedron deformations �Xt . For 
example ,  as shown in the figure at the end of interval A, hXt o  is i 

estimated from the Level II observations and is then added to the fundamental 
coordinates to be used as input in interval B for the Level I solution . In 
Level I ,  as indicated by the addition of the terms in brackets to Xt o ' we 
allow the possibility of updating the station coordinates for the 
velocities V derived from an adopted plate motion model . Alternatively , a 
correction c�uld be added retroactively on the basis of the deformations esti
mated from the next Level II solution in order to ref ine the earth orienta
tion parameter estimates of Level I .  

Since the use of Level I type of observations for earth orientation monitor
ing has been the subject of numerous recent discuss ions . e . g  • •  (Gaposchkin 
and Ko�aczek 198 1 ,  Mueller et al . 1982) , in the remainder of the paper we 
discuss only the monitoring of earth deformation (Level II) . 

- T -
I 

;�o �L-�-L ________ �������� ________ ���-, _l 
RS E 'r-+" en I.&J 

I I • 
I �X 0 I �Xtl I 1-01 ------ A ..,·----------11 .. ·--------- B --------...... 1 
to ti t2 

Fig . 1 .  Schematic CTS operations . 
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3 . 2  Monitoring of Earth Deformation (Level II) 

3 . 2 . 1 Introduction . In the analysis of earth deformation , all CTS stations 
observe according to a specified schedule ,  the observational period being 
short and infrequent . Re-estimation of the baseline lengths over these peri
ods and comparison to the corresponding values at the initial epoch is the 
basis for monitoring earth deformation . Furthermo�e , the baseline length 
parameter is the common denominator between the various available measurement 
systems , being the only strictly estimable parameter from all techniques .  
These considerations suggest a two-step approach for Level II deformation 
estimation as opposed to a simultaneous adj ustment of all available data with 
coordinates as parameters . In the f irst step , the observations from each 
measurement system are adjusted separately , each providing a set of estimated 
baseline lengths for input to the second step described below.  In this way , 
we circumvent the coordinate (coordinate diff erence) - orientation 
inseparability problem and the related norm choice problem (Fritsch and 
Schaffrin 198 1) . If only one measurement system is involved , a simultaneous 
adj ustment approach could be used , e . g . , (Manabe 1982) . However ,  a two-step 
approach is preferred , if only from the practical considerations of having to 
deal with several measurement types . It should be noted that VLBI observa
tions are particularly amenable to such an approach since once Xt is adopted , 
baseline lengths and earth orientation variations can be directly

O
estimated in 

the VLBI adj ustment without artific ially initializing a portion of the data 
with external orientation information . 

From the re-estimation of the baseline lengths , the size arid shape of the 
deformed polyhedron is completely defined . However , the absolute location of 
the polyhedron , i . e . , its new coordinates , is undetermined from just the 
change of the length of its edges , but this is what we seek . The problem in 
this form is singular due to the familiar origin and orientation defects . In 
order to overcome this singularity we propose two estimation techniques gen
eralized to allow the introduction of an a priori geophysical model for the 
time varying motion of the polyhedron vertices . 

3 . 2 . 2  Mathematical Model and Deformation Estimation . Given are the adopted 
fundamental coordinates Xo (we drop the t from the subscript) and its corres
ponding set of fundamental baseline lengths D o . By comparing the estimated 
baseline lengths D to D o . the deformation of the polyhedron can be estimated . 

The mathematical model is derived from the length on baseline i-j , 

Di . = [ (X . _X . ) 2 + (y . _y . ) 2 + (z . -Zi) 2 ] � 
( 12) J J 1 J 1 J 

Linearization of this model about the fundamental coordinates (here Xo is not 
updated as in Level I) yiElds 

D . . 1J 
(lD . . aDij = Di ·  + ax

1J (X . -X . ) + . . .  + � z  (Z . -Z . ) J 0 i Xo 1 1 0  d j Xo  J J 0 ( 13)  

Adding a noise vector n,  the observation equations can be written in matrix 
form as 
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L = AX + n  

th where for the k observation 

[aD . .  aD . .  � - --2:J. --2:J. � - ax . . .  az . i J k 

( 14) 

( 15) 

( 16) 

The parameter vector X consists of the difference between the deformed coor
dinates and the fundamental coordinates (6Xt , 6X of Fig . 1) . o tl 

Define in the observation space a weighted norm, 

( 17) 

where P is the weight matrix of the observed baseline distances ob tained from 
the separate adjustments of the difference measurement systems . Furthermore , 
in the parameter space , define the weighted norm 

where M is the inverse of the moment matrix of the adopted earth deformation 
model as will be described later . 

As mentioned above , the problem is singular in this form, and therefore the 
ordinary unbiased least squares estimate does not exist .  Therefore , we are 
restric ted to the class of biased estimators , and we present two with certain 
optimal properties . The first is the best linear minimum bias estimator (Rao 
and Mitra 1972) 

Xl 
where 

N = 

U = 

= M-1N (NM-1N) + U 

ATpA 

ATpL 

( 19) 

(20) 

(2 1 )  

and the + denotes the pseudo-inverse . Then the deformed coordinates at epoch 
t are computed as 

X = Xo + Xl t (22) 

which are then used as input in the next Level I solution . It can be shown 
that Xl is a minimum M-norm (conditional on) P-least squares , minimum b!as 
and unique estimate which makes it very suitable for our purposes . Al though 
the estimate is biased this is not a problem (and this has been seen in simu
lations) as long as the linearization of ( 12) is performed about the funda
mental coordinates Xo . The equivalent but more computationally efficient 
inner constraint estimate (Blaha 1971 )  is given by 

(23) 

4 1  



[: , I : ] C = 
5 2 P 

( 24)  

0 -Z . Y .  � � 

5 .  = Zi 0 -X . � � (25) 

-Y .  X . 0 � � 

where p is the number of polyhedron vertices . an.d I is  the 3x3 identity 
matrix .  These constraints  augmented to the s ingular normal matrix satisfy 

( 26) 

If M=I .  they can be divided into two sets of three constraints each (writing 
out the deforma tion vector X explicitly) 

x .  - x . 1 1 0 P 
L Y .  Y .  = 0 

i= 1 � � o 
(27)  

Z . - Z .  � � o 

X .  - X . � � o P 
L Si Y .  - Y .  0 

i= 1 � � o 
( 28) 

Z .  - Z .  � � o 

These cons traints ( 26) enforce respectively the reference frame ma in tenance 
conditions that the origin and orientation of the deformed polyhedron do not 
differ from that of the fundamental polyhedron ( in the least squares M-norm 
sense) . This is consistent  with the requiremen t that the crust should have 
only deformations . i . e  . •  no rotations and translations (Kovalevsky and 
Mueller 1 98 1 ) . I t  can be shown that this approach is a disc rete analogue of 
f ixing the axes of the CTS in the deformable earth in the Tisserand sense 
(Moritz 1 980a) . This estimation technique has been applied to horizontal 
crus tal deformation analyses ( see . for example . (Brunner et a1 . 1 980» . and 
variations of it have been suggested by (Moritz 1979 . Cannon 1979 . Bender and 
Goad 1 9 7 9 .  Bender 1980.  Dermanis 198 1 )  for application to terrestrial refer
ence frames . 

Considering the estima tion of X in ( 14)  as fil tering the signal (deforma
tions) from the noise (measurement errors) and applying the Gauss-Markov 
theorem (assuming signal and noise uncorre1ated) .  we arrive at a second biased 
es timate . the minimum mean square estimator (Liebel t 1 967 )  

( 29)  

Using a matrix identity .  this simplifies to 
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(30) 

the familiar Bayesian estimate , e . g . , (Bossler 1972) , in the case when M is 
positive definite . The more general case of a semi-positive def inite M ma
trix (as occurs when using , an absolute motion model) is treated in (Bock , in 
preparation) for both estimates . This estimate minimizes the norm XTMX un
conditionally , as well as the sum XTMX + nTPn . Thus it has the physical mean
ing of minimizing the changes in the station coordinates in the global sense . 
Furthermore , it can be generalized to deal with the real world situation of 
the loss of a number of CTS stations during a particular deformation campaign 
(Level II) or with the addition of stations to the CTS network so that the 
reference frame is maintained (considering that the stations themselves de
fine the reference frame) . Details are given in (Bock , in preparation) fol
lowing essentially a least squares collocation approach as outlined in 
(Moritz 1980) . A comparison of the estimates given by ( 19) and (29) and a 
study of their interrelationships are made in (Bock , in preparation) . It is 
found that both estimates are good candidates for use in the CTS maintenance 
algorithms . 

3 . 2 . 3  The Model Matrix . The M matrix of ( 19)  and (29) supplies a priori 
information on the expected velocities of the CTS stations .  For example , 
this could come partly from an absolute plate motion model such as computed 
by (Minster et a1 . 1974 , 1978) in which the plate rotation vectors are given 
with their error estimates . Then the moment matrix for the veloci t ies is 
given by 

(3 1 )  

where v is the expected velocity vector for the observing stations a s  com
puted from the adopted model and Ev is the covariance matrix of the veloci
ties derived by error propagation from the plate rotation vector error es:i
mates . The deformation vector X is then related to the velocity vector , 
assume for this discussion linearly , by 

X = (t-t o ) V (32) 

where t-to is the time elapsed from the fundamental epoch t o . Then , 

M-1 = E{XXT} = (t-tO ) 2 E{VVT} (33) 

An example and further resul ts are given in (Bock , in preparation) . 

3 . 3  Concluding Remarks 

The algorithms presented in this paper have been tested by simulations and 
found to be very promising for CTS operations . It is hoped that the MERIT 
1983/84 campaign will provide an initial global network of VLBI , SLR and LLR 
stations and give us an opportunity to test these algorithms on real data . 
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NOTE ON THE TERRESTRIAL REFBRENCE SYSTEM FOR GEODYNAMICS 

Ye Shu-hua 

Shanghai Observatory , Academia Sinica 

ABSTRACT 

Comments on the establishmen t of a new eTS , requirements 
ot CTS stations are disoussed . Co10cation ot different obser
ving techniques and settin" up observation of new techniques 
on old optioa1 si tes are emphasized . 

In reoent years , investigations of geodynamics wi th cen
timeter level preoision are becoming feasible owing to the 
applicat10n of apaoe teohn1ques . It 1s eaaent1al to set up a 
new oonventional terrestrial reference system ( OTS ) with com
parable preaision. The origin of the new CTS should be ooin
oided with the center at mass of the Barth while the pole ot 
referenoe as well as the .ero meridian are defined by adop
ting a set at assigned station coordinates and their rate at 
change ot a graup ot stations ohosen appropriately . 

Although VLBI results during MERIT short oampaign vere 
already one order ot aa,nitude better than the BIH ' s  olassi
aal re8ults , and the pr1naiple ot VLBI observat10n 1s gaome
trioal and tundamental , no satellite ephemerides are involved , 
and thus more suitable tor es tabl1shing a CTS netvork , yet ve 
oannot detine the nev eTB only by some VLBI stations . Because 
tirstly , motion ot the tectonio plate on vhich the VLBI sta
tions loaated oan not be el1minated etteatively : and seaondly . 
the VLBI observing seri es vere short and sporadio , systematio 
er.rors due to observation and data prooessing are still sub
j eot to turther investigat10ns . Caretu1 comparisons betveen 
d1 fferent techn1que. w1th data of long enough t1me apan are 
needed tor the disoovery at these systematio errors and tor 
the study ot their charaoteristios . And , it the COmparisons 
or oalibrat10ns between techniques · are eftec t1vely done , one 
can reduce the results of LLR, SLR, Doppler atc . to the .ystem 
at VLBI .  In th1s vay , the number ot stat10na wh1ch are used to 
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d efine the CTS can be greatly extended , and the stabili ty of 
the eTB will be muoh improved . There are three ways for the 
comparisons : 
( 1 ) .  Comparing the UT 1 ,  X ,Y obtained by observation ne tworks 
of different teohniques . 

(2 ) .  Comparing the station ooordinates of the same si te giving 
by different techni ques . 

( , ) . Comparing various proce�sings of the same data by using 
different physiaa1 models and aonstants . 

Here , in (2 ) , the word " same site" including some nearby sta
ttons whi oh oan be reduced to the 8ame pOint by mlans of geo
detio prooedures . While (3 ) concerns mainly on how olosely the 
observing results ( s tation coordinates , Earth rotation para
meters , baseline lengths etc . ) rely on or sensi tive to the 
physioal models or ephemerides used . 

Requirements for the stations used· to define the eTS : 

( 1 ) .  At least , three s tations are located on eaoh main plate ; 
and no less than two kinds of observing teohniques are used 
on one plate . 

(2 ) .  These stations should no t be located in aative regions 
of earthquake or tectonia move.ents . Looal variations of s ta
tion coordinates ( proper motion reterred to .ean mantle ) should 
be small enough , to keep a good stabili ty at the CTS . Por the 
verY beginning , s tation at large proper motion aan be roughly 
estimated by the history at observations ot some nearby clas
sical s ta tions or geophysic data . 

(3 ) .  Precision ot the annual average at station coordinatea 
ahould be better than 1 0  om . 

It needs 5-1 0 years to establish the tinal CTS beoause 
at setting up enollgh number at s tations as .ell a8 of getting 
a praotioal model of their proper motions . Anyhow , a prelimi
nary OTS can be adopted , and atter ao.e reviaiona , the final 
arB may oome out suocessfully . 
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Among the CTS a tatlona , some of them devote to routl ne 
observatlon of the Earth rotatlon parameters , while the other 
s tatlons only observe perlodlcally , once or twlce per year . 
All the s tatl ons wl11 be taken as standard pOints of the 
world geodetio netvork , the proper motlon of each s tatlon can 
be determine trom the varlatlon of the observed s tatlon coor
dlnates after allowed tor the Barth rotatlon . The proper mo
tlons obtalned imply lnformatlon ot plate motion , after mOdl
fl ed the s tation coordinates by these proper mo tions will re
sult a CTS unltorm in spaoe and stable in tlme . Agaln , all 
the s tatlons oan be uaed to support the mobile observations 
for monl torlng earthquake and teotonl c activi tlea . 

There are tva polnts to be emphaslzed : Fi rs t , for the sa
k. of user ' s  conveni enoe , a smooth transl tlon between the old 
and ne. CTS i8 deSirable ,  that is , the orientations of the two 
eTS Should not differ too much tor the l�itlal epooh , and , the 
transformation veotor between the two eTS must be determined 

olearly for an overlapping long enough period , 8ay , slx years 
at l east .  Secondly , lnorder to make using efteotively the long 
existlng data ot cla8s1cal observations tor geodynamio researoh , 
l t  l s  benetiolal to organlze periodically observatlons of new 
techniqu es by .ean8 ot mobile VLBI ,  9LR system or even Doppler 
receiver on the aame classioal observing si tes , eapecially for 
the ILS a tatlons , or observatori es exi sted tor many decades . 

So •• observatoriea already have or intend "to establiah ae
veral observing teohniques on or Dear the same el tee e hould be 
bighly enoouraged , beoaus. they oan glve detail oomparison bet
ween dltterent technlque3 whloh ara havlng difterent reterence 
sys tems such as radio souroes , optical s tara , the moon and va
rlous artifioial satellites . B, oareful comparison of the a ta
tion ooordinates thus obtained , systematio dlfferenoe s  between 
them can be disoovend AlthOllgh HASA already planned to sent ao
.e mobile VLBI or 9LR s tations periodlcally to certain places 
inorder to oompare the differennes of VLBI and SLR data , i t  i s  
more perferable to have continuous o n  si te oomparison o f  di ffe
rent techniques for long time interval , inorder to study the 
short and long term variati ons and secular stabili ty .  Aooordlng 
to the informa tions ve have , in a near futllre , there would be 
about one do.en observatories could make oontributlons to con
tinuous on slte comparisons , as .entloned above , the word ·on 
81te· lnoludlng nearby s tattons vhioh oan be preoisely reduced 
to the same point by .ean8 of appropiate geodetiC prooedures . 
Table 1 shows 80me charaoteri stios of these observatories . 
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As one oan see troll Tab . ' .  the distribution ot these 
observatories is far trom unitor., stations located on 9 .  
Amerloa and Atrioa wl11 be very useful . 

Table 1 .  Observatories for oontinuous oompar18on 

9tation � qJ Remarks 

Europe Greenwioh 0° 5'° Op , SLR , VLBI ( Chilboton ) 

COGA 7 44 Op , LLR , 9LR 

Potsdu l '  52 Op , 9LR 

Wett.ell " 49 SLR, LLR , \'LSI 
Helsinki 24 60 SLR , YLBI 

90 clankyl a 27 67 Op , ltll 
crillea '4 45 op , LLR 

ASia Shanghai 1 21 3 1  Op , SLR, VLBI 
TokyO 1 39 '6 Op, SLR , LLR , VLBI 

I .  Aller. Pt . Davls 256 ' 1  YLBI ,  LLK , 9LR( MoDonalcl ) 

Riohmond 279 26 Op , VLBI 

Va8hiqton 28' '9 Op , 9LR (Greenbelt )  

Austra11a Oenberra ' 49 -' 5 Op , 9LR ,  LLR , VLIl 

Pacitio Jllau1 204 2 1  SLH , LLR 

lote8 : Op tor 01a88ioal opt10 ob8ervation , 

9LH tor LAGIOS traok1ns. 
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Summary : 

1 . Bew ors should be ba.ed upon VLBI network , after oare

ful oalibration of syst.mat10 d1tterences , SLR , LLft , Doppler 

stat10n ahould be included in order to improve the aocuraoy 

and stabl1l ty ot the C!S . 

2 .  OfS atationa ahould be looated on ever1 major tectonio 

platea , in order to teep the new OTS motionle.s in reterre4 to 

the aean mantle. All the ors atatlona are reBarded a. atandard 

pointa ot Blobal .eodetio network with their proper motiOn •• -
.elled . 

1 .  'here are tvo kin4a of Of! atationa • •  oat of the. oa1� 

operate once or twioe per year to provide atation ooordinatea 

wi th preoisioD better than 1 0  oa. , sub.et of ors statlona rea

ponaible for routine obaervatlon cf Barth rotation parametera . 

4. lOr the oalibrat1oD of a1ate .. tio 4itfer.noea bet •• eD 

obaervinB teohnlques , i t  i. biBhl, enool1r .. ed to e.tabliah 

dlfferent teohnique. (preferable tor oontinuoua obaervation ) 

on tbe aame or Dearby aite • • 

5 .  Tran81tion from the old to the ne. CTS muat be amooth 

and lonB enough overlappiDB t1.e 1s needed . 

6 .  For the aate of aaklng etfeotive uae ot the lone el1l
tinB 01a8a10al data and tor the old and ne. CTS oalibratlon , 

l t  i • .  d.airable to 8et up new ob.erving teohnique. on tbe 014 

al tea , even for perlodioall� observat10na auoh a. moblle lLBI 

and 9Lft a1.tem or Doppler receiver. 

As the ne. CTS 1a .0 important to man1 di.clplines , and 

.ettlD« up a atatlon of ne. teohnique require. sreat effort to 

mate it reali.e , .e .ust oall the attent10n of Internat10Dal 
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8ol entltl0 unlons relerent and national soientifio oommonltles 

to 8upport tlral, tor the establishment ot the new ars and the 

efteotlve 11nklng of the 014 and new eTS . 

51 



THE DEDICATED USE OF CONNECTED- ELEMENT I NTERFEROMETRY 
FOR EARTH ORI ENTAT ION 

Denn i s  D .  McCa r t hy ,  P .  Ange r ho f e r , A .  Babcock , 
D .  R .  F l o r k ows k i ,  F .  J .  J o s t i e s ,  W.  J .  K l epc z y n s k i ,  D .  Ma t s ak i s  

U . S .  Nava l Ob s e r va t o� y  
Wa s h i ng t on ,  D .  C .  2 0 3 9 0  U . S . A .  

ABSTRACT . The U . S .  Nava l Ob s e r va t o r y  i s  u s i ng 
obs e r va t i ons made w i  t h  t he 3 5 - 1an b a s e  l i  ne , connec t ed -

. el emen t i n t e r f e r ome t e r  a t  G r e e n  Bank , We s t  V i r g i n i a  f o r  
t he r o u t i ne de t e rm i n a t i on o f  Ea r t h o r i en t a t i on 
pa r ame t e r s . The s e  da t a  a r e  ava i l ab l e  i n  a homogeneous  
s y s t em s i nce J u l y  1 9 8 0 . Th r e e  days  o f  ob s e r va t i ons a r e  
u s ed t o  f o rm a s i ng l e  e s t ima t e  o f  t he pa r ame t e r s .  S i nc e  
i n f o rma t i on f r om j u s t  o n e  b a s e l i ne i s  ava i l ab l e ,  on l y  
two pa r ame t e r s  wh i ch a r e  comb i na t i on s  o f  t he po l a r 
coo r d i n a t es and Un i ve r s a l  T ime (UTI ) can be d e r i ved . 

Compa r i s o n  o f  t h e s e  da t a  w i t h  va l ue s  de r i ved f r om t he 
Bu r eau I n t e r n a t i on a l  de I ' He u r e  ( B IH )  i n f o rma t i on and 
f r om o t h e r  mod e r n  t echn i ques  p e rmi t s  es t i ma t e s to be 

made of t he p r ec i s i on and pos s i b l e  accu r acy of t he 
conne c t ed - e l emen t  i n t e r f e r ome t e r  va l ues as we l l  as t he 
o v e r a l l  u s e f u l n e s s  o f  t he t e chn i que f o r  t he ded i ca t ed , 
r ou t i ne de t e rmi na t i on o f  t h e  o r i en t a t i on o f  t he Ear t h .  
Sys t ema t i c  d i f f e r ences w i t h  annua l and s em i -annua l 
s i gna t u r e s  app e a r  i n  t h e  compa r i s on s . Us i ng t he s pan o f  
d a t a  wh i ch i s  ava i l ab l e ,  t he s e  s y s t ema t i c  d i f f e r e n c e s  
s e em t o  be mod e l l ab l e ,  and , f o l l ow i ng t he i r  r emova l ,  t he 
e x t e r na l  p r ec i s i on o f  t he r aw t h r e e - day t ime and po l a r  
mo t i on componen t s  appea r s  t o  be be twe en + 5 0  and + 1 0 0  cm 
( + 0 � 0 2  t o  + 0 � 0 3 ) . The i n t e r n a l  p r eC i s i on l i es be tween 
+20 ' and +8 0 cm, depend i ng on t he me t eo r o l og i ca l  
cond i t i on s . Exp e r i ence i n  t he u s e  o f  t he s e  d a t a  i n  
comb i na t i on w i t h  t h o s e  f r om o t he r  t echn i qu e s  s hows t ha t  
t he connec t ed - e l emen t  i n t e r f e r ome t e r  d a t a  w i t h  t h i s  
ex t e r n a l  p r e C I S i on a r e  ava i l ab l e  w i t h i n  a f ew days 
f o l l ow i ng t he obs e r va t i ons . Wh i l e a much l onger  s pan o f  
da t a  i s  r e qu i r ed t o  de t e rmi ne t h e  u s e f u l ne s s  o f  t h i s  
i n f o rma t i on i n  ma i n t a i n i ng a cons i s t en t  r e f e r ence s y s t em 
i t  now appea r s  t h a t  t h i s  t echn i que i s  emi nen t l y  s u i t a b �e 
t o  me e t  u s e r  needs , p a r t i cu l a r l y t ho s e  r e qu i r i ng r ap i d  
e s t ima t e s  o f  Ear t h  o r i en t a t i on and / o r  p r ed i c t i on s  f o r  
t he n e a r  f u t u r e .  Ongo i ng imp r o veme n t s  i nc l ud i ng t he 
add i t i on o f  a s econd p e r pend i cu l ar 3 5 -kIn b a s e l i ne and 
imp r oved a tmos phe r i c  mode l l i ng a r e  expec t ed to i nc r e a s e  
t he f u t u r e  u s e f u l ne s s '  o f  t h e s e  da t a . 
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INTRODUCT ION 

S i nce 1 Oc t o b e r  1 9 7 8 , t he U . S .  Nava l  Obs e r v a t o r y  has been u s i �g 
ob s e r va t i ons mad e  da i l y w i t h  t he 3 S -km base l i ne , connec t ed 
e l"emen t  r ad i o  i n t e r f e r ome t e r a t  Gr een Bank , We s t  V i r g i n i a  f or t :1e 
r ou t i ne de t e rm i na t i on of Ear t h  o r i en t a t i on p a r ame t e r s . Tje 
i n s t r ume n t  has b e en d e s c r i be d  p r e v i ou s l y  ( Hogg , et a I . ,  1 9 6 9 ; 
Foma l on t  and S r amek , 1 9 7 5 ; Johns t on , e t  a l . ,  1 9 7 9 ; ) .  
Obs e r va t i ons a r e  made at  f r e quenc i e s o f  2 6 9 5  and 8 0 8 5  MHz w i  t h' a 
2 6 -me t e r  t e l es cope a t  Green  Bank and w i  t h  a 1 4 -me t e r  t e l e s cope 
l oca t ed 3S km away . Phases of t he i n t e r f e r ence f r i nges are u s e d  
t o  de r i ve t he compone n t s  o f  t he bas e l i ne vec t o r  i n  t he r e f e r en c e  
f r ame d e t e rmi n ed b y  t he ado p t ed s o u r c e  po s i t i ons , p r e c e s s i on and 
nu t a t i on t h e o r i es ,  and t he as s umed r o t a t i on ang l e  of t he Ear t h .  
The s e  vec t o r  componen t s  a r e  t hen comb i ned w i  t h  b a s e  1 i ne 
p a r ame t e r s  adop t ed to b e  cons i s t e n t  w i t h  t he conven t i on a l  
t e r r e s t r i a l r e f e r ence s y s t em de f i ned by t he Bu r eau I n t e r n a t i ona l 
de I ' Re u r e  ( B IR )  va l ue s  f o r  UTI and t he pos i t i on o f  t he po l e  o f  
r o t a t i on w i t h  r e s pe c t  t o  t he Conve n t i ona l I n t e r na t i on a l  
Or i g i n  ( C I O ) . 

S i nc e  "da t a  f r om on l y  one base l i ne a r e  cu r r en t l y  ava i l ab l e ,  i t  i s  
not  p o s s i b l e  t o  u s e  t he conne c t ed e l emen t  i n t e r f e r ome t e r  d a t a  t o  
o b t a i n  e s t i ma t e s  o f  a l l  t h r e e Ear t h  o r i en t a t i on pa r �e t e r s  
( po l ar coo r d i na t e s , x and y ,  and UTI -UTC ) . The r e f o r e ,  t h e  
ob s e r va t i on s  a r e  comb i ned s o  a s  t o  p r ov i de e s t ima t e s  o f  t he 
mo t i on o f  t he po l e  and UTO -UTe t ha t  wou l d  be ob s e r ved by a 
c l as s i ca l  as t r onomi ca l i ns t r umen t  a t  s ome pos i t i on on t h e  E a r : 1h  
n o t  r e l a t ed t o  t he geog r ap h i c  pos i t i on o f  t he i n t e r f e r ome t er a t  
G r e e n  Bank (McCa r t hy ,  e t  a l . ,  1 9 8 0 ) . Th i s  i s  done s o  t ha t  t he 
d a t a  can be u s ed e a s i l y i n  t he e s t a b l i s hed a l go r i t hms o f  t he B : R  
and t h e  I n t e r na t i on a l  Po l a r Mo t i on Se r v i ce ( I PMS ) f o r  t he 
d e t e rmi n a t i on o f  s t anda r d  va l ues  o f  t he po l a r mo t i on and 
a s t r onomi ca l t ime . 

The p o l ar  mo t i on compon e n t  i s  g i ven by 

p = � Bz / ( Bx 
2 + By 

2 )112 , 

whe r e  Bx and By a r e  t he compone n t s o f  t he ba s e l i ne de f i ned i n  t he 
r o t a t i ng conven t i on a l  t e r r e s t r i a l r e f e r ence s y s t em l y i ng i n  a 
p l ane pa r a l l e l  t o  t he equa t o r i a l p l ane wh i ch i s ,  i n  t u r n , 
p e r pend i cu l ar t o  t he d i r e c t i on o f  t he C I O .  The component  Bx l i e s 
i n  t he p l ane o f  t he l oca l me r i d i an and By i s  d i r ec t ed t owa r d  t he 
we s t . The quan t i t y � B� i s  t he d i f f e r e nce be tween t he obs e r ved 
and t he adop t ed va l ue o r  t he th i r d vec t o r  compon e n t » Bz • Th i s  
c�ponent  i s  p e r pend i cu l ar t o  t he p l ane o f  t he equa t o r  and 
d i r e c t e d  no r t hwa r d . The o r i g i n  o f  t h i s  l oca l coo r d i na t e  s ys t em 
i s  at  t he Gr een Bank an t enna . 

S im i l ar l y ,  t he UTO compone n t  i s  g i ven by 

t = ( t\  Bx - t.\ By ) / ( Bx + By ) , 
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whe r e  � Bx and � By- aga i n  r ep r e s e n t  t h e  d i f f e r en c e s  be twe e n  t he 
obs e r ved and adop t ed base l i ne compon e n t s . The po l a r mo t i on 
componen t i s  e qu i va l en t  t o  t he var i a t i on o f  as t r onom i ca l  �a t i t ud e  
wh i ch wou l d  be obs e r ved a l ong t he me r i d i an o f  l ong i t ude 4 3m 4 2 s 
Eas t . The va l ue o f  UTO -UTe i s  e�u i va l en t  t o  t ha t  wh i ch wou l d  be 
o b s e r v e d at I on g i t u d e 8 h 1 9m 2 0  We s t and 1 a t i  t u d e 4 40 1 2 '  36 " 
Sou t h . 

As ou t l i ned by Johns t on e t  a l . , ( 1 9 7 9 ) , t he advan t ag e s  expec t ed t o  
be ga i ned f r om t he r ou t i ne ope r a t i on o f  a conne c t ed - e l emen t  
i n t e r f e r ome t e r  f o r  t he de t e rmi n a t i on o f  Ear t h  o r i en t a t i on 
p a r ame t e r s  can be s umma r i z ed as f o l l ows : 

1 .  l ow cos t due t o  r e l a t i ve l y s imp l e  e l ec t r on i c s ,  
s i ng l e  s t at i on ope r a t i on ,  and t he e a s e  w i t h  wh i c h 
t he o p e r a t i on can be au t oma t ed ; 

2 .  t he ab i l i t y  t o  
pa r ame t e r s  v e r y  
o b s e r va t i ons ; 

de t e rmi ne Ea r t h 
qu i ck l y  f o l l ow i ng 

o r i en t a t i on 
t he ac t ua l  

3 .  t h e  mi n imi z a t i on o f  t he e f f ec t s  o f  d i f f e r e n t i a l 
a tmos phe r e , i onos phe r e  and s o l i d  E a r t h  t i d e s  due t o  
t he s ho r t l eng t h  o f  t he bas e l i ne ;  

4 • a v 0 i da n ce o f p r o  b I ems w i t h e r r 0 r s i n c I 0 c k e p 0 c h 
and t ime due t o  t h e  co r r e l a t i on i n  r ea l  t i me ; 

5 .  l ack o f  a r e qu i r eme n t  f o r  a h i gh -p r ec i s i on 
f r e quency s t anda r d ; 

6 .  a s imp l e  s o l u t i on 
co r r e l a t i ons common 
unk nowns . 

wh i ch avo i d s pos s i b l e  
i n  s o l u t i ons w i t h  many 

Howeve r ,  s i nc e  t he ba s e l i ne compone n t s  mu s t  be de t e rmi ned w i t h  
m i l l ime t e r accu r acy , any r e l a t i ve l y  mi nor  s y s t ema t i c  e r r o r s  s u c h  
as de f o rma t i on s  o r  i nadequac i e s i n  t he a tmo s phe r i c  mod e l may 
cau s e  s i gn i f i c ant s y s t ema t i c  e r r o r s  i n  t he d e r i ve d  Ear t h  r o t a t i on 
parame t e r s . Wi t h  t he G r e e n  Bank s y s t em t he r emo t e  an t e nna i s  
l o c a t ed a t  an a l t i t ud e  2 0 0  me t e r s  h i g h e r  t h an t he 2 6 -me t e r  
an t enna i n  G r e e n  Bank . The s ys t ema t i c  d i f f e r enc e s  wh i ch mi g h t  
a r i s e f r om t h i s  d i f f e r e  n c e i n he i g h t a r e e x amp 1 e s 0 f po s s i b  I e 
p r o b l ems wh i ch mi gh t  be expec t ed f r om t he u s e  o f  t h i s  t e c h n i que . 

P r e l imi n a r y  i nves t i ga t i ons , ca r r i ed out  be f o r e  t he s t a r t  o f  
r ou t i ne oper a t i on s  i n  1 9 7 8 , s howed t ha t  t h i s  i ns t r ume n t  cou l d  
p r ov i de u s e f u l  i n f o rma t i on r e qu i r ed t o  me e t  t he s p e c i f i c  needs  o f  
t h e U . S .  Nava l Obs e r va t o r y .  The s e  r e qu i r emen t s  a r e  t o  s upp l y  
u s e r s  w i t h  t he mo s t  accu r a t e  Ear t h  o r i e n t a t i on i n f o rma t i on 
ava i l ab l e  as qu i ck l y  as pos s i b l e  f o l l ow i ng t he a c t u a l  
obs e r v a t i o ns and t o  p r o v i de p r ed i c t i ons o f  t h i s  i n f o rma t i on .  The 
p u r pos e of t h i s  pap e r  i s  to r epo r t  on t he r e s u l t s  to da t e  of t he 
da i l y ope r a t i on o f  t he G r e en Bank i n t e r f e r ome t e r  i n  t he l i gh t  o f  
t he an t i c i pa t ed advan t ages and d i s advan t ag e s  and t he r equ i r emen t s  
o f  t he U . S .  Nava l Ob s e r va t o r y . 
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OPERAT ION 

The connec t ed - e l eme nt i n t e r f e r ome t e r i s  ope r a t ed r ou t i n e l y  2 4  
hou r s  p e r  day , s e v e n  day s p e r  we ek f o r  t he de t e rmn na t i on o f  t he 
Ea r t h o r i en t a t i on p a r ame t e r s  and t o  make ob s e r va t i ons i n  s uppo r t 
o f  t h i s  p r og r am .  The s e  add i t i ona l obs e r va t i on s  may i nc l ude 
obs e r va t i ons o f  s o u r ces not cu r r e n t l y  u s ed i n  t he r egu l a r 
obs e r v i ng p r og r am wh i ch a r e  mad e i n  an e f f o r t t o  imp r ove t he 
cu r r e n t  p r og r am  by t he add i t i on o f  po s s i b l e  new s ou r ce s . The 
obs e r v i ng p r og r am f o r  t he de t e rmi nat i on of t he Ea r t h o r i en t a t i on 
p a r ame t e r s  cons i s t s  o f  s i x t een s o u r c e s  ( Kap l an ,  e t  a l . ,  1 9 8 2 )  
who s e  pos i t i ons have been de t e rmi ned t h r ough t he u s e  o f  t he 
i n t e r f e r ome t e r obs e r v a t i ons t hems e l ves . The s e  s o u r c e s  wh i ch a r e  
d i s t r i bu t e d abou t t h e  s ky v i s i b l e  f r om G r e e n  Bank a r e  o b s e r ve d  
c o n t i nuo u s l y  t h r o ughout  t he d ay . No rma l l y  a b o u t  f i ve m i nu t e s o f  
obs e r v i ng t ime i s  s pe n t  o n  each s o u r c e  be f o r e  t he an t e nnas a r e  
moved t o  obs e r ve anot h e r . App r ox ima t e l y  f i ve m i n u t e s  i s  r e qu i r e d  
t o  move f r om s o u r c e  t o  sou r c e . The f r equency w i t h  wh i ch eac h 
s ou r ce i s  ob s e r ved depe nds on i t s v i s i b i l i t y f r om G r een Bank . 
Th i s  p r og r am i s  r e pea t ed each s i de r ea l  day . 

Ob s e r va t i ons a r e  made at  2 6 9 5  Mhz and 8 0 8 5  Mhz at  r i gh t  and l e f t  
c i r c u l ar po l a r i z a t i on .  On l y  t he r i gh t  c i r c u l a r po l a r i z a t i on 
i n f o rma t i on i s  u s ed f o r t he ana l y s i s .  A c e s i um- beam a t om i c 
f r e quency s t anda r d  i s  u s e d  t o  p r ov i de t i me and f r equency 
r e f e r ence . A phas e - s t ab l e  m i c r owave l i nk connec t s  t he 
two an t ennas . 

I n  t he p r oc e s s  o f  ' obs e r v i ng ,  t he on l i ne r ea l  t i me s y s t em 
d e t e rm i nes a va l ue o f  t he f r i nge amp l i t ude and pha s e  f o r  each 
t h i r t y  s e conds of  ob s e r v i ng t ime . The s e  are  r e co r ded on magn e t i c  
t ape and s e n t  t o  t he U . S .  Nava l Ob s e r v a t o r y  i n  Wa s h i ng t on whe r e  
t h i s  i n f o rma t i on i s  co r r ec t e d f o r  i ns t r umen t a l , a tmo s phe r i c ,  and 
i onos ph e r i c  e f f e c t s  ( s ee Kap l an et a l . ,  1 9 8 2 ) . Po s s i b l e  d r i f t i n  
t he l oca l os c i l l a t o r  i s  a l s o accoun t e d f o r . Some ed i t i ng o f  t he 
d a t a  i s  r equ i r ed at  t h i s  po i n t .  The d a t a  a r e  t hen u s ed t o  
de t e rm i ne t h e  compone n t s o f  t he base l i ne a s  me n t i oned above . 
These componen t s  a r e  u s ed t o  e s t ima t e  t he Ea r t h o r i e n t a t i on 
pa r ame t e r s . 

RESULTS 

The ob s e r v a t i ons u s ed i n  t h i s  s t udy we r e  made d u r i ng t he p e r i od 
f r om 1 J u l y  1 9 7 9  t h r ough 3 1  Decembe r 1 9 8 1 .  I t was f ound f r om 
ana l y s i s  o f  t he d a t a  ob t a i ned i n  t he e a r l y  pa r t  o f  t h i s  p e r i od 
t ha t  t h e  i n t e r na l  p r e c i s i on o f  t he obs e r va t i on s  wa s imp r oved w i t h  
t he u s e  o f  co r r e c t i ons f o r  t he e f f e c t s  o f  t he d i f f e r e n t i a l 
i onos phe r e  a t  t he two s i t e s . S i nc e  obs e r va t i ons made be f o r e  
1 J u l y  1 9 7 9  we r e  not co r r e c t ed f o r  i on o s p he r i c  e f f e c t s  t hey a r e  
no t i nc l uded i n  t h i s  s t udy . 
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To de s c r i be t h e  va l ue o f  t he s e  da t a  t o  t h e  r o u t i ne de t e rm i na t i on 
o f  Ear t h  o r i en t a t i on i n f o rma t i on we mu s t  f i r s t  c h a r ac t e r i ze t he 
r e qu i r emen t s  f o r  t h i s  t yp e  o f  d a t a .  For  t h i s  t he d a t a  a r e  
us ua l l y  de s c r i bed by t �e i r  p r ec i s i on ,  accu r acy , cons i s t ency , 
r e s o l u t i on ,  and ava i l ab i l i t y .  

P r ec i s i on r e f e r s  t o  t he ag r e emen t  o f  t he da t a  w i  t h  t hems e l ve s  
w i t hout  r egard t o  a s t andard s y s t em .  The i n t e r n a l  p r e c i s i on i s  
meas u r e d  by t h e  f o rma l mean e r r o r  o f  an i nd i v i dua l e s t ima t e  o f  
t he obs e r va t i on .  Ex t e r n a l  p r ec i s i on r e f e r s  t o  t he ag r e emen t  o f  
t he s e  es t ima t e s  wi t h  t h ems e l ve s  ove r s ome p e r i od o f  t ime . I t  
cou l d  be me as u r ed by t he rms o f  t he r e s idua l s  f r om  a smo o t h  c u r v e  
o r  b y  t he Al l an Var i ance , f o r  examp l e .  Aga i n ,  n o  r e f e r ence i s  
made t o  a s t andard r e f e r ence s y s t em when we r e f e r  t o  p r ec i s i on .  

Acc u r acy i nc o r po r a t e s  t he conc e p t  o f  an e x t e r na l  s t anda r d  
r e f e r ence f r ame . The f o rma l acc u r acy i s  f r eque n t l y  mea s u r ed by 
t he rms ag r e eme n t  o f  t he obs e r va t i on a l e s t ima t e s  w i t h  s ome 
s t andard s e t  o f  d a t a .  Thu s , t he e f f ec t s  o f  s y s t ema t i c  
d i f f e r en c e s  be twe e n  t he r e f e r ence s y s t ems i n  wh i ch t he 
obs e r va t i ons we r e  t r e a t ed and t he s t and a r d  s y s t em e n t e r  i n t o  t he 
meas u r emen t  o f  t h e  accur acy . I f t he s y s  t ema t i  c e r r o r s  can be 
mode l l ed ana l y t i ca l l y ,  t he ob s e r va t i on a l  e s t ima t e s can be 
ad j u s t ed to t he s t anda r d  s y s t em .  I n  t h i s  cas e t he wo r k i ng 
accur acy can be e s t .ima t ed by t he rms o f  t he r e s i du a l  f o l l ow i ng 
t he ad j us tmen t  of t he e s t ima t e s  to the s t anda r d  s ys t em .  

Co n s i s t en cy r e f e r s  t o  t he a b i l i t y t o  mod e l t h e s e  s y s t ema t i c  
d iff e r e n c e s  ove r r e l a t i ve l y  l ong p e r i od s  o f  t ime . Th i s  c a n  b e  
e s t ima t ed b y  comp a r i ng t he d i f f e r e n t  mode l s  o f  s y s t ema t i c  e r r o r s  
ob t a i ned u s i ng d i f f e r en t  s e t s  o f  obs e r va t i ona l da t a .  I n  t h i s  way 
we can e s t ima t e  t he e r r o r  i n t r oduced by t he s y s t ema t i c  e r r o r  
mode l s  wh i ch i s  con t r i bu t e d t o  t he obs e r va t i on s  when t hey a r e  
r educed t o  t he s t andard s y s t em .  I f  t he r e  a r e  w i de v a r i a t i ons i n  
t he s y s t ema t i c  e r r o r  mod e l s  de t e rm i ned ove r d i f f e r en t  p e r i od s  o f  
t ime t he d a t a  may b e  u s e f u l  i n  i n t e r po l a t i on b u t  may n o t  be 
u s e f u l  for l ong - t e rm u s e .  

Res o l u t i on r e f e r s  t o  t he l eng t h  o f  t ime b e tween t he obs e r va t i on a l 
e s t ima t e s . Th i s  p a r ame t e r  may be l im i t ed by we a t h e r , by 
ob s e r v i ng p r ocedu r e s , o r  by econom i c cons i de r a t i on s . Ear t h  
o r i e n t a t i on d a t a  ga t he r ed a t  s p o r ad i c  i n t e r va l s  may be o f  l i t t l e 
u s e  i n  a r ou t i ne s y s t em .  To be mos t u s e f u l , d a t a  s ho u l d  be 
av� i l ab l e  r ou t i ne l y  and f a i r l y o f t en . 

Ava i l ab i l i t� r e f e r s  t o  t he l en g t h  o f  t ime wh i ch i s  r e qu i r ed t o  
t r e at  t he a t a  f o l l ow i ng t he ac t ua l  obs e r va t i ons . For  many 
pu r pos e s  the da t a  a r e  mo s t  u s e f u l when t he y  a r e  ava i l ab l e  qu i ck l y  
f o l l ow i ng t he obs e r v a t i on .  For  o t he r s , s uch as r e s e a r ch , t h i s  
may no t be an impo r t an t  cons i de r a t i on .  
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Wi t h  t he s e  pa r ame t e r s  i n  mi nd , t he conne c t ed - e l emen t d a t a  d e r i ved 
d u r i ng t h i s  p e r i od of t ime may be eva l ua t ed for t he : r  
u s e f u l ne s s . The r e s o l u t i on o f  t he da t a  cons i de r ed i n  t h i s  s t udy 
i s  t h r ee days . That i s ,  t he data f r om t h r ee days o f  obs e r va t i ons 
a r e  used t o  f o rm one e s t ima t e  o f  t he base l i ne o r i en t a t i on .  Th f s  
p e r i od o f  t ime was chos en t o  p r ov i de s u f f i c i e n t  d a t a  t o  ach i eve 
ad  e qua t e pre  c i s i on r 0 u t i  n e l y .  S h 0 r t e r r e s o l u t i 0 n \vo u I d P r cd u c e 
d a t a  w i t h  d eg r aded p r ec i s i on and accur acy f o r  s ome pe r i ods o f  
t ime .  Du r i ng r e l a t i ve l y good pe r i od s  o f  ob s e r v i ng t he r e s o l u t i on 
cou l d  be s ho r t e n e d . Th i s  cou l d  a l s o be r e d u c e d  i f  t he s ou r c e s  o f  
e r r o r  wh i c h c u r r e n t l y  co n t r i bu t e  t o  t he e r r o r  i n  t h e  d e r i ved 
i n f o rma t i on cou l d  be t r e a t ed i n  an imp r oved manne r .  

The i n t e r na l p r e c i s i on o f  t he s e  t h r e e -day es t ima t e s  o f  t ime and 
p o l a r mo t i o n c omp o n e n t s  a r e  f o und to be + O � O O l l  and + O � 0 1 5  
r e s pe c t i ve l y .  The ex t e r na l p r ec i s i on e s tima t ed by t he Al l en 
Var i ance o f  t he d a t a  or  b� t he rms o f  t he r e s i dua l s  f r am a smoo t h  
c u r ve i s  f ound t o  be !.. 0 . 0 0 2 2  i n  t ime and !.. 0 " 0 3 5  i n  t h e  po R e r 
mo t i on compone n t . The f o rma l accur acy compu t ed f r om t he rms o f  
t h e  r e s i dua l s  o f  t he da t a  f r om t h a t  p r ed i c t ed u s i ng t he f i na l  B I H 
va l ues i s  � O � 0 0 4 0  i n  t ime and � O � 0 4 1  i n  p o l a r mo t i o n .  

The d i f f e r en c e  be tween t h e  ex t e r na l p r ec i s i on and t he f o rme l 
a c c u r a c y  s e e n  a b o v e  i s  an i nd i c a t i on o f  t he e f f e c t s  o f  I? o s s i b l e  
s y s t ema t i c  e r r o r s  i n  t he i n t e r f e r ome t e r  obs e r va t i on s . ] n  t ime 
( UTO -UTe) t he s y s t ema t i c  d i f f e r ence w i t h  r e s pe c t  t o  t he B IH i s  
cha r ac t e r i z ed by t he f o l l ow i ng r e p r e s en t a t i on a f t e r  ad j u s tmer.. t 
f o r  a cons t an t  t e rm :  

Ob s e r va t i on s  - B I H = 0 � 0 0 1 7  s i n  2 "T + 0 � 0 0 3 5  cos 2 "T 
- O � 0 0 0 3  s i n  4"T + O � 0 0 1 0  cos 4 "T ,  

whe r e  T i s  t he f r ac q on o f  t h e  y e a r . I n  t he po l a r mo t i on 
component  t he ana l ogous r e p r e s e n t a t i on i s :  

Ob s e r va t i on s  - B I H  = - 0 � 0 0 7  s i n  2"T 0 � 0 3 1  cos  2"T 
+ O � 0 0 7  s i n  4 "T + 0 � 0 0 1  cos 4"T 

The e f f ec t  of t h i s  s y s t ema t i c  e r r o r  can bes t be s ee n  i f  we 
t r a n s f o rm t he s y s t ema t i c  d i f f e r ences  w i t h  r e s pe c t  t o  t he B I H  d a t a  
i n  t he base l i ne compone n t s  to  a l oca l coo r d i na t e  s y s t em .  I n  t h i s  
s y s t em t he x ax i s  i s  d i r ec t ed i n  t he ve r t i ca l  d i r ec t i on wh i l e t h e 
y ax i s  i s  d i r e c t e d  t o  t he we s t  and t he z ax i s  li s  t owa r d s  t he 
nor t h .  I n  t h i s  coo r d i n a t e  s y s t em we f i nd t ha t  t he s ys t ema t i c  
e r r o r  i n  ba s e l i ne compone n t  l eng t h  can be g i ven i n  
m i l l ime t e r s  by : 

x = - 3 . 3  s i n  2 "T 
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and t he s y s t emat i c  e r r o r  i n  t he l eng t h  o f  t he b a s e l i n e can be 
g i ven by : 

L = 0 . 1  s i n  2"T - 0 . 2  cos 2"T - 0 . 6  s i n  4"T - 0 . 2  cos  4"T . 

As can be s een f r om t he above , t h e r e  i s  no s i gn i f i ca n t  s y s t ema t i c  
p e r i od i c  var i a t i on i n  t h e  obs e r va t i on s  o f  t h e  l eng t h  o f  t he 3 5 - � 
base l i ne .  Howe v e r , t he r e  does appe ar t o  be a s i gn i f i can t 
p e r i od i c  e r r o r  i n  t he ve r t i ca l  compon e n t  o f  t he ba s e l i ne wh i ch 
e s s e n t i a l l y  cau s e s  t he appa r e n t  s y s t ema t i c  d i f f e r e nce be twe en t he 
obs e r ve d  and t h e  s t anda r d  B IH e s t ima t e s  o f  t h e  Ear t h  o r i en t a t i on 
p a r �e t e r s . F i t s o f  t he s y s t ema t i c  e r r o r s  i n  t he t ime and po l a r  
mo t i on componen t s  a r e  s hown i n  F i gu r e  1 .  F i gu r e · 2 s hows a f i t  o f  
t he s y s t ema t i c  e r r o r s  i n  l e ng t h  and i n  t he b a s e l i ne compone n t s  i n  
t he l oca l coo r d i na t e  s y s t em .  

o�oos 

-o�oos 

.,/ 
/ 

/ 

Polar Motion 
� 

" 
" 

F i g .  1 .  Sys t ema t i c  d i f f e r ences  i n  t h e  t ime and 
po l a r mo t i on componen t s  d e r i ved f r om conne c t e d 
e l emen t  i n t e r f e r ome t e r  obs e r va t i on s . 
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F i g .  2 .  S y s t ema t i c  d i f f e r ences  i n  t he b a s e l i ne 
compon en t s  i n  a l oc a l  coo r d i n a t e  s y s t em .  

F u r t he r  i nv e s t i ga t i on o f  pos s i b l e  s y s t ema t i c  v a r i a t i on i n  t he 
l eng t h  o f  t he b a s e l i ne as a f unc t i on o f  t ime s hows t ha t  t he 
l eng t h  i s  r ema r kab l y  s t ab l e .  F i gu r e  3 s hows mo� t h l y  means o f  t he 
e s t ima t es o f  t he b a s e l i ne l eng t h ,  L ,  w i t h  r e s p e c t  t o  t he adop t ed 
va l ue . As can be s e e n  t h e  l eng t h  i s  ve r y  s t ab l e .  Th i s  i nd i ca t e s 
t hat  t he s o u r ce o f  t he s y s t ema t i c  e r r o r s  w i t h  r e s pe c t  t o  t he B I R  
d e r i ved es t ima t e s  i s  an appa r en t  r o t a t i on o f  t he bas e l i ne . 
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F i g .  3 .  Var i a t i on s  i n  t he bas e l i ne l eng t h .  

The r e s i dua l s  f r om  t he B I R  can a l s o be comp a r ed w i t h  r e s i du a l s  
f r om t he es t i ma t e s  de r i ved us i ng po l a r coo r d i na t e s ob t a i ned f r om 
s ou r c es i ndependent  o f  t he B I R .  A s t andard c r o s s - c o r r e l a t i on 
t e c hn i q ue was u s ed t o  i nv e s t i ga t e  t he pos s i b i l i t y t ha t  t he 
app a r e n t  s y s t ema t i c  e r r o r s  may not be e n t i r e l y  due t o  t he 
i n t e r f e r ome t e r  obs e r va t i on s . The c o - amp l i t ud e  s pe c t r um o f  t he 
i n t e r f e r ome t e r po l ar mo t i on component  r e s i dua l s  f r om t he B I R  and 
t he r e s i dua l s  i n  t he s ame compon e n t  be twe e n  t he va l ue d e r i ved 
f r om t he Un i ve r s i t y of Texas " qu i ck - l oo k "  po l a r coo r d i na t e s  
ob t a i ned u s i ng t he l as e r  obs e r va t i on s o f  t he a r t i f i c i a l E a r t h  
s a t e l l i t e LAGEOS and t he B I R  ( Tap l ey and Schu t z , 1 9 8 2 )  s hows no 
s i gn i f i can t cor r e l a t i on .  Th i s  i nd i ca t e s  t ha t  t he po l a r mo t i on 
s y s t ema t i c  e r r o r  p r o bab l y  does l i e i n  t he i n t e r f e r ome t e r  
ob s e r va t i ons . 

The s o u r c e  o f  t h i s  s y s t ema t i c  e r r o r  con t i nues t o  be 
i nve s t i ga t e d . Wa t e r  vapor r ad i ome t e r s  ( s e e  K l e p c z y ns k i , et  a l . ,  
1 9 8 2 ) a r e  s chedu l ed t o  be i n s t a l l ed i n  an e f f o r t  t o  i nv e s t i ga t e  
t he e f f e c t 0 f wa t e r v a  p 0 r on t he bas e l i ne e s t i  ma t e s • P o  s s i b  I e 
imp r ovemen t s  i n  t he d r y  a tmos phe r e  mode l a r e  a l s o be i ng 
i nve s t i ga t ed ( F l o r k ows k i , 1 9 8 2 )  i n  an e f f o r t  t o  account  f o r  
pos s i b l e  s e as ona l e f f ec t s  i n  t he obs e r va t i on s . The cu r r e n t  
ne u t r a l  a tmos ph e r i c  c o r r e c t i on a s s wmes t ha t  t he s t r u c t u r e  o f  t he 
d r y  atmo s phe r e  i s  f i xed and t hu s  does no t change w i t h  s e a s o n . 
Th e r e f o r e  an annua l s y s t ema t i c  e r r o r  m i g h t  be expec t ed f r om 
t h i s  sou r c e . 

s hows t ha t  t he 
+ 0 � 0 0 1 7 i n t ime 

Comb i n i ng t he 
t he conc l u s i on 

Ana I y s  i s  0 f t he s ys t ema t i c  e r  r o r  mod e  1 s 
cons i s t ency o f  t h i s  t ype o f  r e p r e s e n t a t i on i s  
and + O � O I I  i n  t h e  po l a r mo t i on compone n t . 
e x t e r na l p r ec i s i on w i t h  t he cons i s t e ncy l e ads t o  
t h a t  t he wo r k i ng ac c u r acy of t he conn e c t ed e l emen t i nt e r f e r ome t e r  
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as i t  i s  cu r r en t l y  ope r a t ed , and accoun t i ng f o r  t he s y s t ema t i c  
e r r or mod e l ,  i s  + 0 � 0 0 2 9  and + 0 '.' 0 38 f o r t he t h r e e -day e s t ima t e s  
o f  t ime and po l a r- mo t i on r e s pec t i ve l y .  

The ava i l ab i  l i  t y  o f  t he d a t a  i s  l im i  t ed by t he s e nd i ng o f  t he 
magne t i c  t apes t h r ough t he ma i l  t o  abou t f i ve days . Th i s  cou l d  
be imp r oved by t he add i t i on o f  an o n- l i ne r ed uc t i on capab i l i t y a t  
Gr e e n  Bank o r  by an a l t e r na t e  means o f  t r an s f e r r i ng t he obs e r ve d  
p h a s e  d a t a  t o  t he U . S .  Nava l Ob s e r va t o r y . 

OONCLUS ION 
An a l y s i s  o f  t he c o n n e c t e d - e l eme n t  i n t e r f e r ome t e r d a t a  s hows t ha t  
t he es t imat ed acc u r acy o f  t he da t a  i s  o f  s uc h  a qua l i t y t o  be 
h i gh l y  u s e f U l  i n  t he d e t e rmi n a t i on of Ear t h  o r i e n t a t i on 
pa r ame t e r s . The accur acy o f  t he da t a  has been u t i l i z ed by t he 
B I H  i n  t he f i na l  d e t e rmi n a t i on o f  i t s 1 9 8 1  e s t ima t es o f  Ea r t h  
o r i en t a t i on pa r ame t e r s . The r e , t he connec t ed - e l emen t  i n t e r 
f e r ome t e r  p r o v i ded 1 3% o f  t he we i gh t  o f  t he s o l u t i on f o r  UT I -UTC 
and 3% o f  t he we i gh t  o f  t he po l ar mo t i on s o l u t i on ( B I H  Annua l 
Repo r t  f o r  1 9 8 1 ) . Th i s  t ec hn i que i s  pa r t i cu l a r l y  he l p f u l  f o r  t he 
r ou t i ne r ap i d  de t e rmi n a t i on o f  UTI -UTC whe r e  o t he r  mod e r n  
t e c hn i ques have not  y e t  been a b l e  t o  make h i gh p r e C i s i on r e s u l t s  
ava i l ab l e r o u t i ne l y and qu i ck l y .  For  examp l e ,  t h e  i n t e r f e r ome t e r  
d a t a  c u r r e n t l y  p r o v i des 4 7% o f  t he we i gh t  o f  t he USNO s o l u t i on n n  
UT I  and 6% o f  t he USNO po l ar mo t i on s o l u t : on .  
(McCa r t hy ,  1 9 8 1 ) . The e a s e  i n  ope r a t i on and t he s peed w i t h  wh i c h 
t he r educed da t a  a r e  ava i l ab l e  have mad e  t h i s  app r oach e s s e n t i a l 
i n  he l p i ng t o  me e t  t he r e qu i r emen t s  o f  t he u . s .  Nav a l  Ob s e r v a t o r y  
f o r  t h e  r ou t i ne de t e rmi na t i on o f  Ear t h  o r i en t a t i on d a t a .  I t  i s  
a n t i c i pa t ed t ha t  as t he imp r o veme n t s  me n t i oned a r e  comp l e t ed t h e  
acc u r acy o f  t h e  da t a  w i l l  b e  imp r oved l ead i ng t o  a n  e v e n  h i gh e r  
we i ght i n  t he B IH and USNO s o l u t i ons f o r  Ea r t h o r i en t a t i on 
pa r ame t e r s . 
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OPERATION OF THE NATIONAL GEODETIC SURVEY POLARIS NETWORK 

D .  S.  Robertson and W .  E.  Carter 
National Geodetic Survey , National Ocean Survey, NOAA 

RockvIlle, Maryland, 20852, U. S. A. 

ABSTRACT. The National Geodetic Survey ( NGS) , under project 
POLARIS, has been operating a two-station very-long-baseline 
interferometry ( VLBI) network for the purpose of determining 
polar motion and UT1 ( Universal Time ) since November 1 980 . 
The network operated about twice a month with the Haystack 
observatory , Massachusetts and the Harvard Radio Astronomy 
Station (HRAS) , Texas, until Westford replaced Hay stack in 
June 1 981 . Since that time , observations have been made at 
a rate of about once per week. Onsala Space Observatory , 
Sweden has made cooperative observations about once per month, 
except during a 5-month period in the middle of 1 981  when 
its S-band antenna was being refurbished. The participation 
of Onsala is particularly important , since it provides the 
ability to estimate all three components of Earth rotation, 
instead of just two components . About 4 to 6 weeks are 
currently required to convey the raw data tapes to Haystack 
observatory for correlation, and convey the correlator output 
to NGS headquarters in Rockville , Maryland for analysis. It 
should be possible to reduce the time required for this 
process to about 2 weeks. After the data arrive at NGS the 
routine analysis ot the data and estimation of pole position 
and UT1 parameters require only a few hours ,  barring unusual 
problems. The operation of the POLARIS network is provid1ng 
valuable experience in dealing with the problems encountered 
in running a VLBI network on an operational baSis .  As outlined 
in another report at this conference (Carter and Robertson, 
1 982) , the data from this network are provid1ng pole position 
de terminations whose accuracy matches or exceeds those 
available from any other technique , and · whose time resolution 
exceeds other techniques by an order of magnitude or more . 
We expect these results to improve as the project matures. 

INTRODUCTION 

In November 1980, 1DIIled1ately following the HERIT short campaign, the National 
Geodetic Survey began a continuing series of VLBI observing sessions to monitor 
Earth rotation on a regular baSi s .  This series of observations was a pilot 
activity to project POLAR IS (ZQkar motion AnalJsis ·by �adio �nterferometric 
,aurveying ) .  The observations primarily utilized the "BRAS-Haystack interferaneter , 
with occasional participation by the Onsala Space Observatory, Sweden. In June 
1 980 , the Westford POLARIS facilities were completed and the first genuine POLARIS 
observations using the HRAS-Westford inte�ferometer were made . By the close of 
1 98 1  more than 20 successful observing sessi ons had been completed and the 
HRAS-Westford interferome ter was operating routinely,  producing one 24-hour 
observing session per week . This productivity has continued through the present 
time . Each session yields estimates of the baseline length , the x-component of 
polar motion, and UT1 -UTC. 
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The planning, observing, and data reduction and analysis aspects of a typical 
POLARIS session were described in Robertson and Carter ( 1 982 ) . The rati onale 
and basic strategies have not changed . However , improvements in the Mark III data 
acquisition system and differences in the performance of the Haystack and Westford 
antennas have resulted in some operational changes.  We will briefly explain these 
changes before reporting on the geodetiC information obtained thus far from NGS 
VLBI activities. 

REFINEMENTS IN PROCEDURES 

The Mark III VLBI data acquisition system was improved to allow 1 4  observing 
frequency channels, instead of the seven used during the MERIT observations. We 
assigned 8 frequency channels to X-band observations and 6 to S-band , as shown 
in table 1 .  The resulting improvement in the determination of the delay observable 
can be illustrated by plotting the delay resolution function (Whitney , 1 97 4 ) ,  
which ,  for a giv en set of observing frequencies , shows the structure of the 
side-lobes and ambiguities for the correlation process . Figure 1 shows the delay 
resolution functions for the three frequency sequence used in the S-band MERIT 
observations, and for the six frequency POLARIS observations . As shown , the 
S-band group delay ambiguity for the frequency sequence used during the MERIT 
period was only 40 nanoseconds . The characteristic size of S-band ionospheric 
effects was typically about 40 to 50 nanoseconds . It was therefore very diff1cult 
to resolve the ambigui ties in the S-band data in the presence of unmodeled 
ionospheric effects . The new frequency sequence has ambiguities spaced at 200 
nanoseconds , and the their resolution is no longer hampered by ionospheric effects. 
This improvement has el iminated the maj or difficulty in the post correlator 
processing, so the final processing of a POLARIS session can now typi cal ly be 
completed in a few hours. 

Observing Frequencies (Mhz)  
X-band S-band 

1 . 821 0. 99 221 5 . 99 
2. 8220 . 99 2220 . 99 
3 .  8250 .99 2235 .99 
4. 83 1 0 .99 226 5 . 99 
5 .  8420 .99 2290 .99 
6 .  8500 . 99 2300.99 
7 . 8550 . 99 
8 .  857 0 . 99 

Table 1 .  List of the 8 X-band and 6 8-band frequencies used for the POLARIS 
observations. 

The somewhat poorer X-band performance of tbe Westford antenna , as � 
to the larger Haystack antenna , dictated some changes in the observing s�edule. 
A few sources were too dim to produce reliable fringes, and brighter replacements 
were selected . Some of the sources were marginal in brightness, and the duration 
of their observations was increased . The added complexity of scheduling and 
processing observations of differing durations has not been a significant problem. 
However, there remain sources for which we are still losing some of the observations 
on certain baselines (e.g. , HRAS-Onsala) , and we have not yet decided the best 
way to correct that situation. Table 2 lists the sources currently being used . 
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Figure 1 .  S-band delay re solution funct�ons for the three channel MERIT 
observations and for the six channel POLARIS observations. 
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Figure 2 .  Westford-BRAS baseline length estimates,  plotted as differences fram 
their weighted mean. The value of the weighted mean was 313�928 . 06 m. 
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Source Name 
IAU Alternate 

0 1 06+013  
021 2+735 
0234+285 

• 0355+508 NRA0 1 50 
0552+398 

• 085 1 +202 OJ287 
0923+392 4C39 . 25 

• 1 226+023 3C273B 
• 1 404+286 OQ208 

1 6 37+574 
• 16 41 +399 3C345 
• 21 34+004 21 34+00 

2200+420 VR42220 1 
• 225 1 + 1 58 3C45 4 . 3  

Rt . Asc . 
h m s 

01 06 04 .5 1 81 
02 1 2  49 . 877 4 
02 34 55 .5765 
03 55 45 . 2277 
05 52 01 . 3732 
08 51  57 .2298 
09 23 55 . 2943 
1 2  26 33 .2460 
1 4  04 45 .6284 
16  37 17 . 4755 
16 41 17 . 640 1  
21 34 05 .226 1 
22 00 39. 3880 

22 51 29 . 5335 

Declination 
d m s 

+01 1 9  01 . 074 
+73 35 39 .683 
+28 35 1 1 . 20 1  
+50 49 20 . 068  
+39 48  21 . 924 
+20 17 58 . 596 
+39 15 23 . 828 
+02 1 9  43 . 470 
+28 41  29 . 524 
+57 26 15 .972 
+39 54  1 0 . 99 1  
+00 28 25 . 020 
+42 02 08. 33 1 

:+1 5 52 54. 1 84 

Duration 
seconds 

1 1 0 
21 0 
21 0 
1 1 0 
1 1 0  
21 0 
1 1 0  
1 1 0  
21 0 
21 0 
1 1 0  
1 1 0 
21 0 

' 1 0  

Table 2.  List of the 1 4  sources currently used for the POLARIS observations . 
The coordinates of the sources marked with • were sufficiently well known from 
previous observations that they were held fixed in the solutions presented 
here . 

Water vapor radianeters (WRs) are now located at both ends of the HRAS-Westford 
interferometer . and data are routinely col lected during all of the POLARIS 
observing sessions . The software required to reduce the WVR observations and 
apply the corrections to the VLBI observations is not yet operational , so no WVR 
information was used in obtaining the results presented here . 

RESULTS 

The estimates of the length of the Westford-HRAS interferaneter are tabulated 
in table 3 .  and the differences about their weighted mean are plotted in figure i. 
The RMS scatter of these estimates is only 1 . 7 cm, or less than 1 part in 1 0  • 

Since the baseline length is expected to be constant in the absence of significant 
tectonic activity ( in contrast to the baseline vector components whi ch exhibi t 
large variations caused by errors in the a priori polar motion and UT1  val ues ) 
the scatter in the estimates of baseline length can be taken as a measure of the 
quality of the VLBI results . The scatter seen in figure 2 is a factor of two or 
three larger than would be expected from an analysis of the errors in the observed 
delays, and is believed to be largely caused by unmodeled atmospheric effects .  
The se unmodeled atmospheric effects may be dominated by variations in  the 
atmospheric water vapor content . As mentioned earlier , we are taking data with 
water vapor radiometers designed to calibrate and eliminate the effects of this 
component of the atmosphere . If the water vapor calibration equipment works as 
expected, we should expect to see a decrease in the level of the scatter of the 
baseline �ength estimates.  

The polar motion and UTl values from the MERIT and POLARIS data are summarized 
in table 4 ,  and plot ted in figures 3 and 4 as differences from the Bureau 
International de l ' Heure ( BIH) Circular D values. For the cases where the VLBI 
data were inadequate to estimate a parameter ( e .g. , the Y-component of the pole 
for the single baseline observations) the value given is the one which was fixed 
in the VLBI solution and not adjusted . No formal error is given in these cases. 
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Figure 3. MERIT and POLARIS estimates of the X-Component of the pole , plotted 
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Figure 4. MERIT and POLARIS estimates of UT1 , plotted as difference s from the 
BIB Circular D values. One millisecond of time is approximately 45 cm of 
motion at the Earth ' s  equator .  
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Run Code Date Value Dif'f'erence Formal error 
m em em 

821 7-1 1 _7 81/  5/ 1 _  3 1 3-928 . 035 -2. 5  2 . 3  
821 7-1 1 5_ 81/  6/25 3 1 3-928 . 039  -2 . 0  2 .8  
821 7-1 20 1  8 1 /  71 2 3 1 3 _928 . 1 06 - . 7  1 . 7 
821 7-1 208 81/ 71 9 3 1 3-928.075 1 . 5 1 . 5 
821 7-1 21 2 81/ 71 16 3 134928.086 2 . 6  3 . 0  
821 7-1 21 9 81/ 71 23 31 3_928 . 072 1 . 2 1 . 1 

1 1 3 16-1 lJ50 81/ 7130 3 1 3_928.062  .2  1 . 6 
1 13 16-1 lJ58 81/  8/ 6 3 13-928 . 095 3 . 6  2. 1 
1 1 3 16-1 507 81/ 8/27 3 13_928 . 052 - . 8  1 . _ 
1 1 3 16-1 51 5 81/ 9/ 3 3 134928 . 072 1 . 2 1 .9 
1 1 3 16-1 525 81/ 9/ 1 0  3 1 34928 . 06 1  . 1  1 .5 
1 1 3 17- 709 81/ 9/ 17 3 1 3_928. 06 8  . 8  1 . 9 
1 20 1 9- 800 81/ 9/2_ 3 1 3-928. 059 - . 1 2 . 0  
1 20 1 9- 828 81/ 1 0/ 1 3 1 3_928. 050 -1 . 0  1 .7 
1 20 1 9- 8_8 81 / 1 0/ 16 3 1 3_928 . 1 09 _ . 9  2 . 7  
1 20 1 9- 9 1 2  81 / 1 0/29 3 1 3 4928 . 035 -2 . 5  1 . 8 
1 20 1 9- 928 81 1 1 1 1  5 3134926 . 01 2  -4 . 6  2 . 9  
1 20 1 9- 952 81 1 1 1 1 1 1  31 3492 8 . 03 4  -2 . 6  1 . 3 
1 201 9-1 01 0 81 / 1 0/22 3 134928 . 066 . 6  2 . 8  
1 2085- 91 1 81/ 1 1 /25 3 1 3492 8 . 06 9  .9  1 ._  
1 2085- 91 9 81 / 1 2/ 3 3 1 34928 . 073 1 . 3 1 . 9 
1 2085- 927 81 / 1 2/ 17 3 1 3 4928 . 07 1  1 . 1  . 9  
1 2085- 934 81 / 1 2/23 3 1 3_928. 090 3 . 0  1 . 3 

821 8- 1 1 1  81/ 1 2/30 3 1 34928.048 -1 . 2  . 9  
821 8- 1 1 9 82/ 11 7 3 1 3 4928 . 06 _  . - 1 . 2 
821 8- 1 29 82/ 1 / 1 _  3 1 3 4928. 035 -2. _  1 . 3 
821 8- 1 37 82/ 1 121 3 13_928 . 06 _  . - 1 . 3 
821 8- 1 59 82/ 1128 3 1 3_928 . 0  __ -1 . 6  1 .5 
821 8- 206 82/ 2/ 2 3 1 3_928 . 057 - . 3  1 . 3 
821 8- 21 2 82/ 2/ 1 1  3 1 3_928 . 053 - . 7  . 8  
821 8- 2 1 9  82/ 2/ 1 8  3 1 3_928 . 051  -.9 1 . 1  

Weighted Mean 3 1 34928. 06 0  RMS Scatter 1 .7 

Table 3 .  Westford-HRAS baseline length measurements obtained f'rom the POLARIS 
observations. 

The VLBI values shown in f'igures 3 and _ exhibit Significant , meter-level 
differences from the BIH values. The significance of these differences will be 
discussed, and a comparison of similar differences seen with other observing 
techniques will be presented in a companion paper at this conference (Carter and 
Robertson, 1 982) . 

CONCLUSIONS 

The operation of' the POLARIS network is demonstrating the feasibili ty of' 
employing VLBI techniques to monitor the rotation of the Earth on a daily basis. 
We intend to maintain the current observing schedule through the start of the 
proj ect MERIT l ong campaign in the summer of 1 983 , at which point the third 
POLARIS station at Richmond, Florida should be operational . The observation 
density will then be increased to once each five days, and European observatories 
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Date I Sigma Y Sigma UT1 -UTC S1pa 
'1 III d (Illsec of arc) (msec of arc ) ( seconds ) 

ao 9 21 -16 . Jf  1 .  Jf 3JfO .1 1 . 5 . 011098 . 000D6 
80 9 28 -1 3 . 3  1 . 6 341 . 1  1 .6 . 03797 . 00008 
80 9 29 -1 3 . 0  1 . 3 337 .7 1 . 4 . 03 522 . 00007 
80 9 30 -12. 1 1 . 3 337 .11  1 .6 . 03 26Ji . 00007 
80 1 0  1 - 1 4 . 8  1 . 3 342 . 0  1 .6 . 03042 . 00007 
80 1 0  2 -16 . 2  1 . 4 337 .9  2 . 8  . 02825 . 00009 
80 1 0  3 -13 . 3  1 . 3 339 . 6  1 .6 . 02596 . 00007 
80 1 0  1 7  -4 . 0  351 . 0  -.00685 
80 1 0  1 8  -3 . 0  1 . 2 353 . 8  1 . 4 -. 00933 . 00006 
80 1 0  1 9  -4 . 1  1 . 0 353 . 9  1 . 8 - . 01 1 82 . 00007 
80 1 0  20 -4 .6  1 . 3 357 . 2  1 . 3 - . 01 443 . 00006 
80 1 0  21 -4 .1  1 . 1 355 .3 1 . 3 -.01125 . 00005 
80 1 0  22 -1 . 3 1 . 2 351& . 8 1 . 5 - . 020 1 7  . 00006 
80 1 0  23 -4 . 6  1 . 1 355 . 3  1 . 3 - . 02338 . 00005 
80 1 1  4 1 . 1  1 . 2 366 . 9  --- - . 05558 . 00008 
80 1 2  2 41 .7 2. 0 365 . 6  1 .7 -. 1 21137 . 00009 
80 1 2  20 6 5 . 0  1 . 3 359 . 0  1 . 1 -. 1 6 822 . 00007 
81 1 8 77 .2  2 . 0  355 . 1  - . 21 1 04 . 0001 6  
8 1  1 23 83 . 8  1 . 4 33 1 .6 1 . 2 -. 24925 . 00006 
81 2 1 3  1 03 .7 1 . 8 324 . 0  - . 29575 . 0001 4  
81 2 28 93 . 8  3 . 5  300.1 2 . 0  - . 32903 . 0001 3  
a1 3 11 91 . 1  3 . Jf  296 . 11  - . 31 8Ji3 . 0002'1 
81 5 1 JJ 1 06 . 1 3 . 0 253 . 8  - . 52960 . 00025 
81  6 1 7  88. 7  1 . 2 233 . 2  2 . 8  -.60637 . 00009 
81 6 24 82 .9 5 . 2 21 6 . 0 - . 6 17 1 4  . 00045 
81 7 2 76 .9 2 . 8  207 . 9  . 37 01 4 . 00024 
81 7 9 78 .2  2 .5  202. 0 . 36 044 . 00020 
81 7 1 6  6 2 . 6  4 . 6  1 96 .3 .35390 . 00040 
81 7 23 70.2  2 .0  1 91 . 6  .34508 . 0001 5  
81 7 30 73 .7  2.2  1 87 . 4  . 33309 . 0001 8  
81 8 6 51 . 2  3 . 1  1 83 .1 . 3221 4 . 00026 
81 8 26 1 6 . 0  2 . 4  1 81 . 5  .29093 . 0001 8 
81 9 03 -.., . 6  2 . 5  1 83 . 3  . 28052 . 00028 
81 9 1 0  -1 1 .7 2 .2  1 86 .6 . 26969 . 00017 
81 9 16 -7 . 6  2 . 5  1 91 . 9  . 25735 . 0001 9  
81 9 24 -21 .6  2 .9  201 . 4  . 2391 8 . 00022 
81 1 0  1 -40 .7 2 . 3  209 . 8  . 22302 . 0001 8 
81  1 0  16  -61 .1 2 . 3  228.8  . 1 8896 . 00011 
81 1 0  22 -77 . 0  1 .9 233 .6  1 .6 . 17 500 . 00008 
81 1 0  29 -77 . 1  2 .2  248. 1 . 1 5748 . 00017 
81 1 1  11 -86 . 2  2 . 3  258. 3  . 1 4483 . 0001 8 
81 1 1  1 1  -95 . 3  1 . 8 272.0  . 1 2855 . 000 1 4  
8 1  1 1  25 - 1 01 . 9  2 . 5  300 . 8  . 09669 . 00021 

Table 4 .  Polar motion and UT1 values estimated from the MERIT and POLARIS VLBI 
observations. 
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Table 4 cont . 

Date X Sigma Y Sigma UT1 -UTC Sigma 
y m d (msec of arc ) (msec of arc ) (seconds ) 

81 1 2  03 - 88 .2  2 .6  3 1 8 . 4  . 0801 2 . 00021 
81 1 2  1 7  - 96 .2 1 .7 348 . 0  . 04820 . 0001 3  
81 1 2  23 -91 .5 1 . 9 360 . 0  . 03452 . 00021 
81 1 2  30 -86 .4 1 .7 374 . 0  . 021 53 . 00013 
82 1 7 -79 . 2  2 . 0  389 . 8  . 00306 . 00015 
82 1 1 4  -64.4  2 . 0  400 .7 - . 0 1 246 . 00015 
82 1 20 -51 .3  2. 1 409 .2  - . 027 1 7  . 00017 
82 1 28 -46 .3 3 . 0  417 . 0  - . 03828 . 00023 
82 2 2 -36 .0  2.7 422. 1 -. 04866 . 00023 
82 2 1 1  -5 .6  1 . 6 429 .7 - . 0681 2 . 0001 2  
82 2 1 8  6 .9 2 . 0  434 . 5  - . 08390 . 00017 

may be partioipating at an inoreased frequency . The additional work load caused 
by additional baselines and more frequent observing schedules is not expected to 
pose significant problems either for scheduling or processing the observations. 
On the other hand, the increase 1n the quality of the data is expected to be 
significant . The additional baselines will not only allow the estimation of all 
of the components of the orientation of the Earth , but will substantially improve 
the estimates of the parameters which we are able to obtai n with the current 
baseline . For example ,  estimates of UT1 during the MERIT campaign, when European 
baselines were operating, have formal errors about a factor of five smaller than 
corresponding estimates from only a Single baseline . 

In SWIIII8I"Y. tbe results already produced by the POLARIS projeot are demonstrably 
better than those produoed by oonventional techniques both in terms of spatial 
and temporal resolution, and substantial progress is being made toward further 
quantitative improvements .  
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DETERMINATION OF INTERCONTINENTAL BASELINES AND EARTH ORIENTATION 
USING VLBI 

O. J.  Sovers , J. L. Fan sel ow , G. H. Purcell ,  Jr. , 
D.  H.  Rogstad and J. B. Thomas 

Jet Propulsion Laboratory , California Institute of Teohnology , 
4800 Oak Grove Drive, Pasadena, CA 91 1 09 ,  USA 

ABSTRACT. A series of experiments has been co nducted during 
the last decade to explore the capability of very long baseline 
interferome try ( VLB I) to meas ur e  th e crustal and rotational 
motions of' the earth with .accuracies at the centimeter level. 
The observing stations are those of NASA's Deep Space Network 
in California, Spain and Australia. A mul tiparame t er fit to 
the observed values of delay and delay rate yields radio source 
pOSitions, polar mo tion, universal ti me , the precession 
const ant,  baseline vector s ,  and solid earth tide s. Sour oe 
po si tions are obtained with formal errors of the order of 
0".0 1 .  UT 1 -UTC and polar motion are de termined a t  4 9 
epochs, with formal error estimates ( 1 0) for the more recent 
da ta of 0.5 msec for UT1 -UTC and 2 to 6 mas for polar motion. 
Intercontinental baseline lengths are determ ined w i th formal 
errors of 5 to 1 0  cm. The Love numbers and e arth tide phase 
lag agree with the commonly accepted value& 

INTRODUCTION 

Over the last few years , considerable progr ess has been made toward 
realizing the potential capability of radio interferometry to measure the 
crustal and rotatio nal mo tions of the earth at the centi me ter level (e.g. 
Thomas e t  a1. 1 91 6 ,  Rogers e t  a1. 1 918 , Ryan e t  a1. 1 91 8 ,  Nie1 1 e t  a1. 1 91 9 ,  
Herring e t  a1. 1 981) .  Toward this goal, a series of' experiments with NASA's 
Deep Space Newtork (DSN) antennas has been conducted over the last decade. 
In all , 48  sessions have be en carried out using 8 di fferent antennas on 
three continents. Delay and/or delay rate observables have been measured on 
two local baselines (at  Gol dstone ,  California and at Madrid,  Spain) , on a 
transco ntinental basel ine ( California to ·Mas sachuse tts,  USA) , and on  two 
intercontinental baselines (Goldstone to Madrid and to Canberra, Australia). 
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A mul tiparame ter fit has been applied t o  these observables to  extract 
astrometric and seophysical parameters. These parameters include source 
positions, polar motion, universal time, the precession constant, baseline 
vectors and solid earth tides. This paper summarizes the geophysical 
results obtained from the intercontinental measurement� 

INTERFEROMETRY TECHNIQUE 

In th e present experiments,  two separate interferome try system s  were 
employed. The prototype system used in the early measurements recorded a 
single narrowband (24 kHz) channel at  S band (2.3 GHz) and therefor e could 
only measure delay rate accurately (Thomas 1 972). To obtain measurements of 
delay as well, a new system was developed and implemented in 1 977 (Thomas 
1 9 8 1 ) . I t  records six ti me-mul tiplexed frequency channels to permit  
oaloulation of delay by bandwidth synthesis (BiS) , a technique pioneered by 
Rogers ( 1 970). Three 2 MHz wide channels are placed at S band and three at 
x band ( 8.4 GHz) to al low dual- frequency calibration  of charged-parti cle 
delays. This new system can measure delay with a precision (system noise 
error) of approximately 100  psec, given a correlated source strength of 0.5 
Jy, an integration time of 3 minutes, a spanned bandwidth of 40 MHz, and two 
64-m DSN antennas with system temperatures of 35 K. 

SUMMARY OF EXPERIMENTS 

The ne ed to opti mize d� term ina tio n  of each class of as trome tr ic and 
geophysi cal parameters impo ses s tringent and some ti mes confli c ting 
reqUirements on th e design of' a VLBI observing sohedule. Maxi mum 
sensi tivity to polar motion and UT1 r equires co ncurrent or consecutive 
sessions (within 24-48 hours) on the California/Spain baseline (essentially 
east/west) and the California/Australia baseline (with a large north/south 
component). Development of a reference frame requires complete coverage of 
the sky and several observations of each source during the period of mutual 
visibility for each pai r  of stations. Est ablishing accurate positions of 
enough radio objects to provide -nearby- reference pOints for naVigating 
interplanetary spaoeoraft, as well as for measurements of earth orientation 
with only 3 hours of VLBI da ta in a subsequent operatio nal mode , requires 
approximately 100 souroes. Observations whiCh meet the above requirements 
have be en carried out be tween August 1 97 1  and February 1 9 80.  In all , 1 1 7 
extragalactic radio sources were observed in 48  sessions, which ranged in 
length from 2 to 24 hours. Of the 2 4 1 4  individual observa tions , 6 92 were 
made at S band only, 366 at X band only, and 1356 were dual-frequency. The 
observations included 2399 measurements of delay rate and 2 1 52 of delay. 
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MODEL AND FIT TO EXPERIMENTAL DATA 

In considering the multitude of effects contributing to the delay model 
for VLB I ,  it  is helpful to group them as either modeled or unmodeled 
effects, with the models containing parameters that may be either adjusted 
or fixed a t  their apriori values. Modeled quanti ties th at were fixed a t  
their apriori val ues include nuta tion ( Wahr series [ Kaplan 1 9 8 1 ] )  and the 
effects of th e ionosphere. Effects of ocean loading and plate motion are 
unmodeled. 

There are eight categories of modeled and adjusted parameters: station 
locations, tropospheric delays, clock offsets and rates, polar motion and 
UT1 , souroe positions, the preoession constant, the gamma factor of general 
rela t1v1ty , and solid earth tides. The solution provided a catalog of 
approxi mately  1 0 0 posi tions ot radio sources w i th declina tio ns ranging 
be tween -400 and +700 ( wi th formal error esti mates of the order of 0".0 1 ) . 
A number of discontinuities and nonlinear1ties 1n the station clocks were 
de tected and modeled in many of the sessions. Ther e were 1 1 4 parameters 
descr ibing delay due to the tropo sphere; these were co nstr ained to  agree 
with the Chao monthly mean model (Chao 1 974) to within 3'.  The long spa!'! of 
data enables us to solve for the luni-solar precession constant, in addition 
to UT1 and polar motion at 49 epochs. 

A rotation about the polar axis ot 2.37 mas/yr is included in the mode: to 
correct UT1 for the new IAU expressions for Greenwich mean sidereal time and 
precession (Kaplan 1 981 ).  The BIB Circular D provides a reference point for 
ear th orienta tion : the values of bo th compo nents of polar motion and two 
value s  of UT1 (one for each interco ntinen tal basel ine) ar e co nstr ained on 
December 20-21 , 1 979, during which period there were two intercontinental 
observing ses sions. In total ,  the tit to th e 1 97 1 - 1 9 80 data includes 744  
adjusted parameters. 

The observables in the fit were weighted in inverse proportion to the sum 
of squares of know n random error sources, plus an additio nal noi se term 
which is adjusted to make chi-square pe r degree of fr eedom equal to  1 for 
each session. The software used to perform parameter estimation is based on 
the square-root-information-fllter method (Bierman 1 977) implemented for the 
VAX 1 1/780 computer. Approximately 8 CPU hours are required tor a solution 
for th e 1 97 1 -80 da ta. RMS residual s for the gr and fit are 0.5 nsec for 
delay and 0.3 psec/sec for delay rate. The resulting geophysical parameters 
are disoussed in some detail in the next section. 
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RESULTS 

Earth Orientation 

The solution for universal ti me and polar motion produced the average 
formal error estimates given in Table I as functions of the date of 
observation. Clearly, the quality of the data improved substantially as the 
interferome tri c system evolved, with the 1 9 80 data exhibi ting formal 
uncertainties of 6 to 20 cm. 

Year 

TABLE I 

Earth Orientation Parameter Formal Errors 
in Fit to 1 97 1 - 1 980 VLBI Data 

Polar motion, mas 
x y 

1 97 1-4 • • • • • • 

1 977 1 0  4 

1 918 1 0  3 
1 919 6 2 

1 980 6 2 

UT1 , msec 

2 . 1  

0 .9 

0 .7 

0 .5  

0 . 5  

Figures 1 and 2 show com parisons of our x and y polar mo tion values for 
the latter part of th e data ( 1 911-80 ) with BIB Circular D. Taking into 
ac count the 4 mas error ot the BIB da ta (Dickey 1 9 8 1 ) ,  there are no 
outstanding discrepancies with the possible exception of three points that 
differ by .... 1 .5 to 2 O .  For the UT1  results similarly plotted in Figure 3 ,  
shor t-period tidal fluctuations have been removed from th e VLB I  data in 
order. to permit comparison with the heavily smoothed BIB value� The solid 
curve repr esents lunar laser ranging (LLR )  data as smoothed over a 1 5-day 
interval by Fliegel et ale ( 1 9 8 1 ) .  These data original ly consisted of 
several hundred points in the range of the plot. 
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UT1  Results  from ·1 977- 1 9 80 VLBI Data. Short-period tidal terms have 
been removed to permit comparison with BJ;R values 

Figure 3 shows that the UT1 values measured by VLBI, LLR and BIH senerally 
agr ee w i th o ne an o th e r  i f  th e B IR values  a r e  as s i gned  e r ro r s  of  
approximately 2 msec, and the LLR values errors of 1 msec or less. Both the 
VLB I  and LLR resul t s  suggest th e same oscil lation of - 2 mse c  am plitude 
about the BIR values. The three points of large discrepancy (- 2 to 3 a )  
between VLB I and LLR in February 1 97 7  and February 1 980 require further 
investigation. 

The value obtained for the luni-solar precession constant is smaller than 
the 1 97 6  IAU value by 3.7.:1:.0.9 mas/yr. This discrepancy may indi ca te the 
need for a revision of either the precession constant or of the long-period 
( 18.6-year) term in the nutation series. Such an inference is supported by 
calculations in which the fit was repeated with a modified nutation 
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oonstant,  and the precession constan t  was sol ved for. The RMS delay 
residual for the 1 971-80 VLBI data reaches a minimum when the amplitude of 
the 1 8.6 year term in th e W ahr nut ation serie s  is  increased by - 7 mas (to 
98.21 0  in obliquity) , at which point the precession constant equals the 1 916 
IAU value within its error estimate. 

Baselines and Earth Tides 

On the pr emi se that our data, especial ly the 1 91 1 - 1 917 por tion, lack 
quality sufficient to de tec t  plate motion, eaoh station w as ini tial ll 
assumed to have a single locatio� for the entire s pan of data. Table II 
shows the lengths of the two intercontinental baselines obtained from such 
fits in 1 978- and at present. Comparison of baseline lengths in this table 
is compli oated bl the substantial ll different modeling used in  the two 
calculations (e.g., the 1 978 fit did not use the Wahr nutation series) . In 
spite of the lack of separation of the effects of improved data qualitl and 
improved modeling, Table II show s the qual ita tive enhancement in slstem 
performance over the pas t decade. The deorease bl nearly a fact or of 3 in 
the formal baseline errors be tween 1 978 and the mo st reoent solution 
suggests that future i mproved experiments will permit detection of plate 
motion within the next few years. 

TABLE II 

Baseline Length Results from VLBI Data 

California to 

Date 

Spain Australia 

1 97 1 -78 8 390 429 .66� . 16 m 1 0  588 965 . 85� . 26 m 

1 97 1-80 8 390 429. 84zp . 0 5  m 1 0  588 966 . 3� . 1 1 m 
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A useful test of internal consistency is to divide the data into parts and 
to de t e r m ine i f  f i t s  t o  the par t s  l e ad t o  c o n s i s t e n t  values for 
theoretically constant parameters. To test baseline repeatability, the span 
of da ta was divided into two portions containing nearly equal numbers of 
observations: 1 97 1 -7 8  ( average epoch 1 97 8.2) and 1 97 9-80 ( average epoch 
1 979.9). All of the data were again simultaneously fit but the Spanish and 
Australian 64-m antennas were each allowed to have different locations in 
the two spans of da ta. As shown in Table III,  the resul ting baseline 
lengths for the two parts are in good agreement. 

TABLE III 

Baseline Consistency Test Results 

Average California to 
date 

Spain Australia 

1 978.2 8 390 429.78±P .09 m 1 0  588 966 . 36%P . 1 1  m 

1 979.9  8 390 429 . 85%P . 05 m 10  588 966 . 27� . 1 1  m 

Difference 7.:t.10 em -9.:t.15 cm 

The Spanish baseline errors in Table III  again show the improvement of 
da ta quality with ti me. It is of interes t to note that,  even though our 
results are consistent with no motion, the differences for both the Spanish 
and Austral"ian baselines in Table III are more consistent with the motion 
inferred from paleomagnetic data (Minster and Jordan 1 978, Morabito et ale 
1 980). For a 1 .7-year span, Morabito's applicat10n of Minster and Jordan's 
model indicates changes of +4 and -6 cm respectively for the Spanish and 
Australian baselines. 

Assum ing that the verti cal and horizontal Love numbers and the solid
ear th-tide-phase lag values are identical at all stations we obtain 
0.6 3:1:.0.03 ,  0.06 :kO.0 17 ,  and -1 .7.:1:.1 .6 degrees respectively. These agree well 
with the commonly accepted values of 0.6 03-0.6 1 1 ,  0.0832-0.0842 , and 0 
degrees (Wahr 1 977, Lambeok 1 980). 
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CONCLUSIONS 

The radio interferometric system under development at JPL during the past 
decade has improved co ntinually in quality. By 1 9 80 it had reacbed the 
point where earth orientation parameters could be de term ined w i th for mal 
uncertainties ot 6 to 20 em, and source positions with tormal unoertainties 
of the order ot 0 ".0 1 .  F or m al u n ce r t ain t i e s  of 5 t o  1 0  c m  i n  
intercontinental baseline lengths promise detection of plate-tectonic motion 
in the near future. 

The pr esent se t ot resul ts represents very ne arly our tina1 fit t o  th e 
1 911-80 data. Minor changes in the model, such as improved ephemerides and 
earth tide models, as well as adoption ot the J2000 system , wil l probably 
not have signiticant reperoussions. 
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Abstract 

As ot April 28 ,  1982 , a 22 month history ot UTl and Polar Motion ( UTPM) 
measurements has been obtained by the TEMPO program at JPL. TEMPO is now able 
to provide UTPH esti mates w ithin a month of data acquisition, with earth 
orientation results through April 8, 1982 released to the BIB. In this paper, 
the data reduction procedur e  is described toge ther with the var ious 
astronomical and seophysical models employed. The operational behavior ot the 
TEM PO system is discussed including an analysis ot th e system success  r ate 
( 5 0S so tar i n  19 82) and the history ot the delay residual s cat t er. The RMS 
ot the X band delay residuals is 0.4 4  nanoseconds and there  is  no evidence 
that the residual scatter is a tunction ot time or ot baseline. TEMPO results 
are consistent with other sources and show evidence ot UTPM tluctuations on a 
time scale of a month or less. 

I. Introduction 

The Time and Earth Motion Precision Observations (TEM PO) program goal s 
include rapid de term ina tions ot th e UTPH to suppor t spacecraft  navigation. 
TEMPO observations are also capable ot providing intorma tion ot interest to 
the world-wide scientific community. In order for the program to be a useful 
UTPM service, it must be able to consistently provide UTPM estimates within at 
most one month ot data aequisition with decimeter or better precision. To 
sup port s pace cratt naviga tion, results will be needed wi thin three day s  or 
less ot the observations. TEMPO is now producing UTPM results within 4 weeks 
ot the observations. This paper assesses the consistency and reliability ot 
the TEM PO observations. A companion paper [ 5 ]  wil l concentr ate on tne 
r eliability ot the TEM PO UTPM estimates. These esti mates will be brietly 
discussed at the end ot this paper. 

UTPM esti mates are produced by leas t squares tits t o  th e interterome tr ic 
delay and delay rate observables, which are themselves the results ot fringe 
tits using the correlator output. Section II is a briet description ot TEMPO 
operational procedures , earth orientation models ,  and data reduction 
algorithms. Section III describes the success rate of the TEMPO observations, 
the tailure modes,  and statisti cs on the success ot the individual s cans 
within a pas� Operations during the tirst quarter ot 1982 wil l be discussed 
in det ail. 
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Most of the information content of the observables is contained in the delay 
observa tions, but the delay rate da ta is sensi tive to the UTO and the 
troposphere model. Section IV presents a statisical analysis of the X band 
delay residuals, although similar conclusions could have been drawn about the 
X band delay rate residuals. The behavior of the Root Mean Square (RMS) delay 
residuals and of the residual Chi Squares is discussed. Section V contains a 
brief description of the TEMPO UTPM estimates. Agreement between TEMPO and 
VLBI earth orientation results from the POLARIS project will be demonstrated, 
with clear evidence of rapid UTPM fluctuations not present in the BIH Circular 
D .  

II. A Brief Description of Tempo Activities 

The TEMPO program monitors station clock behavior and earth orientation to 
suppor t interplane tary navigation by the Deep Space · Network (DSN) . The 
progr am goal s include weekly decimeter determina tions of the earth's 
orientation. TEMPO data are collected using the 64 meter antennas of the DSN 
at Goldstone California, near Madrid Spain, and near Canberra Australia. Only 
single baseline VLB I observations are available, as the wide spa ti al 
separation between the DSN stations makes it  impossible to do simultane ous 
three station observations. Each week, single baseline VLB I observing 
ses sions (pas ses) on bo th the Aus tra11a-Ca11forn1a (AC ) and the Spa1n
Cal ifornia (SC) baselines observe extr agalactic radio sources using the Jet 
Propul sion Labora tory (JPL) Block I VLBI  sy stem [ 4  and 1 0 ] .  The two weekly 
observing ses sions are gene ral ly scheduled w 1th 1n 24 hours of each other. 
Since February 1982, each pass lasts about three hours and observes up to 20 
sources for 200 seconds each. About 60% of the session duration is devoted to 
antenna slew time. Each source is observed at both S and X band (2.285 and 
8.420 GHz, respectively) , with three 250 KHz bandwidth channels in each band. 
Only one ch annel is recorded at  a time,  wi th al l six channel s sampled in 
sequence over a three se cond cycle. During e ach cycle,  the S band channels 
are observed for 0.2 seconds each, each X band channel for 0.8 seconds. 

The data recorded at each station are sent via satellite to JPL, where they 
are correla ted and fringe fit ted. Delay observables are con s tru cted by 
bandwidth synthesis with a spanned bandwidth of 40 MHz in each band [8  and 9] .  
The delay rate observable is  the fringe frequency measured in  a single 
channel • . Both types of observables are co nstructed a t  both S and X band. 
Solutions using delay and delay rate da ta are obtained with the program 
MASTERFIT, written by J. 1.. Fanselow and h1s colleagues at JPL. The data from 
each pass is used in a separa te and independent solution, w i th no gobal 
parameters and thus no coup11ng between the passes. 

Due to the limited number of observations . per pass, the solve for parameters 
are res tricted to two earth or ientation parame ters , a single tropo sphere 
zenith delay at each station, and a first degree polynomial clock model. The 
delay and del ay rate clock models  are uncoupled in an a t temp t  to  absor b  the 
effects of uncalibrated instrumental delay changes. A priori knowledge of the 
baseline vector , source po si tions, and the preceSSion constant are obtained 
from solutions using nearly 10 years of independent DSN VLBI observations [ 6 ] .  
The new ( Wahr) IAU nutation model is used in both the reference frame and the 
TEMPO solutions, which are tied to the FK4 and a 1950.0 reference epoch. The 
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a priori UTPM esti mate is th e BIH Ciroular D Polar Motion  and U TI- plus the 
Yoder and W il liams model of the zonal tide effect on the UTI [ 11 ] .  The 
reference frame is tied to the BIH on December 20, 1979. 

A priori tropospheric and ionospheric effects are estimated using tables of 
average zeni th delays which are mapped to the source elevation  angle. The 
troposphere tables are monthly mean wet and dry zenith delays at each station, 
and the ionosphere model uses a single table of mean zenith delay versus time 
of day. The ionos phere delay is inversely proportional to the frequency 
squared and thus S band observations are 13 ti mes mor e sensi tive to the 
ionosphere than carrespondiing X band observations. 

If POSSi ble,  a linear com bination of S and X band observables ( oal led SX 
observables) is  formed in an at tempt to  r emove the effe cts of ionospheric 
dispersion on th e data. SX data requires suooessful soans at bo th S and I 
band , and thus there 1s gener al ly more X band than 5X data available. Since 
the SX ionospheric correction does not seem to s1gn1f1cantly reduce the RMS 
residual s,  the results presented in this paper are derived from solutions 
using X band data only. 

III. Observing Session Statistics 

Sta·tistics on system performance were collected and examined far the first 
quarter of 1982 as an aid to understanding current system performance. TEMPO 
has become more reliable with increasing experience with the JPL VLBI system, 
but improvements in VLBI operations are stil l desirable. 

In the period from January 1,  1982,  to Apr1l 9, 1982, there were 31 possible 
TEMPO observing sessions (two regular ones per week plus the Australia-Spain 
( AS) pas s on  January 3). Of these ses sio ns 30  were s cheduled by the DSR. 
Figur e 1 shows the disposition of these at subsequent stages in th e 
processing. In all, thirteen passes did not provide usable data, the results 
from thirteen passes were sent to the BIH, the results from two sessions are 
s till being proces sed, and two sessions had S band results only ,  which have 
not been released y e t. The success  rate for this period , ignor ing the data 
s till being proces sed or no t ye t released , is thus exactly 5 0' with the 
po ssi bility of rising to 57' after th e remaining pas ses are released. In 
general most passes have more usable S band data than X band. 

The major cause of failure in early 1982 (7  passes) was weak or non-existent 
fringes, which indicates low Signal to Roise Ratios (SRRs). This problem also 
caused the degradation of several successful observing seSsions, through �oss 
of observa tions during a pass. Four pas ses were canceled after being 
scheduled, and two passes had fewer than 6 good delay observations, which was 
judged to be the minimum number acceptable. 

Some of the weak fringes se em to be caused by correlator problems, and there 
are some passes that may be recovered by recarrelation. Other causes for weak 
fringes m ight be low sour ce s tr ength s ,  improper equipment se t tings , da ta 
transmiSSion problems and antenna pOinting errors. The antenna beamwidth is 
smal ler at X band , and so th e higher success  rate at  S band would sugge s t  
antenna poin ting . problems. Occasional ly, high SNRs o n  only one o r  two 
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channels in a band suggests equipment setup or data transmission problems. 

Some of the low SNRs  may be the resu1t of observing overly weak sour ces. 
The' sources observed are supposed to have a minimum S band flux ot 0.5 Janskya 
in a JPL source s tr ength survey [ 1 ] ,  but the poor knowledge of radio flux 
strengths make this impo,ssible to guarantee. Many sources have no accurate 
flux measurements at the desired frequencies at all, others have only total 
flux meas ur ements, and there are no data on tem por al variations in flux 
s tr ength for mo st sour ces. Total sour ce flux can vary by 5 0S or more over a 
few months , al though most sour ces are mor e  stable [ 1 ] .  VLB I SNR depend s Ot} 
the correlated flux strength, which is a function of the total flux, angul� 
size ,  shape , and the or ientation of th e sour ce. For an arbi tr arily shape d 
source , it  al so depends on the baseline used and the sidereal ti me of the 
observation. Very li ttle is known about changes in the correla ted flux 
strength for most sources,  and VLBI  servi ces such as TEM PO , whi ch observe a 
limited number of sources at fixed sidereal times, could be used to mon1to� 
sour ce variability. This infor ma tion would help in the s cheduling of 
observations and may be of interest astrophysically. 

Figure 2 shows the number of delay observables for every successful TEMPO 
observing session. The increase in the num ber of good scans in 1 982 is th e 
result of the new , 3 hour ( 20 source) schedule adopted in February of that 
year. The success ratio has generally also improved since that time. Before 
19 82 the SC experiments had a consistently lower throughput than the AC 
experiments. After the adoption of a new , larger, source catalogue, this no 
longer seems to be a problem. 

A number of activities are planned or underway to improve the TEMPO success 
rate. The JPL Block I VLBI system is constantly being monitored for software, 
hardware,  and procedur al errors. As th e operational VLB I personnel become 
more experienced,  and as VLBI procedur es be come more routine,  system 
performance can be expected to improve. Currentl y ,  hardware to adequately 
monitor the station configuration is being implemented. Weak sources may be 
avoided in the future by keeping a close watch on observed source strengths. 
Possible causes of pointing errors are under investigation by the DSN. In the 
future, real time playback, correlation, and monitoring of station activities 
may be used to ensure system performance at cri ti cal ti mes near plane tary 
encounters . 

IV .  Data Statistics 

The postfit residual scatter is an important measure of system performance. 
The accuracy of the TEMPO results depends upon the accuracy of the observa�les 
used to derive them. The po stfit residual s catter is used as a check upen 
observable reliability and as a guide to weighting the data. Problems in data 
reduction tend to increase the scatter of the postfit residuals. 

All errors are absor bed in th e adjustment of parame ters t o  som e degree. 
However, some types of error, such as uncorrelated measurement noise, do not 
mimic th e effect s of solve for parame ters and mostly serve to incr ease tc e 
residual s catter. Errors of this type can be de te cted through increases i.n 
the postfit residual scatter. There are other errors which will not influence 
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the residual behavior ; but rather the pos tfit par ameter values. A good 
example of this would be errors in the nutation model, which would be almost 
total ly absorbed by the UTPM parame ters for observing periods much shorter 
than a day. Such system atic error s can only be de tected by comparison witt 
o ther , independ e n t ,  me asur e m e n t s  of the s a me par a me t e r s. Su ch a n  
intercomparison is the subject of Section V •. 

The X band data from each observing session were used in a separate solution 
for the baseline UTO and Varia tion of Latitude , a tropo s phere zeni th delay 
value for each station, and a linear clock model. Each observable is weighted 
by the formal error from th e fringe fit ting, plus an esti mate of the 
troposphere and ionosphere propagation errors. This does not account for all 
the known and suspected sources of error, nor is i t  large enough to explain 
the total residual scatter. The major additional error sources are thought to 
be source po si tions, baseline vector s ,  and errors in the media propaga tion 
delay models. To account for these additional error sources, the formal error 
esti mates from th e fringe fits and the media error es ti mates are root sum 
squared with a co n s t ant "ad d i t ive noi se" val ue c ho sen t o  m ake the to tal ::hi 

Square tor all the TEMPO data equal to the total number of degrees of freedom. 

Figure 3 show s the RMS delay residual s for each TEM PO pass. Since the 
number of parameters in each solution (7) is close to the total number of data 
pOints used in the solution ( 10 to 40 when the delay rates are included - see 
Figure 2) , a better description of the residual behavior can be obtained from 
the Chi Square divided by the number of degrees of freedom for each solution, 
which is presented in Figur e 4. The scat ter of th e postfit X band delay 
residuals se em s to be time and baseline invar iant. The S band residual 
scatter, however ,  increases from 1980 to 1982 , which may be rela ted to 
ionosph�ric model errors or to changes in the solar activity with time. 

Total RMS X and SX residual from TEMPO solutions are generally on the order 
of 0.4 to 0.5 nanoseconds, depending on the particular nature of the solution, 
while RMS S band residuals are on th e order of 3.0 nano seconds. In general , 
solutions using SX data have slightly larger RMS residuals than corresponding 
X band solutions. The cause and significance of this are under investigatio� 
It is possible that the difference between the S and X band data is dominated 
by uncal ibr ated changes in th e instrumental delay and by th e measur em�nt 
error. A com parison ot S,  X,  and SX solutions is in progress , and the 
significance of any changes in the residual scatter and differences between 
the postfit parameter values is being assessed. 

There is no evidence, in Figures 3 and 4 or elsewhere, that scatter ot the X 
band delay residuals is a function of ti me or ot baseline. Thus , the 
system ati c  error sour ces th at co ntr ibute to the resi dual scatter are al so 
probably time invariant. Accordingly, constant additive noise estimates were 
used for each data type (delay and delay rate).  Resul t s  dicussed in th is 
paper are derived trom a solution weighted in this manner. The resul ting 
delay and delay rate residuals have a total RMS of 0 .4 4  nanoseconds and 0.16 
picoseconds/second, respectively. The average error estmate used in weighting 
the data was 0.64 nanoseconds for the delay data and 0.18 picoseconds/second 
for the delay rate da ta. The additive · noi se con tribution to the e s ti mated 
total variance is about one fourth that of th e tormal error and media 
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contribution for the delay observables, although it dominates the delay rate 
error estimate. This indicates that any unmodeled error sources do not effect 
the delay residual scatter much, and that the TEMPO delay data may be close to 
the theoretical accuracy limit using the current · observable models. In the 
future,  equipment delay calibrations and improved media corrections using 
wa�er vapor radiometers mq make it possible to reduce the TEM PO observable 
error significantly. 

V. TEMPO VTPH Eat1. tea 

As a consistency check, TEM PO dual baseline solutions were com pared w i th 
POLARIS VLB I results,  provided by Doug Robertson of the National Geode tic 
Survey [ 3 ] .  The resul ting adjusts to  the BIH Circular D for UT1 - and Y Pole 
are shown in Figures 5 and 6, after removing an estimate of the bias between 
the TEM PO and POL ARIS r esul ts. There  is general agreement be tween the 
available TEMPO and POLARIS datL 

The observed adjusts to the BIH are low pass filter reSiduals, and are thus 
a h1gh pas s f iltering of the r aw B IH da ta. Any low pas s filter w1ll smooth 
over sudde n changes in the UTPM and the fil tel' residuals wil l respond over 
times of the order of the inverse of the f ilter cutoff frequency. Any lag 
between the true UTPM and the filter output wil l also corrupt the residuals. 
A full discussion of these effects is beyond the scope of this paper and will 
be included in a futUre paper [ 5] .  

The UT1- is smoothed with a low pass filter that attenuates waves with periods 
much shorter than 25 days and the X and Y Pole are smoothed with a filter that 
cuts off at about 90 days [ 2] .  Note in Figure 5 ,  the sudden po sitive change 
in the UT1 - adjusts be tween 19 80.7 and 1980 .9 and the negative s pike near 
1981.45 shown by both TEMPO and POLARIS. These changes take about 0.1 to 0.2 
years,  and might be caused by lags in the BIH Circular D UT1 - , syst ematic 
errors, or real earth rotation changes smeared out by the smoothing. As would 
be expected from the stronger smoothing used on the polar motion, the Y Pole 
adjusts do not show such rapid changes, but there is gpod evidence for a step 
between 1980.7 and 1980.9. This is probably . the result of a 10 day lag in �he 
BIH Circular D Y Pole estimates. 

These data sugges t  that there are signi ficant changes in th e earth 
orientation at the 30 cm level over time scales on the order of weeks or less 
that are not present in th e BIH Circular D. VLB I ,  which provides deoi me ter 
accuracy w i th a few hours of observing ti me, is ideal ly suited to de tecting 
these changes. 
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PRBLIIIIIARY AIULYS IS OF SRAlGBAI-BPPILSBIRG VLBI IXPBRIDIT 

! .S . wan and Z . R . Q1an 

Shanghai Obseryatory , Academla Slnlca 

D . Grahall 

Mas-Planct-Instltut fUr Radloastronomle 

ABSTRAC'l 

!he flrst VLBI esperl.ent between Shan,hal and Effelaber, was carrled 
out at 1 4'0 JIBs and lasted 54 hours ln loye.ber 1 981 . The Rart II 
recordlDB .yate. and hydro,en maaera were uaed at both atatlona . Fourteen 
estragalaotl0 radl0 sources coyerlDS a wlde range of decllnatlon vere 
observed In order to try to determine the Shansha1-Effelsber, baseline 
vector. The prel1m1nar7 an8178is shoved that the baaeline vector wal 
estimatea to a formal precision of 2-' .eters and the p08ition8 of 
souroe. 1 7'9+52 and 1 928+7' were eatlaated to 0:05-0:08 for each 
coordinate ,  wi th the effects of lonoaphere belDS not removed. 

1 .  Introduction 
Tbis paper descrlbes the flrst VLBI esperl.ent betveen ShaDlhal and 

Iffelabers in .ove.ber 1 981 . A selection of aources vaa .. de for both 
secdetlc and aatronomical purposes , but In thi s paper on17 seodetlc 
results are slyen. The astronomical resulta vill be . published elaevhere . 

2 .  Brief deacriptlon of the VLBI ayatem 

!he obaeryatlona vere made at 1 4'0 MHB . We uaed Mark II recordlD1 
ayste. and hJ4ro,en masera at both atationa . '!he telescopes involyea 
vere the 6-. tele.cope of ShaDlMi Obaervatory In Shanshal , Ohiaa , and 
the 1 00-11 teleaoope of the Max-Planct-IBBtitut fir RadioaatroDo.le (IIPI ) 
at Iffelabers , near BonD , West Geraan7. The parametera of the tel.acopea 
are shoWD in '!able 1 .  

'able 1 .  The para.etera of the teleacope. 

Station Dia.eter lIount Syatell noise Senaitivity 
(II)  te.perature (K )  (K/J7 ) 

Shaqhal 6 EquatOrial go 0.0055 
Iffelaber. 1 00 AZ/BL 70 1 . 42 

, .  Obaervatlona 

'!he observationa conalsted of two ata,es . In order to chect the 
operatlon of the VLBI s,atea, teat obaervatlons vere aade before the 
.. in obaervations . '!he test .easurellents on BL Lac and '0454 . '  ahowed 
that ,  because of the lov realdual fringe rate of ao •• 1 0 11Hz , the . 

9 1  



priori position ot the Shanchai teleaoope had been e.timated to a 
preoiaion at several tena at .eters . The .easured clock ott.et ot a te. 
mioro.econd. .ho.ed that both station olooks .ere very olo.e to UTO. 
The spectrua at the tri�e rate �esiduals ot ' 0454 .' i • •  ho.n in Figure 
1 .  After the te.t,  improve.ents .ere made to the Shanghai tele.oope , 
71eldi� the noi.e te.perature given in Table 1 .  the lia1tiag .ensitivity 
ot the interfero.eter .a. then about 0 . 2  Jy tor 1 0  ainutes integration. 

SRAIGRAI--BFFELSBIRG 

PIRST VLBI DftBCTIOI 

1 2  NOVEMBER 1 981 OT 1 ' : 00-1 5 : 00 

' 045 4 . '  P - . 00056 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 

• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 
RESIDUAL FRIIGB RATB 9PECTROJI (H. ) 

Figure 1 .  A residual tri�e rate speotrum ot '0454 . '  On love.ber 1 2 ,  
1 981 . 

The aain ob.ervation • •  ere pertor.ed troa UT 1 6 : 00 27th to U! 2, ,00 
29th in love.ber and 1 4  radio source • •  ere observed . !he .ouroe. and the 
.easured oorrelated tlux density and visibility are .hown in Table 2 .  

4 .  Data reduotio. 

We u.ed the VLB lark II prooe.8or and CDC Cyber-1 72 oomputer of KPI 
for orO.8 oorrelation 8nd further .. 817.i • •  !he ana17.i8 .a. oonduoted 
in February 1 982 .  In the oaloulatioD ot delay. and tringe rates , a 
ooherent inte,ration time in the range of '00--600 .econ4a .ae ueed for 
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all lourOII . !hl two IOurO.1 001 6+7' an4 'C1 20 bad poor 11gnal-to-D011. 
rat10 .. 4 •• r. therefore exolude. tro. the farther anal,eie .  A total o� 
700 o�.er9a�lea , iDOlu4iDa 4.1a,e aDd friDae rat •• from 1 2  .ouroe • •• re 
u.ed ai.altaDeoual, to tit th. Sh8Qgh81-Btfelaber« baseliDe veotor. 
I.oau.e the poaitlon. ot the aouro •• 1 739+52 and 1 928+73 are not known 
ao .el1 , the, .ere re,.rded aa free paraaetera and ao1.e. to,ether .1th 

the ooaponeDt. ot the baaellne . The poaltions of te. other souroe • •  ere 
tlxed i. the titti .. of the baaell.e . The posltlon. aark.d with an 
aaterisk i. Table 2 are troa the MBRIT proBram . Thes. posl tions have been 
reduced to 1 950 .0 u.il18 the De. I1U( 1 976 ) precesslDn oonstant .• • The other 
lource coordinates uae. ar� not a hoaoseneous set . To lnvestiBate the 
etteot at thi s DD the baaellDe ooordlnates ,  tlts .ere tried uslng the 

positions of all aOD-RERIT source. a8 free parameters. The Det effeot on 
the ba.eline .olution waa not 81gnlflcant . 

!he proBraa for paraaeter 801utlon lncludes correctloDS tor the 
etteota at earth tldes, retarded baseli.e , and antenna axls ottset . The 
electrloal patha at .enlth are regarded as unknoVDs to be .olved . 

Table 2 .  The abaerYe4 radl0 aouraes 

Souroe R . A .  De01 . 
( 1 950.0 ) ( 1 950 . 0 )  

+
001 6+7' 00

h' 6-54.200 7,°, 0
'
51 .41 

0'00+47 0' 00 1 0.0879 47 04 " . 408 

,C84 0' 1 6  29. 5449 41 1 9  51 . 687 

,C1 1 9  04 29 07 .88 41 '2 08. 6  
+ 

,C1 20 04 '0 " . 584' 05 1 4  59 . 592 
• 

DA1 9' 05 52 01 . '7" '9 48 21 . 925 

0742+1 0 07 42 48.467 1 0  1 8  ,2 . 61 

0859+47 08 59 '9 .98 47 02 56.82 

• ,C27' 1 2  26 3' .2460 02 1 9 4' .470 

.. 3(345 1 6  41 1 7 . 6401 39 54 1 0.991  

1 7'9+52 1 7  '9 29 .02 52 1 ,  1 0 . 5  

1 928+7' 1 9  28 49 .3'3 7' 51 44 . 67 

• BL Lac 22 00 " . '88 42 02 08.'" 

*3C454 . '  2 2  51  29 . 5" 5 1 5  52 54 . 1 84 

lote . St -- Total flux deDslt, 
Sa -- Correlate. �lux denelt1 
T -- Vlelbllit, 

St So I 

(3, ) (31 ) 
0.88 0 . 27 

1 . 65 0 . 7'-1 .0' 

1 9 . 6  0.91 -2 . 00 

8 . 4  1 . 55 

4.'  0.25 

1 . 4' 1 .20-1 . '2 

' . 2  1 .90 

2 . 1  0 . 9'5-1 . 1 2  

47 . 5  2 .4' 

7 .75 0.8'-1 .42 

0 .7' 0 . 57 

' .65 0. 20-1 . 6 6  

4 .25 2 . 1 7  

9 .7 2 . 1 7  

+ -- Excluded trom baeellne determlnatlon 
.. -- KERr! aouroes ( 4 )  
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V Ref .  

0."  (2 ) 

0. 44-0 . 62 ( 1 ) 
0.05-0 . 1 0  ( 1 ) 

0 . 1 8  ( 1 ) 

0 . 06 ( 1 ) 

0. 84-0 . 92 ( 1 ) 

0 . 59 ( 1 ) 

0 . 44-0 . ''5 (, ) 
0 .05 ( 1 ) 

0 . 1 1 -0 . 1 8  ( 1 ) 

0.78 ( 1 )  

0.05-0 . 45 (2 ) 

0 . 51 ( 1 ) 

0 . 22 .( 1 ) 



Unfortunatell, as information on the ionosphere near both telescopes 
were not available , the calibration of ionosphere , which is of great 
importance partioularl, at longer wavelength , has been impossible.  The· 
values of polar aotion and UT1 -UTC during the ezperi.ent w.r. tat.n from 
the BIB Circular D. 

In addit10n there was a aloat jump at UT 1 0 : 1 0  29th in lov.mb.r at 
Shanghai Obs.rvatorl, aaus.d bl .... r unlock tor a. f.w m1nut.s. ADd 
th.refor. , 1 5 .21  miaro.econds wer. used to aompensate the jump 1n fitting 
the ba •• 1ia • • 

In our ana1,sis ,  the c.nt.r at mass ot the .arth was ahos.n as the 
ori,1n of tb. 1n.rtial coordinate .,st ••• 

5 .  Results 

Th. r.sults of bas.1in. , positioDS Of sources , and other solutions 
are listed b.low . The standard .rror8 of d.1a,8 and fring. rat.s are 
4' .6 ns and 4 . 6  11Hz , respeativel, . 

Table , .  Th. para.et.rs of the bas.line 

L'qtb 

Pol. cOllponent 

Equatorial aomponent 

Hour all81e 

Deo1.1nat1on 

X-compon.nt 

I-compon.nt 

Z-aompon.nt 

B • 8208 690 .92 ± 2 . 44 m 

B1 • 1 61 6  4'0 .99 ± 2 .75 m 

B2 • 8047 966 .05 ± 2 . 42 II 

Hb • '1 �2'1 19' 65 + 0:016 -

6b - 1 1 �'56 1'2 6' 
Bz • 6881 628.04 ± 2 . 28 m 

Br = 4172 88' .07 ± , . 1 6  • 

Bz - 1 61 6  4'0 . 99 ± 2 �75 II 

Table 4.  Th. geocentric ooordinates of the stations 

Shaqha1 
X -2847 688.04 ± 2 . a8:;:m 

i -4659 877 .07 ± , . 1 6 II 

Z '28' 999 .01 ± 2 .75 II 

R 6'72 474.48 ± ' .06 II 

'P' '1 �020 267 8' ± 0:081 
L -1 2 1 �429 424 77 ± 0:101 
Bote : R -- Radiua ot the earth 

,' -- Geooentric latitude 
L -- L0D«ltud. 

Ef':te18berg 
40" 940 .00 II 

- 486 994 .00 II 

4900 4'0.00 II 

6'65 850 .24 II 

50�" 5 91 1 08 
-6�88' 671 97 

The ,eocentric coordinates of Effelaberg were 
proVided br Dr. J.  campbell . 
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Table 5 .  The ooordinates of radio souroes 

Souroe 

' 7'9+52 

1 928+7' 

- R. A. ( ' 950 .0 ) 
' 7h'9m28 .9845 Z 0�0050 

1 9  28 49 .4001 ± 0.0045 

Deal . ( ,  950 .0 )  
520" " 0:0'9 z 0�077 
7' 5 1  44.612  ± 0 .054 

Table 6 .  The parameters of the clocks 

Cloak offset 

Differenoe of olock rates 

Differenoe Of LO frequenoi e. 

Bote : All values above are EFP-SH. 

-2 .258 Z 0 .017  p,s 

-' .744 ± 0 .04, ps/s 

-, .'41 ± 0.71 0 mHz 

Table 7 .  The .eDith eleotrloal path le .. th 

ShaDBha1 

Itfelsbera 

5 . " .:t 0. 67 • 

1 . 95.:1: 1 . 1 4  • 

The resldual. of dela,. a.4 frlDie rates are plotte4 In P1aure 2 .  
and ' .  J1Iure , .  shows tbat the effeot. of the 10nosphere are quite 
obvious . !he soatter of the residuals at 481 tl.e ls apparentl, 1arser 
than tbat at nleht tl.e . It 1. also obvious tbat there is so.e 
.,st ... tio ohaDee 1. the resldua18 of the fr1D8e rates at dawn or 1. 
the e.en1q. 

FOrmal errors are quoted throughout . It ls however verr llkel, 
that 8,stematl0 error8 due to the lnoon818teno, of publlshed 118ts 
of souroe posltl0.s a.4 UDooapensated 10nosphere effeots lncrease 
the.e oODsiderabl,. Thus the }asellne aa, be oo.sldered deterained 
to aD aoouraol of about 20 .eters . 

Optlmlzatlon of the p.81tlons of the nOD-KBRI! Bouroe8 In 'able 2 
leads to t,ploa1 oorreotie .. of up to 0.' aroseo , a.d thls value ls the 
probable error OD the posltl0.s of 1 928+7' and 17'9+52 . 

Ionospheri o effect8 oan be mlnlml.ed b1 the use of dual-frequency 
reoelvers or by hlgher !requeaor operation, a. planned for tuture 
observations . laproved dela, .easure.ents are pos81ble usl .. Videband 
frequenoy 81Dthesis .  

6 .  Acknowlede .. ents 

We are deepl, grateful to the a •• l.t .. t. of !PI and Shaachal 
Observatorl In the ooordlaated ob.ervatlons . We alao thank R. MUtel 
( Un1ver.lt, of Iowa ) tor the loan of FBT ampllfler ,  J .  CUlpbell and 
W. Be,er ( Unl veral 1:, of BoDll ) tor prondlq ooordlna 1:e. of Bttelsbers , 
prQgraam1q a •• l.t"oe aad for helpful dl.cusslons on data anal,sl • •  

9 5  



ut o  2 4 , 
I I I 

SB 
." '/////////j 

27 lov. 1 981 
D. 

1 00 I-

o 

-100 I-

28 loy. 

, , 
1 00 1- '  

� , , , . , . .. - .  , , ' , , , . ' , " 
, " : . . .. o 

8 
I 

. . , 

1 0  1 2  
I I 

1 4  1 6  1 8  20 22 24 
I I I I I 

r/// /////// /////// ///1 V//////////// 

, , 
, .. " . ... .. . . , , , , " .. , II I. , , , " 
i.!J1 2 II , 1 4 , ' 

, , , , ". , , ." , . ' , , , , .' , ...
. 

- ..... .  

: 
.' I ,  ' , _  I' . .. . ' , · ...

. . . ... .. : . . ' . ' .. . , •••• . I ' ·  . . . .. I, . . . : :; 
• ' 1 . , , . 1- ,  , . -100 . 

I ' 5  I�L!J I 7 I � I 8 
I L.!JI 8 I 1°/ 

l '  I I 2 
I 

29 lov_ 

1 00 � , " .. , , , . . 
o ... , . . . . . , " . , , . 

. 
, , . . . 

-100 I- , , 
5 ,  '2 I � �L!J I 

I I I I I 

" . , , .: ..
.. . .  : .,', . �. . 

1 2  
II 

8 

I I 

, , .. ' . . 
;� : . , 

I , 
I 

. , . , . . , · . . .... . . . ',' ' : 
· 

' 0  , 
I 

" • . .. . . , . . I I  I ,  

1 1  
, � 

I � 
o 2 4 6 8 1 0  1 2  1 4  1 6  1 8  20 22 24 

� __ ...... I D&7 t1ae 

1 .  '0' 1 9  

6 .  '027' 

" .  ' C84 

2 .  DA1 9' 

7 .  '0'45 

1 2 .  1 928+7' 

, .  0859+47 

8 .  BL Lao 
4 .  0742 +1 0 5 .  1 7'9+52 

9 .  '0454.' 1 0 .  0'00+47 

PlB . 2 .  the resi4ual. ot .e1&7s tro. the best ti t.  

96 



ft '  0 2 4 6 8 10 12 ' 1 4  1 6  20 22 
�--�--�------�--��--�--�--�-----------------

SB 
D7 ������� __________________ LL��������� 

aHa 2' loy. 1 981 

1 0  
., ... .. . .. ... . .. . . . ... .. .. . I' O�----------------------------------------��----�� 

-10 

28 loy. 

10  

. . . 
o . . . . ' .

.. 
' 

..
. 

..
. . ' , - . 

. ' . . 
_10 

" . 

I. 

I, •• 
. ' 

.... . 
. ...... .. .. "' ,_ I , . , '. I' 

. '
:

' . , . . . . . 
',. . . 

. . .  

" 

. ' . 

'. . . ... . ., ..... 

I!JI 2 

.. .. '" 

.' 

. ... ... . .. . . . 

1 L-.._5_....J1�� .... 1 _'_.....II � 1 
8 

IL...!..JL.,.I 8--L-1 1O.....J...1 _1_'----' 
2 

29 lov. ' .  

10 

0 ···· ·· 

-' 0 
5 

UT O  

. . . . 

2 

1 .  '01 ' 9  
6 • .,027., 

1 1  • .,CS4 

.. . . _fII _,. . 

� 
4 6 8 

I Da7 "1 •• 

2 .  DA' 9., 

7 .  .,0345 
1 2 .  ' 928+7' 

'" ' " . '" 
"", .. , . ' . . '. o, 

. ..  ..' • fit'; ... .. . .  • I ,  .. .. . ..: .. ...... .,. . 
. .. . 
. , ' 

1 2  II 8 1 0  l '  I L1.J 
10  12 1 4  16 18 20 22 

E////J 11,ht tl •• 

., .  0859+47 4.  0742+10 5 . '7.,9+52 
8. BL Lao 9 • .,0454 • ., 10.  0.,00+47 

Pl. • • ., . th. r •• 14ual. of frlq. n" •• fro. the 'b •• " fl t .  

9 7  

24 



Reterence. 

( 1 ) Baaker , D.C. , Iclitor, USA lLBI IftVOU HANDBOOK. 
( 2 )  val tlll&D , I. , et al . ,  a.paat Rad10 Savo •• at »eol1nat10n8>69 , 

Aatron . Aatropbr • •  , 1 01 ,  .9-51 ( 1 981 ) .  
. 

( , )  GubbaJ' , J.S. , Pr1vate OOlUlUD1oat1oD. 
( 4 )  Robertson , D . S . , carter, D.B. , IAV COlloquium 6' . 

98 



PRECISION SURVEYING AT THE 1-MM LEVEL USING 
RADIO INTERFEROMETRY 

Goran Lundqvist 

Onsala Space Observatory 
Chalmers University of Technology 

S-4 39 00 Onsala , Sweden 

ABSTRACT . The 6 0 0  me ter base l ine between the two radio 
astronomy antennas at the Onsala Space Observatory , Swed en , 
has been accurately determined with the MARK III VLBI System. 
Observations of extragalactic radio sources at X-band ( B  GHz ) 
have been made at two different occasions t The first in August 
1 9BO and the second in January 1 98 1 .  Bo th the repeata b i l i t y  
a n d  t h e  formal accuracy are a t  the 1-mm level . Ihis paper 
presents the planning , performance and ' proc essing of the 
experiments as well as a critical analysis of the results.  A 
comparison with conventional survey results is also made . 

1 .  INTRODUCTION 

This paper presents the details of the short basel ine radio interferometry 

experiments between the 26 . 5  m antenna and the 20 m antenna at the Onsala Space 
Observatory in Sweden . These are the first sho.rt bas.eline exper iments using 
the wide bandwidth MAR� III recording system. Previous short baseline experiments 
have used either the t1ARK I ( Rogers et al e 1 978 ) or the r.ARK II recording system 
( Ong et al e 1 976 ) .  The scientific purpose of the experiments was threefo�d : 

1 .  Observations with the MARK III system , for geodesy purposes , a re made 
simultaneously at s- ( 2 . 3 GHz ) and x- · ( 8 . 4  GHz ) band in order to solve for the 
ionospheriC delay. Normally both of these frequencies are received by the same 
antenna but at Onsala one antenna is used for each frequency. The 3-dtmensional 
baseline between the two antennas used needs to be known with high accuracy if 
the ionospheric delay is to be determined and removed from the observations 
made at Onsala . 

2 .  Th e basel ine between the antennas has  been determined by means of a 
conventional survey ·in 1973 and again in 1 97 8 . We wanted to check that the 
survey and the interferometry experiments give the same result.  

3. · A  number of intercontinental geodesy VLBI · experiments have been performed 
from 1 972 to 1 978 between the Haystack Observatory , USA , and the 25. 6 rn antenna 
and the 20 m antenna at Onsala. By the short baseline experiments we wanted to 
' cl ose the t r iangle ' separa t e l y  and independently of the intercontinental 
experiments . This gives us a possibility to compare formal and absolute errors 
in VLBI measurements � 

2 .  EXPERIMENT DESCRIPTION 

A short baseline experiment is easier to perform and to analyze than an 
intercontinental V LBI experiment for several reasons. One is that the propagation 
media delays along the two ray paths essentially cancel and can therefore be 
minimized as a source of  uncertainty. Another is that the short baseline delays 
are less sensit1ve to source position errors . These positions can be furnished 
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with adequate accuracy by independent measurements. Furthermore , during these 
experiments we used the same frequency standard for both receiver systems to 
avoid the stability problems encountered with independent standard s .  

T h e  observations , each of  3-min d uration , were made sequentially of 1 1  
extragalactic radio sources . A list of the sources observed is found in Table 
1 .  A total of 28 observations was made on Aug . 25 1 980 and a total of 1 3 6 on 
Jan . 1 3  1 9B 1 .  1 2 frequency channels , each 2 MHz wide , sPanning a total bandwidth 
of 250 MHz were recorded from each antenna . The group and the phase d elays 
through each receiving system were monitored continuously by the standard MARK 
III phase calibration system. A cable calibration system to monitor the cable 
length variations was connected to the 20 m antenna but unfortunately no cable 
calibration system was available for the 25. 6  m antenna. 

Table 1 .  

Extragalactic Sources Used in the Experiments 
= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =  

Source Right Ascension Declination 

3C84 03 1 6  2 9 . 54 4 1  1 9  5 1 . 69 NRA0 1 50 03 55 45.23 50 49 20. 07 
3C 1 20 04 30 3 1 . 56 05 1 �  59. 59 OJ287 ' 08 5 1  57.23 20 1 7  58. 60 
lIC39. 25 09 23 55.29 39 1 5  23. 63 
3C273E 12  26  33 . 246 02 1 9  ,4 3 . 47 
3C345 1 6  4 1  1 7 . 64 39 54 1 0 . 99 
1642+690 1 6  42 1 8. 14  69 02 1 3. 43 
2 1 34+00 2 1  34 05. 23 00 28 2 5 . 02 
VR422201 22 00 39. 39 42 02 08. 33 
3C454 . 3  22 5 1  29. 53 1 5  52 54. 1 8  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

3. DATA ANALYSIS 

Th� raw data , stored on magnetic tapes , were correlated at the haystack  
Observatory correlator center. All of the data were analyzed u s ing the �ARK  
III  analysis system developed by the east coast VLBI g r o u p  a n d  i n s t a l l e d o n  
the Onsala HP 1 000 computer . Fig . 1 shows the data flow through the  �ARK III  
system. A complete description of  the systeu. is presented by Clark et ale ( 1982) .  

Most of the data analysis was carried out using the highly interactive SOLVE 
program where least squares estimates of all geod e t i c  parame ters are mad e .  
Separate solutions were calcula'ted for group delay and pha s e  d elay . Eo th o f  
the experiments were also differenced using a time window of 20 minu�es maximum. 
F igures 2 and 3 are examples of residual plots from the program SOLVE . 

4 .  RESULTS 

a .  Baseline Results 

In Table 2 the results from the short baseline experiments are s ummarized 
along with their formal uncertainties . In the experimen t > 80AUG25TS , only a 
few hours of data were recorded as a test of , the equipment used. The data turned 
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out to be so useful that this experiment has also  been c areful l y  analyzed . 
>8 1 JAN 1 3TS was a full 24 hour experiment .  

Table 2. 
Baseline Results 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

x-comp lcr y-comp l cr  z-comp 1 0- Length l CS"  
>80AUG25TS 
Group Delay 360. 098 . 0 1 7  -!l5 1 . 53 1  . 0 1 1 - 1 66. 7 1 6  . 0 1 5  60 1 . 120 . 0 1 5  

Phase Delay 360.090 . 002 -!l5 1 . 53 1  . 002 - 1 66. 723 . 005 6 0 1 . 1 1 7 . 003 

Differenced 360. 09 1 . 00 1  -45 1 . 530 . 00 1  - 1 66. 723 . 002 60 1 . 1 1 8 . 00 1  

>8 1 JAN 1 3TS 
Group delay 360. 090 . 004 -45 1 . 53 1  . 003 - 1 66. 729 . 006 60 1 . 1 1 8 . 003 

Phase Delay 360. 095 .. 00 1 -45 1 . 53 1  . 00 1  - 1 66. 723 .002 60 1 . 1 20 . 00 1  

Differenced 360. 094 . 00 1  -45 1 . 534 . 00 1  - 1 66. 729 . 00 1  60 1 . 123 . 00 1  

= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = � = = = = = = = = = = = = = = = = = = = = = � = = = =  

b. Comparison with Conventional Survey 

In order to check if the level of repeatability in the results above signifies 
their accuracy , a conventional survey has been done between the two antennas 
by the National Land Survey of Sweden. The survey resul t s  together with t h e  
interferometry results are shown in Table 3 .  The agreement i n  all three dimensions 
are at the several centimeter level.  

Table 3.  
Comparison With Conventional Survey 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

x-comp l tS"  y-comp l tr  z-comp 1 6'"  Length l cr  

>81 JAN 1 3TS 
Phase Delay 360. 095 .00 1  -45 1 . 53 1 . 00 1  - 1 66 . 723 . 002 60 1 . 1 20 . 00 1  

Conventional 
Survey 360. 1 06 -45 1 . 487 - 1 66 . 752 60 1 . 1 02 . 0 1 5  

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

c.  Triangle Closure Test 

Table 4 shows the results from the intercontinental baseline closure test.  
Data on the baseline from Haystack to Onaala 25. 6  m was recorded during several 
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periods between 1 972 and 1 978. All data have recently been reprocessed through 
the MARK III software by Ryan ( 1 9b 1 ) . The . baseline components from Haystack 
to  Cnsala 20  m were reported by  Herring et al . ( 1 98 1 ) using data taken between 
1 976  to 1 97 8 9  The baseline components between the 20 m antenna and the 2 5 . 6  
m antenna can be calculated from these measurements and compared with the short 
baseline results.  �ote that both the y- and the z-component o f  the ba sel ine 
differs by more than 3 sigma. The length of the " baseline is very well determined 
but orientation information is poor . 

Table 4 .  
Easeline Closure Test 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - - - - - -

x-comp 1 cr y-comp l cr z-comp l cr  Length h r  
> & 1 JAN 1 3TS 
Phase Delay 360. 095 . 00 1  -45 1 . 53 1  . 00 1  - 1 66 . 723 . 002 60 1 . 1 2 0  . 00 1  

" 1 972- 1 978" 360 . 1 0  . 1 5 -4 5 1 . 95 . 1 0 - 1 65 . 66 . 34 60 1 9 1 4 . 1 4 

-------- - - ----- - --- ----------- ------------------------ -----

Differences : O . C l  . 1 5 -0 . 42 . 1 0 1 . 06 0 . 02 . 1 4 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - - -

5 .  ERROR ANALYSIS 

Three main sources of error can be identified in the results from the short 
basel ine experiment. Each of them probably affects the result at the mm-Ievel. 

1 .  Dimensional chan�es of the antennas due to g ravitational l oading and 
temperature changes in the antenna struc ture : Unfortunately no information is 
available about path length variations due to the antennas . 

2 .  Source posit ions for the short baseline interferometer : 'I'he analysis is 
d one using source coord inates from v e ry long baseline observations. lhese 
positions are not necessarily the same as the short baseline positions s i n c e  
the short baseline interferorr.eter i s  sensitive t o  the arc second structure , 
whereas the very long baseline interferometers are sensitive mainly to structure 
on the mi11iarc second level . 

S .  Changes of the electrical cable length to the 25. 6 II! antenna : The plot 
of the residual phase delays clearly shows that a s econd c a b l e  c a l i bration 
system would be very useful also for the 259 6 m antenna . 'Ihe changes are mainly 
caused by temperature variations in the cables . 

The discrepancy between the conventional survey result and the interferometry 
result has one possible explanation . The antenna construction blueprints have 
been used to translate from the survey reference points to the intersection of 
antenna axes which \Olere used as reference points in the interferometry experiments. 
The accuracy of these drawings could very well be questionabl e .  

6 .  CONCLUSIONS 

The results of the short baseline experiments have shown that it is possible 
to measure short baselines to mm accuracy with radio interferometry. nowever , 
the method described here is still limited by systematic errors. A second cable 
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calibration system would probably reduce this error to a large extent . A high 
prec i s i o n  conve nt ional survey should also be conducted before any further 
comparisons are made.  
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Beyer , W�· , C�pbell , J . , Lorunar , F .  J . , Seeger , H . , Sud au , A. 
Geodetic Institute , Uni.versity of Bonn , Fed . Rep . of Germany 
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ABSTRACT . A report is given on the first success
ful observations in a program of repeated geodetic 
VLBI experiments within the ·European Network of 
Radio Astronomy Observatories . Because of the 
inherent limitati ons of the Mk II  data acquisition 
system , a sequential bandwidth synth.esis technique 
was used in order to improve the delay resolution . 
Simultaneous Doppler Satellite Observations were 
made at all stations to compare the results on the 
decimeter level and at the same time to supply 
ionospheric path delays for correcting the single
band ( 6  cm) VLBI data . 
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1 . . INTRODUCTION 

Proj ect ERIDOC (European gadiointerferometry and Doppler 
Campaign) has been initiated to conduct simultabeous VLBI 
and satellite Doppler obs·ervation campaigns between those Euro
pean radio observatories that are or wi ll be equipped with. VLBI 
recording systems . The project is designed to serve a number of 
purposes relevant for both geodesy and astronomy . The most im
portant of these are the following : 

- determine accurate relative station positions of European radio 
observatories involved in radio interferometry , 

- refer these station locations to the ·geocenter by using Doppler 
observations of Earth satellites , 

. 

- check the scale and the orientation of geodetic networks , 
- compare the scale and orientation between the. VLBI and Doppler 

networks , 
- test the performance of the VLBI and Dopple.r systems on the 

European scale , 
- investigate environmental effects such as tropospheric and 

ionospheric refraction , and 
- monitor geophysical phenomena as far as the achieved accuracy 

allows to resolve ( e .  g .  Polar Motion and UT1 -variations ) .  

Comparing results from observations taken at the same epoch of 
time has the particular advantage that uncertainties in the 
orientation of the reference systems due to precession , nutation 
on one side and Polar motion , UT1 variati ons on the other do not 
enter into the comparison results . 

In a j Oint effort of the geodetic departments of the Technical 
University Delft (Holland ) and the Univers ity of Bonn (Fed . Rep . 
of Germany) the satellite Doppler and the VLB� campaigns have 
been organized and carried through execution . The actual measure
ments were performed by many enthusiastic individuals observatory 
personnel as well as geodesy staff , who took an active interest 
in the campaign . A full list of the participating groups is 
given at the end of this paper (section 5 ) . 

2 .  THE GEODETIC VLBI CAMPAIGNS 

At present only two European VLBI stations are equipped wi.th high 
performance Mk III  recording terminals , namely Effelsberg (Fed . 
Rep . of Germany) and Onsala (Sweden) . At the other stations 
apart from Chilbolton (England) no particular provisions for geo
detic VLBI observations had been taken before the proposal for a 
series of geodetic VLBI campaigns between the European stations 
was presented to the European VLBI programme committee . In this 
situation it appeared to be profitable to mak.e the best possible 
use of the existing Mk II  recording equipment , taking advantage 
of the positive experience of the NASA/JPL DSN and ARIES groups 
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with the sequential bandwidth synthesis scheme (Fanselow et al e 
1 97 9 ,  Niell et al e 1 9 80) . A full description of th.i.s method is 
given by (Thomas 1 9.8 1 ) .  In accordance 'with the width of the 
receiver passband at the NASA antennae a bandwidth of about 
40 MHz was synthesi zed with eight channels on the DSN intercon
tinental baselines ( 1 0  000 km) and with 'two channels on the much 
shorter ARIES baselines ( 1 00 - 200 kID) . On the European scale 
the two channel approach., which minimi zes the loss in sensitivity , 
was concidered to be the best choice , because. it i s  rela ti vely 
easy to implement at most European stations . 

. 

The 40 MHz two channel approach leaves an ambiguity of 2 5  ns in 
the bandwidth synthesis (BWS ) delay determination . With a rela
tively high signal to noise ratio (SNR) provided by the rather 
sensitive European station configuration the. non-am�iguous 
Single channel delays tend to be fairly accurate ( ±  1 . 5 - ± 5 ns ) 
and can be used to resolve most of the ambiguities in the BWS de
lays . Any remaining ambiguities are then sorted out in the final 
baseline solution . 
The necessary technical provisions to implement a basic BWS 
capability at the European VLBI stations (essentially the opera
tion of two synthesi zers and a diode switch controlled by the 
UTe time tags ) proved to be almost n�g 1 1g1ble . On the other 
hand , for a refined system the removal of instrumental phase 
delay changes , especially those of dispersive nature , is esser-
tial . This  ,. helas , requires a rather sophisticated system com
prising a tone generator , an rf-inj ection pOint near the feed 
horn and a cable delay compensator ( Thomas 1 9 8 1 ) . It was deciaed 
to discuss the problem with the individual observatories and in 
the meantime start gathering experience with only the basic 
equipment .  

Starting i n  October 79  three geodetic VLBI sessions have taken 
place in the commonly used European 6 cm-band . For these 6 cm 
Mk II  campaigns the acronym WEJO, short for Westerbork , Ef·fels
berg , Jodrell Bank and Onsala was chosen , although it turned out 
later that two more stations , Chi lbolton and Metsahovi (Finland) ,  
were able to take part (see figure 2 ) . The stations and the 
equipment used are listed in table 1 .  Of the three campaigns 
only WEJO-2 ,  which · constitutes the VLBI-part of Project ERIDOC, 
was fully successful . The other two campaigns were hampered by 
equipment failures and bad weather conditions (high winds and 
snowfall) • 

A relatively simple observing schedule was set up with fixed 
1 5  min scans ( including a varying portion of time for slew.ing ) . 
Shorter scans could have been used , but the. intention was to 
monitor the phase behaviour on the. different baselines and obtain 
quantative data for the performance of the participating 
stations . 
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Antenna Mount Axis Crock 
Station *)  Diameter type offset system I m l I m l 

Westerbork 
(telescope "B"  ) 2 5  EO 4 . 95 Rubidium 

Effelsberg 1 00 AZ - EL - H-Maser 
Jodrell Bank 

(Mk I I  telesc . )  26  x 38 AZ - EL 0 . 47 Rubidium 
Onsala 

(OSO 2 5 . 6 )  2 5 ." 6  EO 2 . 1 5  H-Maser 
Chilbolton 20 AZ - EL - H-Maser 
Metsahovi 1 4  AZ - EL - Rubidium 

Tab . 1 :  WEJO - VLBI - stations 

* ) For the supporting agencies see section 5 .  

The data used in the present report was collected at the October 
1 80 (WEJO- 1 ) and Apri l 1 8 1 (WEJO-2 ) observing sessions lasting 
1 2  hours and 2 4  hours respectively ( see Fig . 1 ) . Al l data were 
correlated both at the 3-station Mk II  processor of the MPIfR * )  
in Bonn "and at the 5-station JPL/CIT * * )  Mk II  processor in 
Pasadena , California ,  U . S . A. This double effort was necessary 
because the Bonn processor has not yet been fully checked with 
respect to its geodetic accuracy and reproduceabi lity .  It is 
hoped that the Bonn processor can be modified to accept switched 
data for bandwidth synthesis in the near future . At present the 
tapes have to be passed through the Bonn correlator as many 
times as the number of frequency channels recorded .  In all it 
took about 5 times longer to process the 2-channel 5-station 
WEJO-2 data in Bonn than in Pasadena . 

The fringe analysis of the JPL/CIT correlator output was carried 
out with the PHASOR software written by G .  H .  Purcell and others 
(Thomas 1 9 8 1 ) . The PHASOR output tape containing the estimated 
residual channel amplitudes ,  phases , del ays and rates , the BWS 
delays and the model quantities was then sent to Bonn for the 
final processing stage : reconstruction of the total observed 
quantities , ambiguity elimination and least squares basel ine 
solutions . 

The least squares baseline fitting software has been developed 
at the Geodetic Institute in Bonn . This single baseline program 
includes all relevant geometric and geophysical models down to 
the 0 . 1 ns-Ievel on intercontinental baselines ( 6000 - 1 0000 km).  

* )  Max-Planck-Institut fUr Radioastronomie 
**)  Jet Propulsion Laboratory/California Institute of Technology 
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A comparison with the US East-Coast,-VLBI software package " CALC "  
has ' confirmed this accuracy level . For the European basel ines 
this trans lates into a 0 . 01 ·ns mode l delay accuracy . A multi 
station baseline softw�re is still in the process of compilation; 
therefore the results in this report are represented as single 
baseline solutions and should be regarded as preliminary . 

Due to the high weight of the Effelsberg 1 00 m telescope in the 
SNR-Ievels on the different baselines of the. WEJO-2 experiment ,  
only the four baselines connecting the other stations to Effels
berg have been used in this report . The oth.er six baselines will  
of  course be included later in  the multistation solution . The 
Effelsberg - Metsahovi base.line , which turned out to be the only 
successful baseline in the Oct . ' SO WEJO-1 experiment , has been 

EFF 
��------��+-�����+-��----------------------------� 

METS 

EFF 

WBK 

N JOD 
o 
I-J CHIL ��------+-'-�-L���------------��-r�-'�7-�-r��rr� 

ONS Recorder malfunction 

1& , 12 
1 2 .  apr 8 1  1 3 .  Apr 8 1  

Fig . 1 :  WEJO 1 .and WEJO 2 Mk I I  VLBI summary 

18 UT 
i 

added to the data set for comparison reasons , because it does 
not belong to the same epoch of time . 

Table 2 summari zes the baseline results which were obtained hy 
formi:.ng the weighted means of the two single channel and the 
BWS results . This procedure appeared reasonable because of the 
relatively high accuracy of the single channel delays . In order 
to minimize the influence of the rubidium clock instabilities , 
the data on the EFF-WBK and EFF-JOD baselines were subdivided 
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into three blocks of about equal size ( N 8 hours of data each.) . 

The source positions used in the analysis were those published 
in the JPL-List No . I from 1 9 80 (Fanselow et al e 1 9 80) . These 
positions were held fixed in all solutions . 

Baseline 

EFF - WBK 

EFF - JOD 

EFF - CHIL 

EFF - ONS 

EFF - METS 

1.....---. 

b m x 
OJ( m 

-205 345 . 57 
. 1 6  

-21 1 099 . 46 
. 1 8 

-25 636 . 42 
. 1 7 

-662 981 . 86 
.08 

-1 141  362 . 1 5  
. 20 

b m 
Y 
0:1 m 

-43 1 1 4 .06 
. 20 

-640 793 . 25 
. 10 

-587 641 . 48 
.07 

224 474 . 40 
.05 

824 725 . 95 
. 1 4  

b m 0-r ns O.
f 

mHz z 
0, m ° aws ns 

164 491 . 25 1 . 4 1 . 5 
. 3 3 -

1 85 855 . 39 2 .0 2 . 3  
. 28 -

43 363 . 86 5 . 0 0 . 5 
. 1 8  0 . 8  

449 233 . 1 4  1 . 5 0. 5 
. 10 0 . 2  

61 2 208 . 86 5 . 0  0 . 9  
. 34 1 . 3 

Table 2 :  Mk II VLBI baseline results and rms values as computed from the 
spread of the partial data sets . The last column contains the postf1t rms 
of the observations . 

On all baselines involving the stations Westerbork and Jodrell 
Bank the BWS delays were corrupted by strong sinusoidal phase 
variations . The exact cause of these variations has not yet been 
established , although insufficient stability of the rubidium 
standards may explain a good part of the problem . The BWS delays 
on the Effelsberg to Onsala baseline proved to be the only ones 
fully consistent with the theoretically expected 40 MHz BWS 
accuracy level of about 0 . 2 ns . At Chi lbolton , the Maser break
down probably entailed a somewhat lower stability performance 
than usual . Moreover the 8ern receiver had a relatively high 
system .temperature ( N 300 K) . 

* ) . 20 MHz synthesis 
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Figure 2 :  E RI DOC network 
� = G e m  WEJO VLBI Stat ion  
• = ERIDOC Doppler Stat i o n  

e WE T T Z E ll 
e WE ILHEIM 

e GRAZ 
BOLO�N� 
{/ "  . FLORENCE 

D 
DION YSof � 
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3 .  THE DOPPLER OBSERVATIONS 

In the period of Apri l  7 until Apri l 1 7  . 1 9 8 1  Doppler observa
tions to the satellites of the 'Navy Navigation Satellite System 
(NNSS )  have been carried out at 1 8  European stations (Fig . 2 ) . 
An additional aim of this campaign was to 'connect the ERIDOC 
network to earlier European Doppler networks such. as EDOC-2 
(Boucher et al e 1 9 8 1 ) including especially the European Tranet 
stations and several laser observatories' .  A list of the stations, 
the participating institutions and the receiver equipment used 
is  shown in table 3 .  

The two processing centers at th.e Technical University Delft and 
the University of Bonn received all Doppler observati ons either 
as raw or as maj ority voted data ( i.ncluding the meteorological 
readings ) by October 1 8 1 . Precise ephemerides (PE)  have been 
kindly made available by the US Defense Mapping Agency (DMA) for 
the satellites 30 1 40 and 30 1 90 .  

Data reduction was carried out a t  both computing centers with 
the GEODOP software (Kouba et al e 1 9 7 6 ) . Using smal l test data 
sets , the two GEODOP versions at Delft and Bonn and the version 
of the Institut fur Angewandte Geodasie ( I.fAG)  i.n Frank.furt/Main 
have been compared in detail .  Al l  three versions. showed excellent 
agreements within 1 em .  

The ERIDOC data were processed independently at both the Del ft 
and the Bonn computing centers using in a first stage only the 
six WEJO-VLBI stations which are included in the Doppler-VLBI 
comparisons . 

The following computati on configurations were performed with the 
GEODOP software : 

1 .  Broadcast ephemeris single 
2 .  Broadcast ephemeris multi 
3 .  Precise ephemeris single 
4 .  Precise ephemeris multi 

The coordinates of the BCE-MP 
table 4 are referenced to the 

point solution (BCE-SP ) 
pOint solution (BCE-MP) 
point solution ( PE-SP) 
point solution (PE-MP) 
and the PE-MP solutions listed in 
doppler antenna phase centers . 

4 .  COMPARISON OF VLBI AND DOPPLER RESULTS 

The intercomparisons presented in this paper should be considered 
as preliminary because of the uncompleted status of the VLBI 
analysis : only part of the available data have been used until 
now and only single baseline solutions have been performed . 
Therefore a simple spatial transformation with up to seven para
meters and neglecting the covariance matrices from the VLBI and 
Doppler solutions was applied . In the final analysis the concept 
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STATION 

... 

Onsala S 

E ffe lsberg D 

30dre ll Bank GB 

Metsahovi SF 

Westerbork NL 

Dwingeloo NL 

Robledo E 

Weilheim D 

Chi lbolton GB 

Wettze ll D 

Bologna I 

Graz A 

Leeuwarden NL 

Hers tmonceux GB 

telescope 

telescope 

te le,scope 

telescope 
sat . laser rang . 

telescope 

telescope 

telescope 

telescope 

telescope 

telescope * ) 
sat . laser rang . 
EOOC 

te lescope * )  
EOOC 

EDOC 

sat. laser rang . 

Kootwi jk 

Dionysos 

NL sat. laser rang . 

GR sat . laser rang . 

Florence 

Brussels 

EDOC 

I EOOC 

B 

TRANET 

EDOC ' 
TRANET 

RECEIVER 

MX 1 502 

MX 1 502 

JMR 1 

INSTITUTIONS 

Inst.  of Technology, Stockholm 

University of Bonn 

University of Nottingham 

eM 75 1 Finnish Geode tic Ins titute ; 
Norges Geografiske Oppmaling 

CMA 7
'
5 1  T . U . Delft 

CMA 75 1 �ageningen Agricultural Univ . 

JMR 1A Instituto Geografico National , 
Madrid 

CMA 76 1 I fAG / Frankfurti SFB· 78 

JMR 1 Ordnance Survey GB 

CMA 722B l fAG / Frankfurti SFB· 78 

�tX 1502 University of Trieste 

CMA 722B Ins titute for Space Research , 
Austrian Academy of Sciences 

CMA 75 1 

JMR 1 

CMA 75 1 

MX 1 502 

'l'RANET 

TRANET 

T . U . Delft 

Royal Greenwich Observatory; 
Ordnance Survey GB 

T . U . Delft 

National Techn .Univ . of Athens 

I . R . O .E . Florence 

Observatoire Royal de Belgique 

Table 3 :  ERlDOC Doppler stations 

� )  under c o n s t r u c t i o n  
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Station accepted X 0' Y a Z a 
passes x y z 

Onsala BCE 181 337091 2 . 91 :!: 0 . 70 71 1 51 6 . 54 :!: 0 . 57 5349675 . 09 + 0 . 48 

(ONS) PE 66 911 . 04 + 0 . 24 517 . 32 :t 0 . 32 675 . 56 + 0 . 20 - -

Me tsahovi BCE 1 78 2892593 . 94 :!: 0 . 73 131 1 786 . 8 3  + 0 . 60 551 261 5 . 67 + 0 . 46 
-(METS) PE 100 592 . 16 + 0 . 20 787 .75 :!: 0 . 25 61 6 . 1 1  ± 0 . 1 5  

Jodre ll Bank BCE 81 3822735 . 43 :!: 0 . 69 -1 54037 .88 + 0 . 61 5086347 . 58 .:!:. 0 . 54 

( JO D) PE 29 733 . 54 .±. 0 . 34 39 . 36 .:!:. 0 . 50 345 . 98 .:!:. 0 . 30 

Chilbolton BCE 1 35 4008491 . 77 + 0 . 68 -100 533 . 27 .:!:. 0 . 57 4943636 . 64 .:!:. 0 . 53 

( CHIL) PE 59 489 . 54 + 0 . 22 - 533 . 92 .:!:. 0 . 33 636 . 07 + 0 . 20 

We sterbork BCE 1 41 3828728 . 99 + 0 . 68 443249 . 26 .:!:. 0 . 55 5064877 . 20 .:!:. 0 . 51 

( \rlBK ) PE 69 726 . 84 + 0 . 20 249 . 60 .:!:. 0 . 26 876 . 98 .:!:. 0 . 1 7 

Effe lsberg BCE 21 3 4034102 . 47 .±. 0 . 67 486794 . 02 .:!:. 0 . 54 4900329 . 04 .:t. 0 . 51 
( EFF) PE 84 100 . 14 + 0 . 20 794 . 10 .:t. 0 . 26 329 . 04 .:t. 0 . 1 7 

Table 4 :  Doppler derived coordinates re ferred to the Doppler antenna phase centers 

from the BeE - MP and PE - MP solutions . The coordinat e s  are given in the 

BCE - re spectively NSWC 9Z2 - coordinate system . 



of S-transformati ons will be applied (B.aarda 1 97 3 )  allowing also 
the application of statistical testing to detect gross errors . 

Before the trans formati on all Doppler coordinates were convezted 
to the corresponding VLBI reference points , which. are defined as 
the intersection of the prime and secondary telescope axes . All 
VLBI baseline results refer to these axis intersection points ; 
any offsets (see tab . 1 )  have been taken into account in the 
baseline solutions . The Doppler-VLBI ground survey ties have 
accuracies at the cm- level and are listed in table S .  

Station 6 X  6 Y  6 Z  
Onsala + 59 . 78 - 65. 31 - 12 .62 
Effe lsberg - 147.92 + 179 . 60 + 100.92 
Jodre ll Bank Mk II + 1 1 5 . 1 3  + 220 . 69 - 62 . 37 
Chilbolton - 176.61 - 1 33 . 95 + 1 58 . 24 

Metsahovi + 0 .42 - 83 . 72 + 23 . 32 
We sterbork ' B ' - 120.89 + 611 . 34 + 43 . 37 

Table 5 ERI DOC ground survey ties ( 6  = VLBI minus Doppler) 

The VLBI coordinate set was created by assigning approximate but 
fixed geocentric coordinates to the station of Effelsberg and 
adding to these values the baseline results from table 2 .  The 
station of Mets�hovi has been included although the VLBI posi
tion had been observed at a different epoch because the long 
baseline to Mets�hovi improves the scale factor determination . 
The results of both the 5 parameter and the seven parameter 
spacial transformations are shown in table 6 . 

Most of the postfit residuals which are represented in the local 
vertical system , are consistent with the expected accuracy level 
of � 0 . 5 m in all three coordinates . The translation parameters 
have been omitted because of their arbitrary character . The scale 
factor of - 0 . 26  ppm is of the same sign but somewhat smalle,r 
than the values obtained from global data (Hothem et al e 1 9 8 2 ) . 
The rotations express the polar motion and UT1 -differences 
between the Doppler- and VLBI systems . The VLBI baseline solu
tions are referred to the smoothed BIH data from circular D ,  
which inherently differ from the orientation integrated in the 
Doppler ephemerides . The magnitude of the rotation errors 
( ± 0� 2 )  reflects the fact that the extension of the European 
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7 parameters 5 parameters 

(J = + 0 . 68 [m] (J = ± 0 . 70 em] 
0 - 0 

II = - 0 . 26 + 0 . 41 [ppm] II = - 0 . 26 + 0 . 42 [ppm] - -

w = - 0 . 29 + 0 . 18 [II ] W = - 0 . 88 ± 0 .09 �,] 
x - z 

W = - 0 . 21 + 0 . 22 [II ] 
Y -

W = - 0 . 98 + 0 . 12 [Ill 
z 

postfit residuals [m] postfit residuals [m] 
station v

N vE � v
N 

v
E � 

ONS - 0 . 42 0 .95 0 . 25 - 0 . 29 0 .82 0 . 26 
METS 0 .61 - 0 . 54 0 .05 0 .83 - 0 . 69 0 . 44  
JOD - 0 .02 - 0 . 02 - 0 .92 - 0 . 24 - 0 .03 - 1 .63 
CHIL 0 . 59 - 0 . 29 1 . 1 3 0 . 38 - 0 . 19 0 .74 
WBK - 0 . 45 0 . 27 - 0 . 57 - 0 . 42 0 . 28 - 0 . 39 
EFF - 0 . 23 - 0 . 33 0 .07 - 0 . 17 - 0 . 21 0 . 58 

Table 6 :  Doppler - VLBI intercomparison results 
( for further explanation see text) 

network is small compared to the Earth ' ·s radius ( t.he" ratio i s  
about 1 : 5 ) .  

If the baseline lengths are considered , the. agreement between 
Doppler and VLBI results shows a marked" improvement as mi.ght be 
expected , because the lengths" are insensiti.ve to orientation 
errors ( tab .  7 ) . In this comparison the Doppler multipoint base
lines can be said to achieve at least a three. decimeter accuracy 
level over distances from 200 - 1 500 krns . 

On the VLBI side the final analysis has sti ll to be. performed 
and will include tropospheric as well as Doppler derived iono
spheric calibrations . In future VLBI exper·iments the use. of 
instrumental delay calibration equipment will  be. essential to 

1 1 6  



Baseline from len.p.;th differences [m] 
Effe lsberg to METS ONS JOD CHIL WBK 

without scalefactor 0 . 73 0 . 60  - 0 .03 0 . 25 - 0 . 20 

with scale factor 0 . 33 0 . 38 - 0 . 22 0 . 10 - 0 . 27 
of table 6 

Table 7 :  Doppler - VLBI intercomparisons of baseline lengths 

arrive at accuraci.es in the centimeters . It is hoped that "the 
stations of Jodrell Bank and Westerbork 'wi ll be able to procure 
H-Maser frequency standards soon . 
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MOBILE VLBI SURVEYING : 
INSTRUMENTATION , OPERATING PROCEDURES ,  AND SURVEY RESULTS OF ARIESl 

D .  W. Trask, M. L.  Brunn , E .  J .  Cohen , J .  M. Davidson , J .  L .  Fanselow ,  
P .  F .  MacDoran , R .  B .  Miller ,  A .  E .  Niell ,  G .  S .  Parks , G .  M. Resch , 

L.  J .  Skjerve , C .  J .  Vegos , and K. S .  Wallace 

Jet Propulsion Laboratory 
California Institute of Technology 

Pasadena , California 

ABSTRACT 

The Mobile VLBI stations of the Crustal Dynamics 
Project are described and the data acquisit ion program , 
operat ing procedures ,  and the survey re"sults are 
discussed . There are three Mobile VLBI (MV) s tations , 
and 17 distinct sites have to date been occupied in or 
near California , U. S .A. Data acquisition act ivi ties 
started in 1974 at the JPL site for MV 1 ( 9-meter 
antenna) and in 1980 for MV 2 ( 4-meter antenna) .  
Activities for MV 3 ( 5-meter antenna) are scheduled to 
start by January 1983 . 

Examples of survey results are presented for the 1980 
measurements which were made for the triangle defined by 
the base stations at Owens Valley and Golds tone , and the 
JPL Mobile VLBI site located on the opposite side of the 
San Andreas Faul t from the base stations . The 
measurements were made eight times during 1 980 , and ", 
although there is  some variat ion in quality among "the 
measurements , in general the precision of an individual 
vector seems on the order of 5 cm or better in any 
horizontal plane direction .  

The Goldstone t o  Owens Valley basel ine solutions are 
relatively constant .  The baselines containing JPL for 
all of 1980 are consistent , with no change in baseline 
components within the apparent precision of the 
individual solut ions . Howeve r,  the temporal grouping of 
these solut ions suggests an abrupt shi ft of about 10 cm 
in the pos it ion of JPL wi th respect to the base 
stations . This apparent shift occurred somet ime between 
the adjacent measurements of 5 February and 25 March 1980 
and was in a direction consistent with the average 
relative motion of the Paci fic and North American plates . 

IThe research described " in this paper was carried out 
by the Jet Propulsion Laboratory , California Institute 
of Technology , under Contract NAS7- 100 with the Nat ional 
Aeronaut ics and Space Administration . 
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I .  INTRODUCTION 

The Mobile VLBI element of the Crustal Dynamics Project is managed by JPL , 
whi le the Project is managed by the Goddard Space Flight  Center for the 
National Aeronautics and Space Administration ( NASA) . The Mobile VLBI system 
includes three transportable stations (MV 1 ,  2 ,  and 3) which are opera�ed in 
conjunc tion with a larger fixed-base station ( or stat ions ) .  The applications 
for such a system include establishing fundamental points for geodetic 
surveys , determining relative mot ions and regional strain fields near �ectonic 
plate boundaries and land subsidence , and rapid monitoring of regional 
deformations in the crust of the Earth after an earthquake . 

Thi s  paper is divided into three sections . The first discusses the three 
stations and their relative mobility. The second reviews both the past and 
planned measurement program and describes the actual time sequence fol lowed 
when visiting a group of sites during May 1981 . 

The third section describes some data-taking procedure s ,  reviews a portion 
of the 1980 data sent to the NASA Geodynamics Data Archive , and examines the 
effects due �o crude ly accounting for the ionosphere and to converting from 
the smoothed \ UTl of the BIH to smoothed UTI ,  based on lunar laser-ranging 
( LLR) data . ;Als o ,  the UTI tidal term is applied . Specific details on the 
role and system elements of the Mobile VLBI stations can be found in Trask 
(1979) . 

II .  MOBILE VLBI STATIONS 

The Crustal Dynamics Project has three Mobile VLBI stations : MV 1 (a 
9-me ter station) , MV 2 ( a  4-meter station) , and MV 3,  (a  5-meter stat ion) . 
All three stations will be ready in the "standard" Crustal Dynamics 
configuration by April 1983.  That is ,  they will  use a Mark III  recorder 
( 112-Mb/s record rate)  and will sample data across 400 MHz of spanned 
bandwidth at X-band ( 8 . 4  GHz ) and 100 MHz at S-band ( 2 . 3  GHz ) . The first two 
stations (MV 1 and 2 ) , known by the common name ARIES , have measured data �n 
other configurations since 1973 and 1980 , respect ively . The third station (MV 
3 ) , known also by the names Advanced ARIES and ORION, is currently bei�g 
fabricated . The station antenna should be ready for initial use by September 
1982 ; and an electronics van by January 1983.  The configurat ions of tOile three 
mobile stations in transit  are shown in Figure 1 ;  their operat ing modes and 
degrees of mobility are listed in Table 1 .  

The 9-me ter station was acquired for proof-of-concept testing , with mobi:ity 
a lesser priori ty .  It takes a workforce of four people using a crane and 
cherry picker approximately 14 working days (not inc luding transit time ) to 
disas semble , reassemble , and check out a station .  Because of the relatively 
heavy expenses in moving MV 1 ,  special efforts are made to verify its proper 
operation before beginning the main data acquisition period , and a second 
day ' s  wor th of data is obtained for back-up purpose s ;  hence , the normal data 
acqui sition mode is a 2-hour and two-26 hour periods , each separated by one 
day , as shown in the last column of Table 1 for MV 1 .  
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The operat ing mode columns of Table 1 apply only when one of the mobile 
stations is being used in conjunction with a base station or stations . The 
length of time a station stays on site is determined by a trade-off between 
the probability of obtaining valid data and the expenses of revisiting sites 
should the data be "lost . "  A 24 to 36 hour data acquisition period is 
currently used for MV 2,  although good baseline solut ions should be otainable 
with six hours of data . Al so , during the current phas� of development ,  
reliable solutions for baseline s seem t o  "require" three stations . ( The 
solutions in this paper are based on forced closure of the triangle defined by 
the three stations . )  Theore tical ly , sat isfactory results are obtainable with 
only two stations . The row for MV 3 in Table 1 and the MV 3 design 
specification reflect the goal of being able to obtain a precise baseline 
measurement using a single base station operat ing with a six-hour data 
acquis ition period . 

The 4-meter station (MV 2)  was obtained to demons trate higher mobility. 
Only e ight hours are required for tear-down and set-up versus 14 days for MV 
1 .  Also no crane or cherry picker i s  needed for MV 2 .  Although the first two 
antennas ( but not the electronics vans)  were obtained as Army surplus 
equipment , MV 3 was des igned and built specifically for the Crustal Dynamics 
Projec t .  The station equipment is being documented with the goal that future 
copies of the s tation or i ts subsystems may be obtainable from commercial 
sources .  The MV 3 antenna transport is shown in its transit configuration in 
Figure 2 and in its deployed configurat ion in Figure 3 .  The MV 3 station was 
designed to be operated py a two-person crew, who perform all operations but 
repairs . During a normal cycle , within a two-day span , the crew would drive 
to a site , set up and check out the ' station, take six hours of data , tear down 
the station , and prepare to drive to the next site . 

III .  DATA ACQUISITION PROGRAM 

The Mobile VLBI measurement program is designed to monitor changes in the 
vector baselines among the MV sites and the base stations . Two base stations 
are usually used , separated by 260 km. One base station is located in the 
Owens Valley and the other is at Golds tone , CA. Recently , a third station 
(located at Ft . Davis ,  TX, 1300 km from Goldstone ) has also been used . To 
date , the mobile stations , have visited the 17 sites shown in Figure 4 ,  of 
which all but one ( Yuma , AZ) are in California . 

After short baseline ( 307 m) runs performed in 1973-74 ,  MV 1 initiated a 
measurement program to demonstrate the geodetic performance of ARIES and " at 
the same time , to produce data of potent ial geophysical interest by a careful 
choice of demonstration site s .  The history o f  site visits for MV 1 and MV 2 
through 1981 is listed in Table 2 .  The JPL site has the longest data I 
acquisit ion his tory ( seven years ) ,  while four other sites have histories 
spanning four to six years . The remaining 12 sites have only had a single 
occupation , nine of which occurred in 1981 . 

The measurement program was turned over to MV 2 in the later part of 1980 , 
after which site visits were arranged in "bursts . "  That is , to reduce 
reconf iguration overhead at the base station and for other reasons , i t  was 
advantageous to visit the sites in groups rather than uniformly spread out 
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site - visits over the year .  For example , in February 1981 , MV 2 visi ted thLee 
site s :  JPL, Palos Verdes ,  and Pearblossom .  In May it visited five sites : 
JPL, La Jolla , Monument Peak , Yuma , and Pinyon Flats .  

The time history o f  events for the May 1981 burst i s  shown in Figure 5 .  The 
nominal cycle time is 36 hours ; i . e . , a 24-hour data acquisition period , 3 
hours to tear down , 4 hours to travel , and 5 hours to set up and check out the 
station . However ,  a number of factors caused a deviation from this pat tern . 
For example , the first site is JPL , and because of time constraints on both 
ends , the data acquisition period is generally less than 24 hours . The MV 2 
requires a wide load highway transit permit , because the 4-meter dish cannot 
be disassembled as the 9-meter dish can . Even with a wide load permit , the 
antenna must be clear of the Greater Los Angeles area by 4 PM, which generally 
means it must shut down at JPL shortly after 10 AM. But on the first day of a 
burst , OVRO is not in configuration until sometime between noon and 4 PM, 
which results in less than 24 hours of data for the JPL/ OVRO baseline . Items 
which were peculiar to the May burst include : an underpowered tractor being 
assigned to the move , which significantly lengthened the travel time ; a flat 
tire upon departing from Yuma ; and high winds at Monument Peak which forced 
the crew to stow the antenna . The schedule included a one-day pad , which 
would have been used at Monument Peak had there been reasonable assurance that 
the winds would subside . 

The next burst ( August 1981) was the largest yet conducted and consisted of 
six sites , namely :  JPL,  Palos Verdes , Pearblossom , Gorman , Santa Paula , and 
Vandenberg Air Force Base.  These sites were completed within ten days elapsed 
time . In December , MV I was react ivated and remained at JPL, while MV 2 went 
to San Francisco , Pt . Reye s ,  Vacavi lle , and Ft . Ord . 

Except - for occasional engineering/ training tes ts , the Mobile VLBI data 
acquisition activities were temporarily halted after the December 1981 burst .  
The activities will start up again as MV 3 becomes available , after which the 
standard data-taking configuration will use a base station at Goldstone , and 
MV I at Vandenberg Air Fo!ce Base , with MV 2 and MV 3 touring the various 
sites.  

Future plans call for sending MV 2 and 3 to Alaska each summer starting in 
1984 plus visiting a few new sites in California and one site in each of 
Arizona ( in addition to Yuma ) ,  Colorado , Nevada , and Utah . 

IV. SAMPLE OF SURVEY RESULTS 

The JPL-Goldstone-OWens Valley ( JOG) triangle ( Figure 4 )  is measured at 
least once during each burst and the bulk of the past measurements with MV 1 
are for this triangle . In March 1982 , JPL submitted a data package (Wallace 
et aI , 1982)  to the NASA Geodynamics Data Archive . This package cont�ine� 
solutions for eight dates during 1980 for the JOG triangle , along with the 
associated raw and calibration data. The package was also designed to provide 
enough textual material so that independent invest igators could duplica te the 
JPL results.  
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The remainder of this section describes the data-taking procedures and 
extends the analysis  for one portion of the data package discussed above . The 
data in the various 1980 solutions is reviewed , and the effects for the 
horizontal plane of the ionosphere and UTI are discussed . In particular , 
crude ionospheric calibrations are applied to the data , �moothed BIH UTI is 
replaced by smoothed LLR UTI , and the UTI tidal term is added . All these 
changes improve the overall consistency of the dat.a set , with the ionospheric 
calibration being the larges t  effec t .  The solutions spanned a time interval 
of ten months from January to November 1980 . The run IDs of these solutions , 
as well as their dates of occurrence and the amount of data contained in each 
solution , are listed in Table 3 . 

A typical observing session for ARIES lasts 24 hours and includes from 16 to 
18 sources .  A given source may be observed up to six times , spread out over 
the time it is visible to the participat ing stations . Each observation , which 
is called a scan , will vary in length from 3 minutes for a strong source to 1 5  
minutes for a weak source , when recording a t  4 l1b/s  (Hark II recorders ) , as 
was done for this data . On the order of 90 scans are attempted during a 
24-hour session and barring any unusual equipment/procedural failures ,  between 
60 and 80 of these . will be successful and available for estimating baselines . 
The scans are normally taken when the elevation angle of the source is greater 
than 150 •  The pattern consists of six scans which take from 1 1/ 2 to 2 
hours to complete . The elevation angle constraint is a trade off between 
wanting low elevation angle data to strengthen the geometry of the solution 
and avoiding data which is too strongly corrupted by the limited ability to 
calibrate for the troposphere . The six-scan pattern is conceptually designed 
to be capable of "providing" a baseline solution on its  own . Such a sequence 
resul ts in about 900 of antenna movement between successive scans where , for 
example ,  four of the scans are at relatively low elevation angles at the four 
compass points and two of the scans are near vertical .  A typical pattern is : 
vertical - east - north - vertical - south - west � This pattern was designed 
to reduce the correlat ion between excursions of the electrical path l�ngth or 
frequency system ,  which are time dependent , and other errors which may be more 
azimuth or elevation angle dependent .  Also , the six-s�an pattern should keep 
sensitivity to the loss of a few hours of data relatively independent of where 
the gap occurs .  As it turns out , the inability to adequately provide 
ionospheric calibrations has essentially put a number of "gaps" in the "80 
data set . "  That is , to decrease the sensitivity of the solut ions to the 
ionosphere , only the nighttime or about one-third of the available data was 
used for the S-band solutions provided in Wallace et al ( 1982) which , for the 
horizontal plane , are repeated in Table 4 .  The data in Table 4 are tabulated 
as changes from Reference Baseline Set C 81/12 2 which is presented in Table 5 . 

2A reference baseline set is generally chosen to be arbitrarily near the 
average baseline to an even decimeter in the X, Y, Z coordinate system . 
One purpose is to faci litate the comparison of tables and plots in 
separate papers (as opposed to the practice of presenting data with respect 
to the average value of that particular data set ) .  
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The ionosphere affects all coordinates of the baseline but normally its 
largest effect is one of lengthening the baseline . Of the eight runs , five 
employed MV 1 receiving at S-band and three used MV 2 receiving at X-band . 
The effect of the ionosphere is  proportional to the columnar electron content 
divided by the square of the receiving frequency . Consequently , the 
i�nospheric effect is 13 times greater for the S-band data than for the X-band 
data . Also , the columnar content of the ionosphere is considerally larger 
during the day than i t  is during the night . 

This difference is illustrated in ·Tab1e 6 where for the five 1980 S-band 
runs the daytime peak vertical electron content covered the range of 4 to 8 x 
1 01 7 electrons/meter2 while the average nighttime vertical electron 
content varied from 0. 5 to 1 . 6  x 101 7 el/m2 • 

The columnar content values derived from the Faraday rotation data are 
listed in Wallace et a1 ( 1982 ) . However , the Faraday rotation data is 
believed, as discussed by these authors , to contain some biases due to 
unresolved n ambiguitie s .  Consequently , nighttime ionosonde data has been 
used (Eis 1 9 7 7) in conjunction with the Faraday rotation data to establish the 
off set . 3 The "adjusted Faraday" columns of Table 6 contain the current 
estimates of the vertical columnar electron content of the ionosphere for the 
various runs . 

In addition to the ionospheric activity , Table 6 also illustrates the effect 
of the ionosphere on the OVRO to JPL base line . The change in coordinates 
represents the solutions obtained when only nighttime data is used ( low 
ionospheric activity ) minus the solutions obtained when the complete 24-hour 
data set is used . For example , the changes of 18 cm in vertical and 37 cm in 
length for 80D show tha t the effect of the ionosphere can be quite 
pronounced . However ,  these differences do not completely isolate the 
contribution due to the ionosphere for two reasons . 

Firs t ,  the difference between the data spans ( e . g . , 5 . 9  vs 25 . 6  hours for 
80G) will change the sensitivity of the solutions to error sources in addi tion 
to the ionosphere . And second , there is still an ionospheric effect in the 
nighttime data. 

A zeroth order estimate of the effect of the nighttime ionosphere for 
baseline length has been made and is given in Table 7 .  To obtain this 
estimate a spherical sh�ll ionosphere is assumed with a thickness equal to the 
average nighttime columnar content given in Table 6 .  The results of a study 
on the effects of such an ionosphere �l

re presented in Enclosure 5 of Wallace 
et al ( 1 982 ) for Run 80F . For length the results can be estimated using 
Equation ( 1) .  

l:J. Length 17 2 ....,.......-=--=�---=��-----=-�-,.- = 6 cm/ 250 km/ l 0  el/m l:J. Columnar Electron Content 

3The reduced Faraday Rotation (from Goldstone ) and ionosonde data (from 
Vandenberg Air Force Base)  were provided by T .  Litwin , L .  Alvarado , and 
Dr.  H. Royden of JPL. 
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The same partial derivative was used for all five of the S-band base lines 
with the changes in baseline length due to the nighttime ionosphere ranging 
from 2 to 13 cm for the 80 data set . 

For the case of a spherical shell ionosphere , the effect in .the transverse 
direction is negligible . However ,  the transverse direction is directly 
affected by errors in Universal Time (UT)  while the length is not . The 
results presented in Wallace et al ( 1982 ) and in Table 3 ·use smoothed BIH UTI , 
which ,  among other things , means that the tidal terms have been smoothed out . 
In addition ,  UTI derived from laser (Fliegel et  aI , 1982 ) or VLBI data can 
vary by several msec from the BIH data.  Furthermore ,  the laser and VLBI UTI 
determinations agree wi th each other better than they agree with BIH . The 
effect of ccnverting to smoothed UTI as determined from lunar laser ranging 
(LLR) data ( Dickey et aI ,  in press ) and of adding in the t idal terms is given 
in Table 8 .  The difference between LLR and BIH varies by 3 msec over this 
data se t while the tidal term varies by over 2 ms�c . Thi s  later variation 
occurs between 80F and 80G which are only one week apart . The sensitivity of 
the transverse component to UTI for the JOG triangle is represent by Equation 
2 .  

b. Transverse 

b. UTI 
= 1 . 1  cm/ 250 km/msec 

Compared to the changes caused by the nighttime ionosphere , these changes 
are relatively small ranging from -1 . 7  to +3 . 1 em for the longest  baseline 
( OVRO/JPL) and about half that for the shortest baseline ( JPL/Goldstone ) .  

( 2 )  

The data from Table 4 with the ionospheric corrections from Table 7 and the 
changes due to the UTI conversions of Table 8 are plotted for the three 
baselines in Figure 6 .  The "corrected" solution set is known as 810322D 
( 810322 is the solution set of Wallace et  a1 ( 1982» , and is plotted as 
changes from reference baseline set e8l/l2  given in Table 5 .  

The principal components o f  the error ellipses o f  Figure 6 are lis ted in 
Table 9 along wi th the size of their contributions . Two cases are cons idered , 
S-band and X-band . The ionosphere causes larger uncertainties for the S-band 
case for two reasons . First , there is the direct effect of 13 t imes more 
corrupt ion for the S-band than for the X-band data . Second , there is the 
indirect effect caused by eliminating the daytime data . This loss of data via 
a IN effect increases the sens itivi ty of the solutions to random errors such 
as those contained in the rows of Table 9 for SIN, wet troposphere , and the 
random part of the .i6nosphere . Other errors are proportional to the baseline 
length , e . g . , the effect of the ionosphere , and uncertainties in source 
positions , UTI , and polar motion. The error model is still under development 
in an effort to explain the pOSSible effects of various error sources on the 
solutions . As can be seen from Figure 6 ,  the model does not explain all the 
scatter in the baseline solutions . For the purpose of Figure 6 the same error 
ellipse for a baseline has been used for all S-band runs and another for all 
X-band runs . Although the error budget will vary among S-band and X-band 
runs , for most  runs the variations in RSS is small  compared to  the uncertainty 
in the RSS .  The primary causes of the variations relate t o  the behavior of 
the ionosphere and to the length of the data span ( for short data spans ) .  
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Some
. 

general observations which can be made follows : 

e The San Andreas Fault cuts the OVRO/JPL baseline at about 450 (NW-SE ) .  
It i s  roughly perpendic�lar to the JPL/Goldstone baseline and does net 
cross the Golds tone/OVRO baseline , i . e . , the lengths of the JPL/Golds tone 
and the Goldstone/OVRO baselines should not be affected by mot ion along 
the San Andreas Fault system to firs t order . 

The lengths of the X-band baselines ( 80B , I ,  and L )  are relative:y 
consistent , i . e . , + 3 cm for JPL/Goldstone and + 1 . 5  cm for 
Goldstone/OVRO.  

g The variation of the S-band lengths may be a combination of ionospheric 
effects and noisier solutions due to the shorter data spans . For 
example , 80A and C appear undercorrected except for the DSS l3/0VRO 
baseline for 80A (using the X-band baselines as the s tandard of 
comparison ) .  

The gap between the three earlier ( January-February ) points and the five 
lat er points (March-November 1980) for the JPL/Goldstone baseline could 
correspond to a episodic right lateral motion along the San Andreas Fault 
on the order of 10 cm. The JPL/DSS 13 baseline is the bes t  of the two 
affected baselines with which to observe such motion for two reasons . 
Firs t ,  the error ellipse is significantly smaller for JPL/DSS 13 than for 
the OVRO/JPL baseline because of a factor of two difference in length 
between these two baselines . Second , motion along the San Andreas Fault 
will affect the JPL/DSS 13  baseline in the direction of the semiminor ,  
not the semimajor , axis of the error ellipse , i . e . , the ionosphere 
corrections of Table 8 move the baseline in a direction normal to tho 
effect of San Andreas Fault mot ion .  Although any effects of episodic San 
Andreas Fault motion on the order of 10 cm are not so clearly seen with 
the OVRO/JPL baseline , the data shown in Figure 6 is not incons istent 
wi th such motion between February and March 80 ( 80C and D) . 

The variation in the transverse direction for the Goldstone/OVRO baseline 
is larger than expected f rom the error model .  No explanation is advanced 
at this time by the authors . 

� Two pairs of runs are re latively close together,  i . e . , 80A and B are two 
day s apart and 80F and G are seven days apart . The difference between F 
and G is from 3 to 6 cm for the three baseline s ,  which is reasonable 
compared to the error mode l .  However ,  the difference between A and B is 
from 8 to 14 cm which is on the large side . However ,  before the 
ionospheric correct ions were applied to 80A ( 80B is an X-band run) , the 
difference was 20 cm for the OVRO/JPL base line . Some of the remaining 1 4  
cm difference could be due t o  the lack o f  a better ionospheric 
calibration procedure. 
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The changes in UTI from BIH to LLR plus the addition of tidal terms were 
le ss  than the quoted one sigma error in the baseline . However ,  these 
changes did move 80F and G notably closer together in the transverse 
direction and did slightly reduce the earlier mentioned gap between the 
January-February and March-November solutions . 
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JPL 121 
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Table 3, Data Summary lor March 82 Submittal 01 "Ill" Data Set 10 Geodynamics Data Base 

Starl Day 
10 -local Time 

3 Jan III 

5 Jan III 
4 Feb III 

25 Mar III 
3 Jun III 

10 Jun III 

28 Jul lll 

2 Nov III 

Run 
I D  

IKlA 

IKlB 

IKlC 

IKlD 

IKlF 

SOG 

tf)/ 
SOL 

Freq. ol Hrs. o No. 01 Scans Time Span 01 Receiver Data in In FIT Availabl e Data S:2..3GHz fIT JPU OVROI Glrlsl -GMT X:9.4GHz OVRO Glds JPL 

S 6.9 24 24 27 8.1h 4 Jan 10 9. 1h 5 Jan 

X 25. S 50 66 4S 5.0h 6 Jan to 6.Sh 7 Jan 

S 7.8 28 25 27 2.8h 5 Feb to 3. qh 6 Feb 

S 7.S 22 29 23 14.2h 25 Mar to 15.8h 26 Mar 

S 9.4 27 29 27 8.4h 3 Jun 10 9.8n � Jun 

S 5. 9 21 23 21 3. 3h 1\ Jun 10 4.9h 12 Jun 

X 19.9 28 58 24 IB.5
h 

28 Jul to 14.4
h 

29 Jul 

X 21.3 58 74 64 22. S
h 

2 Nov to 21. 9
h 

3 Nov 

Table 4. Va lues for Baselines of JOG Triangle: 
Mar 82 Subm ittal to Data Base 

Coordinates of Baseline Minus Reference 
Basel ine Set CS1/ 12 

Tim e Span 01 Data 
Used In FIT 

-GMT 

h h 8.5
h 

to 12.0 4 Jan " 
4.6 to 8.0h 5 Jan 

ALL 

4.2h 10 12.0h 5 Feb 

4.lh to 1l.9h 26 Mar 

8.7h 10 111 3 Jun " 
2. 9h 10 9.8 4 Jun 

12h 10 7. 9� 1\ Jun " 
3.2h 104.4 12 Jun 

All 

All 
--

JPU Goldstone Goldston eI OVRO OVROI JPl 
East North East North East North 

-6. 7 -14. 6 +1. 5  -+3. 5 -+5. 5 -S.4 

-7.4 -4. 5 -2. 7  -6.0 +10. 6 +10. 7 

-4. 1 -+8. 5 -t(). 3 -4. 7 -14. 2 -3. S 

-t(). 1 -6. S -2.2 -0. 5 +2. 4  +7. 1  

-+5. 2 +2. 9  -6. 5 -11. 2 +1. 5  -+8.2 

-+8. 3 +1. S  -5. 5 -7.4 -2. 7  -+5.4 

-0. 6 -9. 5 -12. 6 -4. 5 -1. 5 +13. 9 

+1. 3  -6. 0 -0. 9 -3. S -0.2 -19. 7 
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Run 
10  

IDA 

IKlC 

800 
IKlF 

IKlG 

Table 5. Reference Baseline Set C81/ 12 

Geocentric, Equatorial Frame of Epoch 1950. 00 

X (Toward 0° Long. ) Y (Toward 90
° Long. ) Z North, Parallel 

Baseline - m  - m  
to Spin Axis 
-� 

JPL ( Bench Mark A )  142 176. 797 -281. 340 95 437. 001 
to Goldstone ( 055 13 ) 

Goldstone to Owens -58 469. 079 177 128. 307 177 646. 364 
Valley 140m Antenna ) 

OVRO to JPL -83 707.721 -176 846. 964 -273 083. 965 

"Right hand version of the CIO reference system with pole defined by 1903.0 pole. 
191Kl IAU theory of nutation (WAHR modell. 
1976 IAU precession quantities corrected by Y and Z axis rotation rates of 

3.09 & 2. 37 marcseclyr respectively. 
Table 6. Ionospheric Activity & Its Effect On the OVRo-JPL Baseline 

aColumnar Electron Content 1017 ell m2 Change In the OVRo-JPL 
Run 10 · Ave. Night Time Level 

Du ring Data 
IS-Band Offset 
Sessionsl Faraday Derived Adjusted 

Rotation using Faraday 
01 Rei 1 lonosonde 

Data 

alA 0.84 -0.22 0.112 

lIIC 1 . 18 -0.65 0.53 

lIID 2.21 -0.65 1.56 

MF 2. 67 -1.08 1 .59 
MIG 2.47 -1.08 1.39 

Peak Content 

Faraday 
Rotation 
01 Rei 1 

6.3 

6.1 

8.8 

5. 5 
3.9 

Adjusted 
Faraday 

6. 1 

5.4 

8. 1 

4.4 
3. 8 

Baseline-an 
(Nite On Iv Minus All Datal 

Vertical Transverse Length 

+7. 1 +7.0 -3. 0 

00 -6. 9 -3. 0 

+18.2 -9. 6 -36. 3 
+3. 6 + 1. 9 -10. 9 
+0. 1 +6. 4 -0. 5 

a. Faraday roIation is as In enclosure 5 01 Wallace et al (]9821 except a "II" ambiguity 10.432 x 1017 ellm2, has 
been subtracted out 01 the data for 8M prior to 1810 GMT 4 Jan 80, howev.er "ll" ambiguities stili seem to 
exist and the night time lonosonde data was used III detect these ambiguities. See EIS eI al. 119771 for 
the technique used I.e. , El ectron Content · Slab Thickness x Peak Electron Density where the slab 
thickness was assumed to be between 200 and 300 Km and relative antenna orientations are such that 
zero electron Qlnlent Qlrresponds to -11271:. 

Table 8. Effect of un 

Length 
- m  

171 238. 595 

256 900. 845 

335 941. 488 

un Coiwersion -msec 
Effect of Transverse 

Baseline Com ponent-em 

Table 7. Effect of Spherical Ionosphere 

Thickn essof Calibrated Minus Uncalibrated 

Spherical 
Basel ine Length -an 

Ionosphere JPU Goldston ei OVROI 
-1017 ell m 2 Goldston e OVRO JPL 

Run 
Smoothed JPU Goldston e! OVROI 
LLR Minus Tidala Total 

10  B I H  Term 
Goldston e OVRO JPL 

IKlA +2.0 -0. 08 +1. 9 +1. 3 +2. 0 +2. 6 

IKlB +2. 0  +0. 23 +2. 2  +1. 6  +2. 4  -+3. 1 

0. 62 -2. 5 -3. 7 -4. 9 
IKlC +1. 3  i(). 34 +1. 6  +1. 2  +1. 7  -+2.3 

800 i(). 3 -0. 54 -0. 2 -0. 1 -0. 2 · -0. 3 

0. 53 -2. 1 -3. 2 -4. 2 IKlF -0.2 +1. 88 +1. 0  i(). 7 +1. 1  +1. 4  

1.  56 -6. 2 -9. 4 -12. 5 IKlG -0. 3 -0. 97 -1. 3 -0.9 -1. 4 -1. 8 

80 1  -1. 2 +1. 09 -0. 1 -0. 1 -0. 1 -0. 1 
1 . 59 -6.4 -9. 5 -12. 7 

80L i(). 8 -0. 27 i(). 5 i(). 4 i(). 5 i(). 7 

1. 39 -5. 6 -8. 3 -n. l 
a. Tidal terms from an internal JPL docum ent by M. Eubanks 
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Table 9. Error Budget for Horizontal Components of Baselines in JOG Triangle" 

Errots for an S-Band llIlA) Errors for an X-Band lIIlB) 
Baseline-Cm Baseline -�m 

Error Goldstone! JPU Goldston Ii 
Component JPU Goldstone OVRO OVROI JPl GoldsIDne OVRO OVRO! JPl 

Leng. Trans. l T l T l T l T l T 
SI N  1.1 0. 7 0.3 0.2 1.8 1.1 0.7 0.4 0.2 0. 1 1.2 0.8 
Clock Instability 0.5 0.4 0. 5 0.4 0.5 0.4 0. 5 0.4 0.5 0.4 0. 5 0.4 
(4t1t • 10-14 ea. site 

InstrumentatIon 1.0 0.8 1.0 0.8 1.0 0.8 1.0 0.8 1.0 0.8 1.0 0. 8 
delay 11' noise 
each channell 

Ionosphere 2.B 2.2 4. 1 3.3 5. 6 4.4 0. 1 0. 1 0. 1 0. 1 0.2 0. 1 
( 1I'amblgulty + 
II totall l00km 
random) 

Wet Tropospher.e 2.4 2.0 2.4 2.0 2.4 2.0 1. 6 1.2 1. 6  1.2 1.6 1.2 
12 an random 
ea. site) 

Sou ree Position 0. 6 0.3 0.9 0. 5 1.2 0. 6 0. 6 0.3 0.9 0. 5 1.2 0. 6 
10.02 In a,a cosa) 

UTI lI msecl --- 0. 7 --- 1. 1 --- 1.4 --- 0.7 --- 1. 1 --- 1.4 
Polar Motion --- 0.9 --- 1.3 --- 1.8 --- 0.9 --- 1. 3 --- 1.B 

(40cm l 

Other 0.4 0.3 0.4 0.3 0.4 0.3 1'1.4 0. 3 0.4 0.3 0.4 0.3 
RSS 4. 1 3.4 5.0 4.4 6. 6 5. 6 2.2 2.0 2.2 2.3 2. 6 2.9 

"Based In part on internal JPL documents by S. C. Wu 
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TRANSIT CONFIGURATION 
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OVERVIEW OF THE MARK III VLBI SYSTEM 

N.  R.  Vandenberg 
Phoenix Corporation 
McLean, VA 22 1 02 USA 

T. A. Clark 
NASA/Goddard Space Flight Center 

Greenbelt , MD 2077 1 USA 

ABSTRACT. The Mark III Very Long Baseline Interterometry ( VLBI ) technique 
has become an operational tool for precise geodetic measurements within the 
NASA Crustal Dynam1cs Project ( CDP) and the National Geodet1c Survey tor the 
POLARIS Project . Th1s paper descr1bes the basic characteristics of the Mark 
III system for such applications and illustrates the performance characteristics 
by showing some recent data. Overall measurement precision using the Mark III 
system, based on one day data sets , is shown to be better than 3 am in baseline 
length , 1 0  cm in pole position , 1 00 micro-seconds of time in UT1 , and 3 
milli-arcseconds in source positions . 

INTRODUCTION 

The technique of very long baseline interferometry ( VLBI) was originally 
developed as an astronomical research tool . The Mark III system has evolved 
from the Mark I and Mark II systems through research and development efforts 

ot people at NASA/Goddard Space Flight Center, Haystack Observatory, and the 
National Radio Astronomy Observatory. The Mark III system 1s more sensitive 
than the earlier systems because of multi-channel recording on high data rate 
digital tape recorders . DeSign criteria for the Mark III included both 
astronomical and geodetic applications. 

The Mark III system is now becoming an "operational" geodetic tool through 
the NASA Crustal Dynamics Project and its transfer of the technique to the 
U. S.  National Geodetic Survey ( NGS) for project POLARIS. 

DATA FLOW THROUGH THE MARK III SYSTEM 

Figure 1 shows the flow of data through the Mark III system. All aspects 
o f  the Mark I I I  s y s t em are mini-computer based and controlled ; the 
Hewlett-Packard 1 000 system is ' used . The data base is the central control 
point and serves to insure data integrity. 

Initially , the soientific goals of a particular observing session are 
established and the detailed schedule of quasar observations is prepared . 
The Mark III Data Acquisition Terminal ( DAT ) has been designed for high 
reliability and ease of use in field operations . The system achieves a 
significant improvement in sensitivity over previous VLBI systems through 
multi-channel recording on high data rate digital tape recorders developed 
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especially for VLBI . In typical measurement programs , single-point delay 
measurements achieve 20- 1 00 psec ( 0 . 7-3 cm) precision. The measurement 
configuration at each antenna is under mini-computer control which insures 
operational ease and data integrity . Fourteen DATs have been completed by 
the Haystack Observatory, and seven more are now under construction commercially 
by Phoenix Corporation. 

After the observing session, the data tapes are sent to the processor where 
the observable parameters are determined and entered into the data base . 

The CALC program calculates theoretical parameters of ' the precision earth 
model, and these are added to the data base. Calibration modules add corrections 
to the data based on correlative data recorded during field operations, such 
as water vapor rad10metry data , surface me teorology , and cable leng t h  
measurement s .  SOLVE i s  the interactive least squares fitting software , 
producing estimates of parameters such as baselines , polar motion , OT1 , and 
source coordinates . All data is archived , as well as software and procedures, 
for complete traceability of the measurement process. Finally , accounting 
procedures give estimates of the data yield and provide feedback for improved 
performance.  Typically, 80 to 90J of all scheduled observations are used in 
a parameter fit . This high yield is due to the ease with the Mark III system 
can be used and its high reliability. 

The Mark III data analysis and data management system uses interactive 
software and emphasizes accountability and traceability of data , software , 
and procedures . The analysis models have been extensively documented and now 
incorporate the J2000 and MERIT standards . The NASA Crustal Dynamics Project 
( CDP)  is routinely archiving al l of the Mark III  data for future use by 
investigators .  The minicomputer-based analysis software systems have new been 
successfully installed at a number of collaborating institutions in the United 
States , Sweden ,  Germany , and Japan. 

RECENT MARK III GEODETIC RESULTS 

This section presents resul ts of Mark III measurements of geophysical 
parameters.  First , general results will be discussed and then some of the 
data will be examined in more' detail . 

Polar Motion 

Figure 2 is a plot of data taken between 1 9 80 July to early 1 982 . The 
maj ority of the points are POLARIS data ; the denser pOints are the MERIT 
periods in late 1 980 and the CDP fixed-observatory sessions in 1 982 June and 
November. The errors are smaller on these points because more antennas were 
used in the network . The major feature of this graph is the smoothness and 
repeatability of the VLBI measurements and the good comparison with the 
heavily-smoothed BIH values.  Some of the short-term variations in  the VLBI 
data may in fact be real but more data is needed . 

Figure 3 is an expansion of the MERIT period of Figure 2 .  In the plot , 
the day-to-day repeatibility is noticeable . Comparison to laser data shows 
general agreement , but the one-day VLBI data has smaller errors than the 
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five-day laser data. 

UT1 

Measurements of UT1 are available over the same time period as polar mot�n. 
Figure 4 shows the total value of UT1 as determined by POLARIS and large 
network experiments .  An offset and straight ltne with slope about 300 microsec 
per day has been removed for plotting purposes . The BIH values are the 
tabulated Circular D with tidal corrections . Notice that the VLBI data is 
smoothly varying and that it follows the BIH data trends . 

Figure 5 shows the MERIT periods in greater detail. The day-to-day smoothness 
is noticeable at the level of fractional milliseconds . 

Baselines 

The longest history of geodetic measurements is the baseline measured across 
North America between Haystack Observatory to Owens Valley Radio Observatory 
in California. The baseline length is about 3900 km. Figure 6 is a plot of 
baseline measurements made between 1 976 and 1 98 1 ; e ach point is one day ' s  
data. There are two groups of data in this plot : the Mark I X-band data which 
has a 3-sigma rms of about 6 cm, and the more sensitive Mark III S- and X-band 
data with an rms of about 3 cm. A straight line fit to this five years of 
data gives a slope of 0 ± 0 . 4 cm/year, that is , no change is detected in this 
baseline . 

During the MERIT campaign, two of the stations in use were Onsala, Sweden, 
and Chilbolton, England ; the baseline is about 1 1 00 km. During one week, the 
seven determinations of this baseline using all five stations in the solution 
gave rms repeatibility of 5 cm . If this baseline could not be measured 
directly , we could still infer the length by using all of the data except the 
direct baseline . As a test of this concept , the solution was run using only 
9 baselines ; in this case the rms repeatibility for the seven days is 1 .6 em. 
We conclude from this exercise that using many stations in a VLBI network adds 
strength to weak baselines and enables good geodetic results to be obtained 
even if there is little or no direct measurements.  Another implication is 
important for mobile VLBI experiments where is it not possible to obtain usable 
results on the baseline between two small antennas . In this case it is possible 
to infer the baseline if a strong base station is used . 

CONCLUSIONS 

Mark III VLBI has become an operational tool for geodetic measurements 
through the NASA Crustal Dynamics Project and the NGS POLARIS project. Routine 
measurements are made weekly by the two- or three-station POLARIS ne twork , 
and a larger network of about six stations is used several times yearly. 

The Crustal Dynamics Project is maintaining archives and configuration 
information for complete accountability of data, software and procedures that 
affect the measurement process.  This means that long term crustal motions 
can be reliably detected because data taken over a span of many years can be 
compared with confidence and accuracy . 
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THE DENSITY UPGRADE : MARK III A 

(A FUTURE IMPROVEMENT OF THE MARK III VLBI SYSTEM) 

H.F.  Hinteregger 
NEaOC Haystack Observatory 

Westford . Massachusetts 01886 U. S . A. 

ABSTRACT 

At present . the Mark III acquisition system record s up to 28  channe l s .  
each with up to 4 (normally 2 )  megahertz bandwidth from two separate IF bands . 
onto 28 tracks on one inch wide tape . using a longitudinal recorder with 2 fixed 
heads per track . One head writes and a corresponding head reads each formatted 
channel .  The bit ( trans ition ) dens ity is 1 . 31  per micrometer (33 .333 per inch) . 
and tracks are 640 micrometers ( . 025")  wide . 

A long-sought order-of-magnitude density increase . cal led Mark III AD has 
been planned for the recording system. We expect to reduce tra ck width to 40 
micrometer s initially . so that 336 tracks can be recorded in 12 pas s e s  of the 
tape . Thus . one 9200 foot tape wil l  last for three hou!! whil e record ing 56 
megahertz bandwidth or a total of about one terabit ( 10 bits ) .  

Development efforts at Haystack Observatory during the past two years have 
been funded by ( so far only ) NASA in support of geodetic appl icat ions under the 
Crus tal Dynamics Proj ect . The dens ity upgrade is probably even mor e u s e f u l  t o  
astronomy than geodesy . however . 

INTRODUCTION 

In the near future both conventional geodetic and astronomical VLBI systems -

the former with more widespread use of small transportabl e  ant enna s .  and the 
latter w1th dedicated networks of large fixed stat ions - - wil l be p�essed to 
conduct observat ions with high duty-�ycle as wel l  as wide bandwidth . However . 
with the pre sent (original ) dens ity of Mark III recording. supporting observations 
at 56 or 112 megahertz recorded bandwidth for more than a few percen t of real 
time is not pract ical ( see Table 1 ) . Clearly an order of magnitude increase in 
dens i ty is  needed to make high duty-cy c l e  use of such a wideband sy stem 
suff icient ly economic and manageable .  

The need for a major dens ity upgrade was ant icipated early in the des ign 
of the Mark III system. But technology was not sufficient ly .advanc ed in 1 9 7 5  
to permit a first implementation with 1II1Ch higher recording dens ity . Nevertheless . 
we attempted from the out set to judge the degree to which critical coaponents--" 
tape transport .  heads and tapes -- could sUf.port a major density increase and 
to select those which appeared to maximize 'upgradeability " .  
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Table 1 :  SUMMARY OF MARK III A 

WHAT : TWELVEFOLD DENSITY INCREASE 

HOW : REDUCE TRACKWIDTH, 16-FOLD, 640 TO 40 MICROMETERS 
MOVE HEADSTACK , 12 PASSES , 60 MICROMETERS/PASS 

WHY : PROPORTIONAL REDUCTION OF COST OF OPERATION MAKES 
HIGH DUTY-CYCLE PLUS WIDEBAND SYSTEM USE ECONOMIC AND MANAGEABLE 

OPERATION COST : Example, 30% Duty-cycle, 56 MHz Bandwidth, per S ite,  per Year 
Mark III Mark III A (x121 

TAPE SHIPPING 
TAPE STOCK 
HEAD REPLACEMENT 

TOTAL 

REPLICATION COST : 

$100K 
100 

15  
$21 5K 

$20K per RECORDER 

$8K 
10 

7 
$25K 

Certainly most fortunate in this regard was the choice of the Honeywell 96 
(longitudinal ) tape transport . To the best of our knowl edge , the � 0 . 25 micrometer 
tracking consistency* of the 96 , measured independently by opt ical (edge detect ion) 
and magnet ic (off set playback) tests and maintained under machine interchange , 
is unmat ched by even the best of narrow track VCR's .  The 96  wil l contr ibute 
negl igibly ( less than O . ldb ) to head/track misregistration losses when traCkwidth 
is reduced to 40 micrometer s .  I t  could even support tracks a s  narrow as  2 . 5  
micrometer s .  

Our present goal , one order of magnitude increase in density , can b e  met 
by taking advantage of the second . now ful ly mature . generat ion of tape . The 
second generat ion tapes are variously termed "professional video" (PV) , "digital 
audioll , lIadvanced instrumentat ion" , or "VHS-equivalent " .  These high-coercivity 
( 650 Oe ) tapes repre sent at least a 12 db improvement upon f ir st generat ion 
instrumentat ion tape in the present sy stem. This 12 db SNR improvement ca� be 
traded , exactly in theory , for a 16-fold reduct ion of trackwidth. 

An add it ional 12 db improvement provided by third generat ion tape w il l ,  
further in the future , encourage another trackwidth reduct ion to 2.5 micrometers 
with no net reduct ion of SNR or increase in error rate. One such third generation 
tape has already been developed ; its gener ic name is "vacuum video" (VV) tape .  
A handheld camera/VCR us ing VV tape is expected to be on the consumer market 
within a year . 

Thus . 3 micrometer track spacing or 8 .000 t p i  recording begins to seem 
feasible.  given mature third generat ion tape and the � . 25 micrometer tracking 
of the 96 . A + . 25 micrometer accurate headstack and environmental control of 
tapewidth and headstack length would also be needed. In addition to a twenty-fold 

*Ihis is an upper bound on tracking inconsistency which excludes characterizable 
(hence removable )  machine and direct ion dependent f ixed of f se t s  and the 
sl ight but systemat ic differences between the forward and rever se tracking 
"signature " Df a given piece of tape . 
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further reduct ion in track spacing we can ant ic ipate , with third generat ion 
tape , a ha lv ing of  tape thickne s s  and a 2-to-3-fold increase in transition 
dens ity . We proj ect that a �ul l and natural evolut ion of the upgrade wil l ,  by 
1 990 , make possible recording 80 to 120 terabits on a single 14-inch d iame t er 
reel of inch-wide tape . A total recorded bandwidth of about 1 g igahe r t z  can 
now be obtained by quadrupl ing the normal (2 megahertz ) channel bandw idth and 
quadrupl ing the number of channel s  (all within the framework of  the pre s ent 
para l l el  Mark I I I  system ar chitec ture ) .  By 1 990 it should , therefore , be 
pract lcal to record 2 gigabits per second of data cont inuously , since it wil l 
take about 12 hour s to f il l  the 100 terabit bucket . 

THE CHOICE OF MEANS 

Volume density of magnetic tape recording can be improved in three way s : 
B it s  can be made 1 )  shorter by increas ing tran s i t ion d en s i t y , 2 )  th inne r by 
reducing tape thickness , and 3 ) narrower by reducing traCkwidth (and guard band ) .  

Signif icant but inherent ly sharply-limit ed dens ity improvement s  can b e  
ant icipated from the first two approache s :  Specif ical ly , the higher resolution 
channel resulting from the combinat ion of VHS-equivalent (0 . 33 micrometer gap )  
heads and VHS-equivalent tape encourages a 50% increase in transition dens ity 
from 1 . 3 to 2 .0 per micrometer ( 33 . 3 to 50 Kf ci)  with only a 6 to 7 db response 
rolloff . Also , consider that present ly available inch-wide tape is 26 micrometers 
thick while VHS cassette tape is now suppl ied in 13 as w e l l  a s  1 7  micromet er 
thi ckne s s e s . As muc h as a doubl ing of volume dens ity there fore depends on�y on 
manufacturer ' s  will ingness to supply the thinner tape appropr ia t e ly sl it and 
packaged . Taken together , the se two improvements should alone eventually yield 
a 3-£ 01 d  increa se in volume dens ity . The pl anned den s ity upgrade would 
automat ically accept such improvement s but is not dependent on them. 

Order of magnitude increases in volume density , however, can come only from 
the third approach, drastic reduction of trackwidth and spacing. This is because 
the signal-to-noise rat io of a tape-noise-limited magnetic recording varies only 
as the square root of the trackwidth. Thus every 3 db of excess SNR above that 
required in pract ice to maintain an acceptably small  error rate is expended most 
efficiently by halving trackwidth, hence doubl ing density . 

Numerous tests have been carried out to establ ish that certain modern tapes 
such as Fuj i H62l , Sony V16 , 3M5l98 ,  and Ampex 721 can guarant ee an SNR mor e 
than 12 db higher than that which can only now be maintained as an acceptab l e  
worst case with instrumentat ion tape . The new tapes are replacing conventional 
instrumentat ion tape l ike Ampex 795 and 3M892 in the Mark III system. 

We plan ther e f ore to exchange this  1 2  db of exc e s s  SNR for a 16-fo1d 
reduct 10n in trackwidth. Since our pre sent ( f ixed ) heads are 640 microme ter s 
wide , the trackwidth of new heads wil l be 40 micrometer s .  

We plan t o  use headstacks organized l ike the present (fixed) ones. A stack 
is an array of heads uniformly spaced along a single (gap ) l ine so a s  t o  span 
( s l ight ly l e s s  tha n )  the ful l one inch width of tape . The simplest system 
re sults if all 28 channel s  are carried in a single stack . We prefer in addition 
to have at each end of a stack an extra head used to monitor head-to-track 
registrat ion near both edges of the tape ; the case is thereby ant icipated where 
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normal guard bands between adj acent tracks on tape are allowed to shr ink to a 
smal l fraction of trackwidth. Thus a single stack of at least 30 or a pair of 
16-head stacks is· desirable. Specif ically , because it f its these needs nicely, 
we ·now advo cat e adopt ing the IRIG PCM-format head pitch of 762 micrometers 
( .030 " )  as a standard for Mark III A, which should be maintained by any future 
replacement stacks featuring further reduced trackwidth and greater accuracy of 
head placement within the stack. 

We plan to provide an electrical headstack interface, similar to our present 
separate read and write head interfaces ,  which under electronic control  wil l 
permit reading or writing with the same stack .  One 30-head single-staCk assembly 
interfaced in this way wil l then SUppOl t the ent ire Mark III system. A pair of 
ident ical , independent as sembl ies  would prov ide not only highly desirable 
redundancy for this critical subsystem, but a l so ( probably ) a bidirect iona l 
read-while-write capabil ity , and certainly the option to double the number of 
channel s  simultaneously available (doubl ing the maximum sy stem bandwidth) .  

We expect to be able to replace any of the present four fixed head s t a cks 
by such a new assembly or "headblock" . This headblock will house not only the 
narrow-track headstack ,  but also pos it ion actuator , position sensor , temperature 
sensor,  ballast resistor , and int imate head interface electronics . 

The required pos it ioner must be capable of translat ins · the block at least 
one head spacing ,  specif ica l ly 7 6 2  micrometer s ( . OJO" ) ,  in the cros s-tape 
d ir e c t 1 0 n  so that the w id e  s p a c e  b e tw e en narrow he a d s  can be acces sed in 
trackwidth-plus-guardband increment s and the tape ful ly re corded in mul t ip l e  
passe s .  The pos itioner �s admittedly a compl icat ion of the recorder . It pales 
however by comparison to the compl icat ions introduced by other conceivable means 
of achiev ing the same required comb ina t ion of bandw idth and density in a 
longitudinal machine . Assuming an { initial } l2-pass format , an equivalent fixed 
head-per-track sy stem wou ld f or exampl e  require 336 heads to be supported . 
Suf�icient ly dense packaging of heads f or such a sy stem i s ,  among other things, 
beyond state-of-the-art . 

An equivalent to the upgraded 28-channel longitudinal recorder would be a 
"black box" consist ing of a bank of 28 VCR's each support ing one channel. Only 
with 28 VCR' s  is the comparison fair , since ,  with equival ent tape and head s , 
channel bandwidth l imitations are the same for both kinds of machine . The bank 
of VCRs would be no more expensive than a single properly outfitted longitudinal 
machine , and to make it operat ional for VLB I would probably require the l ea s t  
engineering effort (none in the critical and special ized area of the head/tape 
interface ) .  The drawbacks of this approach ar e perha p s  l ar g e l y  a ma t t e r  of 
taste , especially if only short-term benefits are cons idered . A bank of 2 8  
VCR' s  i s  awkwardly large . Any straightforward parallel growth of the sy s t em 
for increased bandwidth results necessarily in a proportional increase in hardware 
and hence in physical size . Not so for the longitudinal ma ch ine which would  
not grow even if it were outf itted with four blocks of 28 channel s .  The number 
of cassettes to be handled ,  too , would be at least an order of magnitude larger 
in a mult i-VCR system than the number of reel s in the mul t ichanne l re corder 
system ( s ince the tape area of the standard 9200 'xl" reel is 22 time s that of 
a VHS T-l�O cassette ) .  

The decision in 1 980 to stay with the longitudinal mul tichanne l approa ch 
was based on the following judgments :  1) Provid ing a suf f ic ient ly accurate 
pos itioner (actuator & sensor ) was considered a straightforward task, especially 
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since no act ive tracking servo was re�uired . 2 )  Critical aspects of  VCR head 
a s  w e l l  as  tape te chno l ogy could s lmply be transferred to the multichannel 
recorder . 3 )  The longitud inal Honeywell  96-based system would remain much more 
natura l ly open to at l ea st ano ther order of magn itude improvement in both 
bandwidth and density in the not-too-distant future . 

As has already been discussed our efforts to date leave no doubt that the 
third judgment (above)  was correct . 

The first judgment , too , has been conf irmed. From among severa l  dev i c e s  
that could in principle sat isfy reasonable specif icat ions for a pos it ioner , we 
have s e l ected the p iez o e l e c t r i c  " Inchworm" as actuator and an LVDT ( l inear 
variable different ial transformer ) as sensor . 

The second judgment , that VCR head and tape te chno l ogy could ea s i ly be 
transferred to the longitudinal machine , was opt imistic, however . Every critical 
aspect of feasibil ity has now been demonstrated, but a ful l prototype is st ill 
incomp l et e . Thi s is because though one pr ime requ irement (VHS-equivalent 
performance ) was met by Mat sushita' s  early prototype headstacks , and the other 
one (± 3 micrometer head placement accuracy ) was met by lat er prototype s ,  no 
headstack has yet been received that meets both. 

PROGRESS AND PERFORMANCE BUDGET 

Aspects of feasibil ity which have now been demonstrated include : 

1 )  � 0 . 25 micrometer tracking cons istency Honeywell  96 , 

2 )  "Inchworm" plus LVDT pos it ioner with submicrometer accuracy , 

3)  Several sources of suitably high-output ,  consistent , low-abrasivity 
tape capable of maintaining and/or restoring head performance , 

4) Method of contouring heads to maintain high-speed performance , 

5 ) Prototype headstacks with all head edges accurately located within 
.:!:. 3 micrometer s ,  

6 )  60db bandedge SNR ( 2HHz at 120 ips , 3KHz slot ) from 5 0  micrometer 
wide heads and Fuji H621 tape, about 3db higher than can be maintained 
on 640 micrometer wide ferrite heads and average instrumentat ion 
tape .  

The expectat ion of at least 59db average bandedge SNR ( see  Tabl e 2 ) i s  
obtained by derat ing that obtained with 50 micrometer wide heads one db . The 
bandedge SNi is intended to be a measure of intrinsic head performance and i s  
therefore obtained by us ing the same head t o  write and read a refer ence tape . 
The 7 3  to 7 5  db SNR of ten obta ined f or a l l  6 40 micrometer wide heads in a 
Honeywell ferrite headstack suggest s that 40 micrometer wide heads could average 
61 to 63 db , perhaps 3 db better than our minimum expectat ion. 

We budget for .:!:. 1db variat ions in the intrinsic 1 . 5 micrometer wavelength 
response of suitable new tape . Fuj i H621 became our standard of reference when 
we found it had tape-to-tape variat ions of only .:!:. 0 . 5  db . The �plicit reference 
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TABLE 2 :  EXPECTED HEAD/TAPE PERFORMANCE (40 MICROMETER TRACKWIDTB) 

MINIMUM AVERAGE BANDEDGE SNR ( 2  MHz , 120 ips , 3 KHz slot ) 

TAPE VARIATIONS ( FUJ I  B621 REFERENCE ) 

BEAD VARIATIONS 

TEMPORARY DEGRADATION 

PERMANENT DEGRADATION 

INTRINSIC WORST CASE SNR : 

INTERCHANGE LOSS 

HEAD EDGE LOCATION TOLERANCE + 3 micrometers 
( implies 6 micrometers = 15% maximum los s )  

ENVIROnMENTAL TAPE WIDTH CHANGE 
6T = 6 C ( impl ies 2 micrometer s or 5% maximum los s )  
6H = 30% RH ( impl ies 4 micrometers 10% maximum los s )  

MAX. TOTAL INTERCHANGE LOSSES 

TOTAL WORST CASE SNR : 

SHOULD GUARANTEE BEi 

59 db 

.:!:, 1  

.±. 1 

< 1 

o 

56 db 

-1 . 5  db 

-0 . 5  
-1 .0 

-3 db 

53 db 

< 10-4 

to tne Fuj i "centerl ine" in our performance budget makes it a little optimistic 
s ince , f or exampl e ,  3M5 l 98 average re sponse is  about one db lower . Note 
part icular ly that the consistency of tape response required is far better than 
that obtained with convent ional instrumentat ion tape , for which a +3 t o  -8  db 
spread, about a 9 db inferior centerl ine , is not uncommon . Such variations were 
not expected when Mark III f ir st became operat iona l ;  we have now decommissioned 
.ore than 35% of our instrumentat ion tapes for failure to meet our original -2 
db worst case expectat ion. 

In add ition, new tapes l ike Fuj i H62l and Sony V16  cause no mea surab l e  
degradat ion", unl ike instrumentation tapes , which have been found t o  rapidly and 
sever e ly de,rade ( f errite ) head perf ormance .  In our exper ience , if t en 
instrumentat l0n tapes are run once each over fresh heads ,  a 6 db degradation of 
init ial (optimum) bandedge response typically result s .  

We bave found that Sony Vl6 i s  too abrasive for full-time use in our system, 
but that it acts to restore degraded performance . If used on a ten percent basis, 
it l imits the sl ight and very gradual degr�dat ion caused by 3M5 1 98 to one db . 

On the other band, we can proj ect an extremely long 12 , 000 hour head l ife 
with Fuj i H621 tape under extremely (greater than 70 per cent ) high humidity 
conditions . The abrasivity of 3M5 1 98 appears to be at least equally low. 

To maintain init ia l opt imum perf ormanc e f or the l ife of a head it is 
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necessary to opt �ize and stabil ize the tape-to-head pressure , henc e geome try 
as well  as the surface condition of the head/tape interface . We have developed 
a "stepped" head contour which does this successful ly . A pair of shallow steps 
cut 150 micrometers equidistant from and parallel to the gap l ine l imits  the 
area of head/tape contact and discourages an air bearing from forming. The radbs 

� of the sharply defined contact area quickly stabil izes.  As a result we can now 
guarant ee that ini t ia l  perf ormance at high ( 120 to 360 ips ) speeds will be 
maintained,  even with the smoothest "ready-to-fly " tapes l ike 3M5 1 98 .  

The stepped head contour has a maj or side benef it . I t  cleans even tqe best 
of the new tapes .  �his is evidenced by a typical 10-fold reduct ion iu error and 
bit-sl ip rates af ter a single pass .  

The st epped head contour ha s been f ie lded i n  the present sy stem a s  a 
modif icat ion of exist ing Honeywell heads .  Only with this mod if ica t ion ha s i t  
been possible to l �it the degradat ion caused by instrumentation tape, so as to 
maintain a -4 to =� db degraded "operat ing point " and , in spite of that , error 
rates of about 10 • 

The figure for intrinsic worst case SNR t ake s int o account a l l  f a c t or s  
except losses due to head/track misregistration. Assuming past experience with 
wider tracks and instrumentA&ion ta�, y ielding the same 56 db bandedge SNR i s  
relevant , error rates o f  10 t o  10 are expected. 

Error rate s  of about 10-6 have in fact been obtaine d w i� h  50 mi crome t e r  
w id e  heads and Fuj i tape us ing the pre s ent head interface electronics with 
quickly-made (probably not opt imum) gain and equal izer modif icat ions o 

Head/track misregistrat ion los ses must also be taken into account . Narrow 
40 micrometer wide tracks and the requirement on machine int erchange to read 
simultaneously all simultaneously written tracks lead to the new and stringent 
head edge locat ion tolerance of ± 3 micrometer s for all heads in a staCk. This 
tolerance permits a 1 . 5  db loss of signal corresponding to min�um hea d / t rack 
overlap of 34 micrometer s .  

Not to be overlooked i s  the fact that tape width depend s on temperature 
and humidity . The respective expansion coefficients are such that a change of 
6 degree s Cent igrade moves the edge of an inch-wide tape 2 microme t e r s  with 
respect to its center and that a 30 percent change in relat ive humidity move s  
it 4 micrometer s .  A worst case combinat ion results in an additional 1 .5 db 109s 
for edge tracks . No extraordinary environmental control s are needed to keep room 
temperature between 20 and 26 degrees Cel sius and relat ive humidity between 25 
and 55 percent . 

Note , we must also take care to keep stable  the temperature of each headstack 
so that its thermal expansion does not a�so contribute to misregistration �oss.  
When , further in the future , it be come s possible to  obtain headstecks with 
substant ially improved head edge locat ion tolerance , narrower heads sed smaller 
guard bands (cont inued evolutionary density improvement ) wil l be desirabl e .  It 
should no t be d if f icu l t  to support further improvement and compensate for 
environmental instabil ity by controll ing head temperature and/or tape tens ion 
(vacuum) . The effect ive gain of the latter can be increased by placing grooves 
between heads . 
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In July 1 980 we let a contract to Matsushita to develop the narrow- track 
headstack to "product ion read ine s s "  in , we were led to expect , two months.  
Partial prototype stacks which met (only ) performance expectations were delivered 
in January 1 981 , after which improperly contoured " samp l e s "  sent earl ier in 
October 1 980 were modif ied and also found to perf� comparably well . The partials 
of Jan 81 and samples of Oct 80 failed to meet the basic head placement accuracy 
specif icat ion by an order of magnitude . 

A third generat ion of partial prototype stacks , del iv ered  in June 1 98 1 , 
met that requirement , but only at the expense of adequate  az imuth accuracy . 
Performance was 14db or more below expectat ion. 

In January 1 982 four ful l 32-head stacks were del ivered which, except for 
systemat ic pitch errors later brought under contro l ,  met the head placement 
accuracy specif icat ion. These last prototy�es under our original cont�act also 
represented a switch from sur.er-accurate dlscrete ·head-tip assembly methods to 
an easy-to-manufacture "comb ' headstack construct ion. 

We had expressed a preference for the lat t er approa ch from the out s et . 
From our po int of view ,  the headstack required could mos t  ea s i ly be obta ine d  
with the least technological risk by us ing 1 )  a mass-produced VHS "gapped bar" 
to obtain both the intrins ic consistent performanc e  of the VRS head and the 
suff icient ly accurate head pat tern which special ized production grinding machines 
can put into such a bar , and 2) a simple "comb" construc t ion s imilar to that 
employed by Honeywe l l  t o  adapt such a "pat terned"  bar by making it into a 
"t ip-plate" , which, when bonded to a base containing an appropriately mat ched 
array of wound "back cores"  ( £luxor s ) , becomes the completed stack .  

Unfortunately , the Jan 82 a s  well  a s  the Jun 81 pro t otypes  exhibit  very 
poor performance . One difference between the wel l-perf orming ear ly and the 
later prototypes stands out : Only the early prototypes used production VHS head 
t ips , while  the l'ater one s appear to be a thus far unsuccessful attempt to 
"reinvent " that technology**. 

CONCLUSION 

The groundwork for Mark III A has been careful ly laid . All known aspects 
of feasibil ity have been demonstrated. Solutions have been found to the subtle 

**Note added in proof : Matsushita concluded in May 82 that the performance 
problem was due to the use of �properly oriented single crystal  f err ite  
in the later prototypes .  A voluntary cont inuat ion of  Mat sushita ef f or t  
(not under contract ) has led t o  another fif th generat ion of prototype, and 
yet a sixth is expected short ly . The f if th prototype s ,  obtaine d in July 
82 , were once again made from hot pressed ferrite l ike the early ODe S ,  but 
worked no better than the third or fourth ,  ther eby proving that s ingl e 
crystal orientat ion is not the (main) problem. The solution to the problem, 
it seems , l ies in direct use of the VRS gapped bar or in an exactly copied 
process at KHE (Kyushu Mat sushita Electric,  the division respons ibl e f or 
the narrow-track headstack development but not ,  unfortunately , for vas head 
production) . Alternat ively , by making use of the highly evolved grinding 
techniques used to pattern gap bars we may now be abl e to accurately tr im 
even used Honeywell  headstacks to our new requirement s .  
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but extremely important problems of cons istency and maint enance of head/ ta�e 
channel performance . These solut ions have been appl ied to the present system, 
and hence verif ied by operat ional use as wel l  as by extensive laboratory tests. 

The delay caused by our subcontractor ' s  inabil ity , for more than one year 
now, to reproduce the excellent performance of early prototypes is a real concern. 
But the remaining quest ion about Mark III A is ''When?'' ,  not ''Whether ?u. We now 
hope to demonstrate a complete prototype in January 1 983 , and expect system-wide 
implementat ion efforts to begin in the middle of that year . 
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THE MAR K  III CORRELATOR : DESIGN, OPERATION AND PRODUCTIVITY 

by 

Alan R.  Whitney 
NEROC Haystack Observatory 

Westford, Massachusett s 01886 U. S . A. 

ABSTRACT 
The Mark III correlator was developed in support of the NASA Crustal n,namics 

Program to  pro c e s s  Mark I I I  VLB I data gathered by the pro j e c t  and has been 
operat ional since 1 979 . 

The processor design is based on a straight-forward, but highly f l exibl e ,  
modular concept util iz ing one module per basel ine track-pair . The current system 
of 90 modules can simultaneously process 3 stations of 28 tracks each or 4 stations 
of 14 tracks each. Simple dupl ication of existing hardware can expand the processor 
to a capacity of 8 stat ions of 28 tracks each. The system is supported by low-cost 
HP-1000 minicomputer ( s )  coupled with an array processor to aid in fringe searching 
operat ions . 

Since achieving operat ional status , the Mark III correlator has processed in 
excess of 100 separate experiments encompassing over 150 , 000 individual observations , 
supporting both astronomy and geodesy programs . Expansion of existing facilities 
is contemplated in the near future . 

INTRODUCTION 
This paper briefly describes the Mark III corre1ator system currently installed 

at Haystack Observatory . The design of the hardware and software, and the current 
operat ional status wil l  be discussed. 

The development of the correlator system was funded by NASA in support of 
the NASA Crustal Dynamics Project , but its design is  such that many astronomy 
appl icat ions , including spectral l ine and pulsar observations are also supported. 
The correlator is now in ful l operation at Haystack, and expansion is being planned 
in the near future . 

PROCESSOR HARDWARE 

Design Philosophy 
The Mark III processor design is based on a straight-forward modular concept 

util iz ing one module per basel ine per track-pair . Thus , 28 modules are required 
to process  one basel ine of 28 tracks . Each modul e  i s  a comp l e t e ly autonomous 
unit , but all  are controlled by a common computer. The module performs the functions 
of decoding the two data streams (one from each station forming the base l ine ) ,  
buff ering and correctly al igning the data streams to remove the effects of recorder 
j itter before rotat ing and cross-correlating the data streams . 

Hardware System Overview 
. Figure 1 shows a simpl if ied block diagram of the proce s sor modul e and i t s  

interfaces to the tape recorders and computer . The s igna l s  f rom the reproduce 
heads are ampl if ied, equal ized and passed to "bit synchronizer s " ,  the data and 
the data clocks . Decoders built into the processor module detect the synchronization 
bits in the serial format and separate the radio source data from the time, parity 
and auxil iary data . One of the radio source data streams is buffered by a f ixed 
delay and then multiplied by 3-level approximations of the sine and cos ine functions , 
while the other data stream is buffered by a programmable delay before the two 
data streams are cross-correlated. The cross-correlator has 8 lags �r quadrature 
channel and has 23-bit accumulators so that up to 2 seconds (at the 4 M6it rate)  
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of data can be accumulated before the computer must retrieve the correlation output 
from the module .  

Normally each processor module i s  allowed t o  accumulate at least one second of data before helDg serviced . More rapid s e rvice can take place and may be 
desirable f or special processing. 
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Figure 1 .  SUapl if ied B lock Diagram of Mark III VLBI Processor 

The informat ion from the module is transmitted through a CAMAC contr o l l er 
and branch driver to the controll ing computer . The lit ape time" informat ion in 
this data is used by the computer to control the speed of the tape drives so that 
they are kept mechanica l ly synchronized to within the l tmits of the internal 
buff er s  of the correlator module .  Typical ly , tape synchronization is maintained 
to within a few hundred bits on the tape , corresponding to <O .Smm of physical tape 

' position. 

Computer-to-Correlator Interface 

The CAMAC (Computer Automated Measurement and Control - 'an IEEE s tandar d )  
interface couples the modules t o  an HP-I000 computer . The CAMAC system, with its 
associated branch drivers and crate controller s ,  allows the computer t o  addre s s  
and communicate with up to 105 modules per branch driver , although only 90 modules 
are normal ly installed in our system. 

Recorder Interface 
The connection of the recorders to the processor modules is il lustrated in 

Figure 2. The processor modules have internal 8-way input s e l e ct or s so  that a 
given processor module can process any baseline . The system is expandabl e' t o  8 
recorders and 28 basel ine s .  
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Figure 2 .  Recorder-to-Processor Interface 

Correlator Module Characteristics 

aASELINE 

' N  

Figure 3 shows a somewhat more detailed block diagram of a correlator module, 
while Table 1 l ist s the basic module characterist ics . 

The int erface to the recorded data is v ery s impl e ,  co n s i s t ing only of the 
data and clock signals from each of the two data streams to be cross-correlated. 
The X-clock signal is used as a basic clock within the correlator module, so that 
norma l pro ce s s ing w il l take place regardl e s s  of the data rate from the tape 
recorder s ;  in other words , no control signals indicating data rate to the module 
are necessary . The reproduce circuitry within the tape recorders is  designed in 
such a manner that the clock signals wil l always "flywheel" even in the absence 
of data , so that processing wil l continue normal ly even through deep data dropouts. 

The cross-correlator sect ion of the module performs processing for 8 complex 
lags during normal processing or 16 real lags for auto-cor r e l at ion proce s s ing . 
The accumulat ion registers are 23 bits w ide , al lowing the accumulation of slightly 
more than 2 seconds of data at the 4 Mbit /sec sample rate . 

Fringe rotat ion is accompl ished through the use of a 24-bit phase register , 
thus achieving 0 . 4  microradian resolution .  A 3-level rotation scheme is used to 
optimize the signal-to-noise rat io of the processed data. The phase-rate-resolution 
of the rotator is selectable in powers of two under software control and is normally 
set  to b e  1 4 . 9  mHz at the 4 Mbi t / se c  sampl e rat e .  The selection of rotator 
phase-rate resolution must be traded against the maximum fringe-rate that ' can be 
processed ; selecting the resolution to be 14. 9 mBz for the 4 Mbit/sec sample rate 
l imits the maximum rotat ion speed to approximately 250 kHz . Higher fringe rates 
may be processed by decreasing the phase-rate resolution at the possible expense 
of shortening the basic correlator integrat ion period due to degraded phase-tracking 
of the rotator . Also included in the fringe-rotator sect ion of  the corre lator 
module is a simple phase-accelerat ion compensat ion mechanism which is desisned to 
be sufficient to compensate for any expected fringe-phase acceleration dur1Dg the 
normal correlator integration period. 
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-------------------------------------------------------------�----------

Module I/O 
- X data & clock 
- Y data & clock 
- CAMAC dataway to from computer 

Correlator 
- 8 complex lags 
- 23-bit accumulat ion registers ( -2 secs @ 4 Mbits/sec)  

R.otator 
- 24-bit phase register ( 0 . 4  microradian quantization) 
- 14. 9 mill iHz phase rate quantization (@  4 Mbits/se c )  
- Phase acce l erat ion compensation 

Y-data buffer 
- 4000 bits ( I  mil l isec @ 4 Mbit /se c )  

Integration Period 
- Software adjustable from 5 mil l isec to 2 sec (@ 4 Kbits/se c )  

Phase calibrat ion 
- 2 I-channel ( complex )  correlators 

---------------------------------------------------------------------� 

Table 1 - Mark III Correlator Module Characterist ics 

The modu l e  is capable  of aut oma t i c  "fractional bit" correctio:ll uS Lng an 
approximat ion which causes only 3% loss in signal-to-noise ratio and e l imina t e s  
most phase noise caused by uncorrected bit shift changes in the continuum processing 
mode. 

A 4000-bit addre s sabl e buf f er is provided in the path of the Y-data and 
Y-clock s ignal streams so that the X and Y tape drives need be synchronized only 
so w e l l  a s  to maintain the a pr ior i bit  delay within this  �OOO-bit window. 
Synchronizat ion of the tape drives to this level is a relatively easy task. 

The basic integration period of the correlator module is 8Oftware-controllable 
from 1 frame to 512 frames,  or equivalently , from 5 msec to 2.56 seconds (tape-time) 
at 4 Mbit/sec sample rate . For most normal geodetic processing, an integrat ion 
period of 1-2 seconds i s  used. This provides a search range of 1 . 0 to  0 . 5  Hz , 
respectively , which is quite adequate for all normal processing. Since the computer 
must service the correlator module once each integration period , the load on the 
host computer varies approximat.ely inver sely as the integration period . As the 
integrat ion period shortens , a point is reached where the number of modules that 
may be operat ing s imultaneously must be reduced or tape-playback speed reduced in 
order that the computer may keep up. 

Not indicated in Table 1 is the availabil ity of a "pulsarDI processing mode , 
which may be used f or special appl ications . In this mode, a start bit DUmber and 
stop bit number may be specif ied within an integration period so that only those 
bits within the start-stop window are processed. This mode is primarily desigaed 
f or processing of pul sar data , but may be used to process any pul se-type data or 
for other special-purpose processing. 

Phase-cal ibration processing is al so provided within the correlator module. 
Separate processors are used for the X and Y data streams , although the frequency 
of the phase-calibration rail DlUSt be the same for both X and Y. A DlUch-simplified 
rotat ion scheme is used for phase-cal processing compared to the rotator described 
above . Rotator phase-rates are constrained to be such that the phase-cal signal 
must contain an integral number of sample bits per quarter-phase-cal-period. This 
condition is  met with the �hase-cal signals that are normal ly used . Al so , only 
a 2-1evel rotat ion scheme 1S used, since signal-to-noise of the phase-calibration 
signal is not normally of concern. By �pos ing these conditions and restraint s ,  
the circuitry used for phase-cal processing i s  considerably simplif ied compared 
to that of the main lobe rotator and cross-correlator . 

Internal test ing of the correlator module is possible throu�h the use of an 
on-board quasi-random signal generator . Partial testing is poss1ble off-liDe with 
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no computer servicing necessary . Complete testing using the internal test generator 
is pos s ible when a host computer is available .  

T h e  c ircu i t  d e s ign of t h e  Mark I I I  c or r e l ator module represent s a con
servative approach in that DO custom LSI was undertaken. The majority of the �40 
integrated c ircuits used are low-power Schottky TTL type s ,  with the balance be1ng 
NMOS RAM's .  TTL RAM's! and several PROM' s used a s  sequence contr o l l er s .  Power 
consuapt ion is about 26 watts per module. 

CLOCK 

BOP" 

.... ... Of' lIlc:OIlD 
CLOCIC---L-__ -.--L_..J 

IOPP-";11. Of' .... MIIETER Pl.IOD 
T •• • Tlill WORO IlIAOY 

"}  11001 ... TI TIIII. 
U 
lIlT ., •• , .. UII/II"L IUS lIlT IU' 

c:&.oca 
lIT OFfSET 

COII"TlI! 

TI AT_ TIt 

0-11 liT 
PROG.A .... ABLE DELA' 

TI AT 

lIlT M 

IIOP"--�----� 

F.IIIGI COS .... 11K 
bTE 

IIIIIEII .. TOIi �S:::III..",.-:�'" AIIIK 

'z 
INT IUS • 

c 

" z .. ... • 
� . 3 ! x .. 

..... • 0 u .. ... • � .... a 0 "' .. 

COIIIIELATO. 
, DATA' 

I CO .... LEX Dll"'S 

,FL"G' .... D 

• II. BITS COIIII • 

• I .. BITS CORR. 

CLOCI( 
II DATA 

ERIIOII 
COUIITERS 

L 

II 
Q 

II C Z I 51 52 
C .. llie DATA.A' 

Figure 3 .  Mark III Processor Module Block Diagram 

Signal Flow Through Correl ator Module 
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Figure 3 shows a block diagram of the the Mark I I I  correlator modul e .  Both 
X and Y data streams are f ir st decoded by their re spective DECODER ' s .  The X and 
Y data streams may be independently sel ected from any one of 8 data streams which 
may be applied to the module (not shown in Fig. 3 ) .  The decoder has the re sponsibil ity 
of synchronizing itself to the data stream (by use of the sync words embedded in 
the data streams ) ,  extract ing the time and auxil iary-data f ie l d s , che cking the 
time/aux-data f ield for errors (using the embedded 12-bit CRCC check character ) ,  
stripping parity bits and counting parity error s .  The d e coded X-d a t a  i& then 
pas sed to the X PRASE-CAL DETECTOR and the X-DATA ROTATION-BLANKING . Rotation is 
controlled by the PRINGE RATE GENERATOR, which generate s · a  3- l ev e l  quadr ature 
rotat ion signal according to the parameter s received from the host computer. The 
quadrature-rotation s ignals from the rate genera t or are proc e s s e d  by the MODE 
SELECTOR before actua l ly being appl ied to the X-data . The mode selector may apply 
an additional +/-90*n delree pha se-shif t in conjunction with a shi,t in the �-I 
bit delay to accompl ish automat ic fractional-b1t-error correct ion -- more w11 
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be said about this later . After rotation, the X-data stream i s  appl ied t o  the 
CORRELATOR for cross-correlation with Y-data. 

After emerging from the Y-decoder , the Y-data stream and accompanying flags 
ar e  routed to a BUFFER MEMORY capabl e of storing 4000 bits of data . Data is 
removed from this buffer memory according to a BIT OFFSET COUNTER which bas been 
set according to the a priori parameters received from the host computer,  so that 
the proper Y-data bits are made availabl e to the correlator . The output from the 
buf f er memory is app l ied d ir e ctly to the Y-PHASE-CAL DETECTOR for phase-cal 
processing, and to a 0-15 BIT PROGRAMMABLE DELAY preceding actual correlation with 
the rotated X-data . This programmable delay is used to shift the Y-data str eam 
one-bit at a time wrt to the X-data stream as the a priori delay chan,e s within 
an int e grat ion per iod .  Up to 1 5  such bit shifts may be made with1n a singl e  
integration period, according t o  the parameter s  provided by the ho st comput er . 
Each time such a b1t shift takes place , the MODE SELECTOR imposes an addit iona l  
+/�90 phase shift to the signals emerging from the FRINGE RATE GENERAtOR. Through 
the use of this "automatic fractional-bit error correction" technique, correlation 
may be carried through many changes in the X-to-Y bit delay so long as the model 
contained in the FRINGE RATE GENERATOR is SUfficiently accurate to track the fringe 
phase . 

The CORRELATOR section of the module does the actual correlaion between the 
rotated X-data stream and the unrotated Y-data stream. Eight complex l ag s  are 
normally processed, although the correlator may also be conf igured under software 
control to do auto-correlation processing of either the X or Y data stream. 

The determination of tape-recorder synchronization is made by lat ch ing the 
Y bit count (within a frame ) at the beginning of the first X frame of an integration 
period . Integration �er iod boundarie s are constrained to start at X-da t a  f r ame 
boundaries ,  so that w1th knowledge of the Y-data stream time and LATCH COUNT at 
the beginning of an integration period , the tape-recorder synchronization may be 
computed and the necessary commands sent to the tape transport s .  

All  commun icat ions w ith the host comput er are "double-buffered" s o  that 
computer servicing of the correlator module is completely asynchronous with respect 
to the X and Y data streams except that serv i c ing must take place once each 
integration period in order to update processing parameter s and extract processed 
data . Each correlator module communicates indiv idual ly with the host computer . 
During a normal computer service, approximately 21 bytes are sent computer-to-module 
and 114 bytes module-to-computer . 

Correlator System " Conf iguration 

Figure 4 show s  the correlator sy st em configuration when used to process 
3-stat ion/28-track data or 4-station/14-track data . Ninety corre ia tor modul e s  
are housed in a singl e  rack o f  6 CAMAC crates,  15  modules/crate.  Each of the six 
crates is ident ical and receives an identical set of data signals  from the 4 tape 
transports distributed as fol lows : 

Module 1 - Receives signals from both tracks #1 and #2 from each of the 4 tape 
drives (recal l that each module may select X and Y from among 8 inputs 
to the module ) . 

2 - Receives signals from both tracks #3 and #4 from each of the 4 tape 
drives . 

14 - Receives signals from both tracks #27 and #28 from each of the 4 tape 
drives .  

15  - This module is dubbed a "floating module" whose input may be selected 
to be from any track of any of the 4 tape drives. Track selection is 
actually made within the control electronics of the tape drive. Tape 
drive selection is made at the input to the correlator module itself. 
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BASELINE 6 14 ODD/EVEN TRACKS 15 
r 

"FLOATING" 
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I!oDULE 15 I N  
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SELECTABLE TO 

ANY TRK PAI R  

Figure 4.  Correlator Conf iguration for 3 & 4 Stations 

For the case of 3-basel ine/28-track data , each crate proc e s s e s  e i ther the 
odd or even numbered tracks from one of the 3 basel ine s .  The f loa t ing modu l e s  
may be assigned arbitrarily for either redundancl checking or for special processing. 
In the 4-station/14 track casel each crate 1S assisned to one of the 6 basel ines 
and may process all even or al odd tracks , which 1S compat ible with the standard 
14-track mode of data recording. The f loating modules may again be a s s igned a s  
desired. 

Due to the modularity of the correlator system, it is easily sever a l  way s .  
With the addition of an ident ical 6-crate correlator system, 4-station/ 28-tr ack 
data may be processed in single-pass . This additional 6 crat e s  may be handl e d  
either by the exist ing host computer or by an additional host computer . Because 
the data interface to the tape transports is very simple, expansion of the system 
to a large number of stations is a simple matter . Correlator modul e s  and ho s t  
computers  may be added t o  bring the system t o  any capabil ity des ired. �cting 
a group of UPI000 computer systems into a multi-computer net for handl ing a large 
correlator system is straight-forward and cost effective. High-speed data devices 
such as discs are shared among CPU's,  so that al l data from. a particular processing 
pass wil l end up properly concateniited ready for further processing. 

Spectral-Line and Pulsar Processing Capabil ity 
Although the Hark III processor design is pr imar ily or iented t oward s  the 

processing of continuum data, provisions have al so been made for proce s s ing of 
spectral-line data where many lags are desired. This is done by stagger ing the 
a pr ior i delay s  between modules  t o  process  many lags.  For example, using 90 
correlator modules  t o  proc e s s  a s ingl e-track s ingl e-bas e l ine spectral-line 
observation, 60 modules may be used to do cross-correlation ( 480 complex delay s )  
and 1 5  modules each for X and Y autocorrelation (240 real delay s ) . SUDilarly , a 
single-track 3-baseline observation may be proces sed us ing 22 .modul e s  on each 
basel ine for cross-correlation processing ( 1 92 complex delay s )  and 6 modules for 
autocorrelation processing ( 96 real delays ' .  
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Support for pulsar processing is buil t  into the correl ator modul e in tha t 
the correlator may be turned on and o f f  at specif ied bit l ocations within an 
integration period. When this mode is in operation ,  the hardware fractional bit 
correction and fringe phase acceleration are automatically disabled . In a manner 
analagous to the spectral l ine case , one may assign a bank of correlator modules 
to cross-correlate the same track pair , but each with a staggered pul se w indow . 
The output then forms a pul se prof ile of correlated flux. 
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Figure 5 .  Processor Computer System Conf iguration 

Correlator Computer Support 

YE S 
5'0 bpi 

The Mark III correlator is supported by an HPIOOO computer system util iz ing 
two Model 2117F CPU 's in a conf iguration shown in Figure 5 .  The HP1000 is a l6-bit 
minicomputer �ystem of modest size and c9st . Each CPU contains approximately 1 . 5  
Mbytes o f  sem1conductor memory , and the CPUs  share approximat e ly 400 Mby t e s  of  
on-line disc  storage . 

One of the CPUs ( labelled 'B' )  is dedicated to real-time correlator operation 
and fringe-searching. All computations and control for the correlator systs are 
carried out by this computer. The CAMAC interface to the computer is provided by 
a commerc ially-procurred CAMAC branch driver .  Interface to the tape transpo r t s  
is  through a standard ASCII RS232 interface t o  an ASCII  transceiver i n  the tape 
transport . No special-purpose interfaces have been used in the correlator system. 

The other CPU ( label led 'A' )  is available f or any overf l ow f r inge- search 
processing from the 'B' machine , and for further post-processingj a general-purpose 
array processor ( CSPI MAP-300 )  is also attached t o  the 'A' machine to support  
special-purpose processing. 

. 

The HP1000 computer system uses the RTE-IVB operat ing sy s t em suppl ied by 
Hewlet t-Pa ckard .  This sy s t em suppo r t s  a full multi-programming env1ronment , 
allowing concurrent processing tasks . Full  64-bit precision arithmetic is available 
in hardware for all critical cal culations , and use of a micro-programmed FFT in 
fringe-search operations makes processing speed reasonably high.  
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CORRELATOR SUPPORT SOFTWARE 
A simpl if ied block diagram of data flow through the correlator sy s t em is 

shown in Figure 6.  We wil l  briefly describe each section of it in turn. 

TAPE LIBRARY _ 

MANAGEMENT 

Figure 6 .  Mark III Correlator Data Flow 

Correlation Preparation 

GEODETIC 

ASTROMET RIC 

SOLUTIONS 

Schedule and log f iles from an experiment are used to set up contr o l  f il e s  
for the correlat ion processing. These f iles are ASCII files which may be generated 
either automatically or by manual editing. The data in thele control files  are 
used to create a "Root Data File" for each scan to be processed. 'Ibis file contains 
all of the detailed information necessary to do the correlat ion proc e s s ing f or 
all potent ial basel ines of that scan. 

Correlation Processing 
The correlation process itself is supported by a battery of about 1 8  interacting 

programs, each controll ing some aspect of the correlation process.  All a apriori 
calculations ' for processor operations are done in real-time while the correlator 
is operat ing. 

On-line graphics displays and status monitors provide real-time monitor ing 
and control of the processor operation. When mul tiple-basel ine scans are being 
processed, each baseline is brought "on-l ine" as data from that baseline becomes 
available for correlat ion, and is taken "of f-liDe" when data is DO longer available 
from that baseline . 

At the completion of correlation processing , the raw corr e lator data are 
at ta ched to the root data f il e  as an "extent" ,  and there await fringeol.search 
processing. 

Fringe-search Processing 
Fringe-search processing is done by col lecting all the correlator data for 

a particular scan, one basel ine at a time , and processing to estimate correlation 
ampl itude , group delay , phase-delay rate, fringe phase ,  etc .  The fringe search 
results are attached as another "extent" to the root data file. Further processing 
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may be done with automatic or manual editing of the correlator ciata or friage-search 
parameter s ,  and processed again through the fringe-search step as necessary . An 
additional file "extent " is created each time fringe processing is done, so that 
a complete record is kept of all processing for a scan. 

The f r inge- search out put is the pr imary sour ce of output fOt all later 
geodetic, astrometric, and astronomical processing. 

Data Archiving 
Due to the very high volume of correlator data and fringe search output , it 

is necessary to move data fair ly rapidly to suitable magnet i c  tape archiv e s  t o  
avoid overloading the available disc storage s�ce. Two types of permanent archival 
tapes are created at the processor site . The 'A' archive tapes store the entire 
content s of all corre1ator data f iles , including the raw correlation coefficients 
from each integration period of each module and the entire fringe-search output . 
The 'B ' archive tape is identical , except that the (voluminous ) raw corre lator 
output is not stored, and hence the 'B'  tapes are considerably more compact . The 
'B ' tapes are distributed to user s for further processing, and form the raw data 
input to create the 'Data Base' used for geodetic and astometric solut ions . 

The 'A' archive tapes al low restoration of the raw cor r e l ator output f or 
purPQses of re-fringe-searching or special processing at some later time . With 
the 'A' tapes in hand, the raw Mark III data tapes may be conf idently r e l eased  
and re-recorded, even though some reprocessing through fringe-search oper�t ions 
is still contemplated. This helps to reduce the total number of expens iv e  Hark 
III tapes that must be purchased by recirculat ing them at a faster rate . 

At the current time, several thousand 'A' tapes have already col l ected in 
the Haystack archives .  

Indexing and Cataloguing 
In order to keep track of all of the data that has been processed  through 

the correl ator and f r inge-sear ch operat ions , a comprehensive cataloguing and 
data-retrieval system bas been developed that allows easy recovery of aoy data in 
quest ion. In addition, a set of permanent summary f iles are maintained that allow 
a quick look at any data that has ever been processed. 

When the data from a particular experiment arrives at the correlator facility, 
it is assigned a unique experiment number with which all subsequent references to 
that set of data may be made . Programs are available to scan these summary files 
with various sets of specif iable f ilters in order to do quick l ooks at data or 
determine current status of processing of an experiment . 

Data Tape Library 
The Mark III data tape l ibrary currently contains more than 2000 tape s and 

requires careful management to keep track of the location and status of each tape. 
A data base system is util ized for this purpose , providing the capability DOt only 
of managing the l ibrary , but of keeping records of the error-rat e perf ormance 
h i s tory of each tape . The cor re l ator software is l inked to the tape l ibrary 
software so that data-tape related information may be transmitted in both direct ions . 
In particular , correlator operators are provided with real-time library information 
to aid them in f inding tape s to be proce s se d ,  and tape performance data is 
transmitted to the l ibrary data base . 

Some Additional Comments iegarding Software 
Currently the correlator system supports 4 tape drives with 90 corre lator 

modules. The correlator support sof tware has been written in a h ighly general  
manner to support an· arbi trary number of stations , basel ine s ,  and correlator 
modules to the l imit of the computer's  physical abil ity. However, expansion beyond 
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even this point is fairly straightforward by adding add�tional l inked comput er s 
in much the same manner as has already been done ( see F1gure 5 ) . 

Tbe body of s�ftware supportine Mark III correl ator operat ions curre�tly 
consists of approx1mately 100 ,000 l1nes of Fortran source code and 10 , 000 l 1ne s 
of assembly language code on the BPI000 machine , and bas consumed same 15 man-years 
in its development . 

OPERATIONAL MANAGEMENT AND PRODUCTIVITY 
A staff of correlator operator s runs the Mar k  I I I  cor r e l at or facil ity 24 

hours a day , 7 day s  a week. Approximately one 8-hour shift of training is normally . 
re�uired to famil iarize new personnel with correlator operat ions . Because a l l  
cr1tical setup data reside in pre-prepared disc f iles,  the operators do not need 
to be kDavledgeable in the details or subtleties of VLBI data processing. Reasonably 
foolproof checks have been instituted in the software to guarantee that the proper 
tapes are mounted at the proper times and that proper operational procedures are 
followed. A full complement of ex�lanatory error and help me s sages  enable the 
operators to handle most unusual s1tuations without assistance . 

In two and one-half years of operation, the Mark III processor has correlated 
in excess of 35,000 tape pairs containing some lSO ,ooO individual baseliDe-observations . 
The volume of raw data flowing into the correlator system bas already exceeded 
300 , 000 Gbytes,  corresponding to approximately 10  Mbits per U S  citizen, or about 
the equivalent of one good thick Dovel . 

CORRELATOR EXPANSION PLANS 
Current plans call for a 1983 upgrading of the Mark III correlator �stem to 

180 module s ,  which is double the current size and is sufficient for simultaneous 
4-station mode A ( 28-track) operation. Some upgrade of the cor r e l ator modul e 
design is being contemplated to take advantage of newer and cheaper technologies; 
the module characteristics will  be compatible with the current design ,  but w ith 
some extended capabil ities.  
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ABSTRACT . The K-3 VLBI hardware has been developed since 
1979 for the Japan-US j oint VLBI experiments s tarting at 
the beginning of 1984 . This paper presents a summary of 
the K-3 VLBI hardware which is composed of a 26 meter 
antenna , S ix receivers , a K-3 data acquisition terminal , 
wideband data recorders , a delay calibrator , a correlation 
processor , hydrogen maser oscillators and a water vapor 
radiometer . This paper also presents an error estimation 
on the j oint experiments . and the result shows that we can 
expect the measurement with an accuracy of about 2 em or 
better . 

INTRODUCTION 

The K-3 VLBI hardware has been developed since 1979 for the Japan-US 
j oint VLBI experiments s tarting at the beginning of 1984 . 

The 26 meter antenna at Kashima Branch , the Radio Research Labora
tories , will be  used as one element of these experiments . An S-band 
receive.r for a right-handed circularly polarized component and two X-band 
receivers for right- and left-handed ones will be assembled in the 2&  meter 
antenna system by Augus t  1983 . 

Development of two data acquisition terminals , each having an IF 
dis tributor , IF-to-video converters , a formatter , a decoder wi th a 
one-megabit  memory , wideband data recorders and a delay calibrator , 
together with a correlation processor are proceeding on s chedule and wil l  
b e  finished by March 1983 . The data acquisition terminal is compatible 
with a Mark-III system and is also obedient to instructions of the same 
schedule program as one being used in the Mark-III field system.  

Trial manufactures of a hydrogen maser oscillator , well-stabilized 
local oscillators , a water vapor radiometer and image rej ection mixers have 
successfully been finished , and details of the K-3 hardware for operational 
use are designed . 

We describe the results from pilot s tudy and the design of the whole 
K-3 hardware , and also present a summary of the expected capability of the 
K-3 hardware system .  
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A 26 METER ANTENNA AND Six RECEIVERS 

A schematic sketch of a 26 meter antenna is shown in Figure 1 . The 
antenna is a modified cassegrain antenna with a horn-reflector feed , and 
has an altitude-azimuth mount . The position of the intersection of axes , 
which is a reference point of a VLBI baseline , is shown in Table 1 in 
coordinate system of SAO-C7 .  The position will accurately b e  resurveyed by 
Geographical Survey Institute and precisely related to a Japanese datum 
origin (Kawaguchi , et al . 1982 ) . 

Tracking of celestial sources with this antenna is automatically 
performed by instructions from a computer within the accuracy of 0 . 01 
degrees at maximum s lew . rate of 1 degree per second . Aperture efficiency 
of this antenna is expected to be 57  % at S-band and 45 % at X-band . 
Antenna noise temperature including noise due to feed system loss is to be 
7 6  K at S-band and 90 K at X-band , at zenith angle of 45 degrees in a 
standard atmosphere.  

The b lock diagram of the SiX feed and the waveguide circuit together 
with preamp lifiers and frequency down-converters is shown in Figure 2 .  The 
S-band RHCP (Right-Handed Circularly Polarized signal) is guided to a 
S-band preamplifier through two directional couplers , the one is for 
inj ection of a delay calibration signal and the other is for adding some 
amount of noise to measure a system noise temperature . The noise adding 
and the system noise measuring are performed by device controllers in a 
data acquisition terminal .  Both RHCP and LHCP (Left-handed one) signals in 
X-band are guided to two X-band preamplifiers through two waveguide 
switches and one ferrite switch , besides two directional couplers which 
have same functions as S-band . The StU (see Figure 2) alternates RHCP 
signal with LHCP signal . 

The amplification of X-band and X ' -band signals are performed by two 
independent preamp lifiers as shown in Figure 2 .. Frequency allocation of 
both bands and response of a Band Pass Filter (BPF) in front of the X ' -band 
preamp lifier are shown in Figure 3 .  Usually , X-band and S-band RHCP 
signals are received in Japan-US j oint VLBI experiments . At the same time , 
if LHCP signals in X ' -band are received , the cross polarization of the 
incident waves can be measured at frequency range from 8180 MHz to 8280 
MHz , a common band to X- and X' -band . The common band is also used for a 
test of system coherence . Both a noise and a delay calibration Signal 
generated in a delay calibrator are received by X- and X ' -band receivers . 
and are recorded on magne tic tapes , and are cross-correlated. by a corre
lation processor in usual manner of VLBI . The result will show the deg
radation of coherence due to system instability or system imperfection . The 
X- and X ' -band can be combined with each other by using a Ferrite SW , SW2 
and BPF . As can be seen in Figure 3 ,  the combination yields two times 
wider bandwidth for synthesis than that of a X-band only . 

The S-band preamplifier is composed of field effect transistors 
(FETs ) , and the noise temperature is eatimated to be below 93 K throughout 
the whole receiving band from 2220 MHz to 2320 MHz . The X-band preampli
fier is usually used in j oint VLBI experiments and is a parametric ampli
fier followed by three FETs . Total gain will be above 50 dB and the noise 
temperature is expected to be below 70 K at frequency range from 8180 MHz 
to 8600 MHz . The X '  -band preamplifier is composed of three FETs cooled 
electrically down to minus 60 C in physical temperature . The gain is above 
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40 dB and the noise temperature is below 100 K at frequency range from 7860 
MHz to 8280 MHz . 

Three down-converters are used to convert the frequencies of S- , X
and X ' -band signals to IF frequencies , those are from 200 MHz to 300 MHz 
for S-band , from 100 MHz to 520 MHz for X-band and X ' -band . The local 
oscillator signals are derived from a 10 MHz reference signal supplied by a 
hydrogen maser oscillator . The S-band local oscillator s ignal of 2020 MHz 
is phase-locked to the reference signal by a phase-locked oscillator (PLO) . 
The output of the PLO , 2020 MHz , is multiplied by four to provide the 
X-band local oscillator signal of 8080 MHz . Another PLO s�pplies a local 
oscillator signal of 7760 MHz for the X ' -band local oscillator and is also 
phase-locked to the same referece . Each converter has an image rej ectior. 
filter and a line equalizer . The filter rej ects undesired spurious or 
alleviates an interference from the lower sideband . The line equalizer 
compensates a rapid increase of attenuation at frequency above 100 MHz in 
IF cables . 

K-3 DATA ACQUISITION TERMINAL 

A K-3 data acquisition terminal is composed of an IF distributor , 14 
video converters , a formatter , a decoder and a reference signal 
distributor . 

The IF distributor has two channel units and a device controller . 
Each unit is independent and exchangeable each other and accepts an IF 
s ignal from 100 MHz to 520 MHz , disributes it to 8 LO IF channels (from 90 
MHz to 230 MHz) and 8 HI IF channels (from 200 MHz to 520 MHz) . The device 
controller controls the devices according to commands sent from a hos t  CPU 
(HP-lOOO model 10L) via a HP-IB interface , and also measures noise tempera
ture of S- , X- and X ' -band receiving system by turning a noise diode on and 
off in front of the receivers .  

The 14 video converters accept 14 IF signals and output 2 8  video 
signals . The upper frequency of each video signal is selected out of 4 ,  2 ,  
1 ,  0 . 5 ,  0 . 25 and 0 . 125 MHz . Each video converter has the same device 
controller as in the IF distributor and is also controlled by a hos t  CPU • .  

The local oscillator signal is supplied by a 10 KHz-step synthsizer 
phase-locked to the reference sig�al from a hydrogen maser oscillator . 

The f ormatter has seven channel units and can accepts up to 28 video 
signals . Each unit samples 4 video signals into one b it and places them in 
a format prescribed so as to be compatible with a Mark-III format . A time 
code and all the timings for formatting are generated from a reference 
s ignal supplied by the hydrogen maser oscillator . The formatter is also 
controlled by a hos t  CPU via a HP-IB interface . 

The decoder performs the function of independently decoding two serial 
bit s t reams encoded and formatted by the formatter and of monitoring parity 
and synchronization errors . The results of decoding and monitoring are 
displayed on its pannel and are sent to a host CPU via a HP-IB inte�face . 
The decoder also has a one-megabit memory in it and stores a part  of the 
same data as that which would have been written onto a tape.  These data is  
utilized for  the purpose of  monitoring signal quality , detection of  a delay 
calibration signal in the data , and of confirming real-time fringes if the 
data could be exchanged through an existing communication link. 
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The reference signal distributor supplies twenty 10 MHz signals to all 
the K-3 equipments and one 5 MHz signal to a delay calibrator as a refer
ence . These signals are distributed or divided from one reference signal 
supplied by a hydrogen maser oscillator . 

K-3 WIDEBAND DATA RECORDER 

A K-3 wideband data recorder is composed of an instrumentation facili
ty (a Honeywell M-96) for driving a tape and some self-developed electro
nics for recording and reproducing 28 channel-digital data sampled and 
formatted in a K-3 data acquisition terminal . 

A digital head driver records the digital data of 4 . 5  Mbps on 28 
tracks at a speed of 135 ips , and the resultant recording density is 33 . 3  
Kbpi . 

A read module and I/O modules for reproducing the 33 . 3 Kbpi data on 28 
tracks at the maximum speed of 270 ips is under development and will be 
completed in December , 1982 . The maximum reproducing speed of 270 ips is 
two times faster than the usual recording/reproducing speed . As noticed 
later , this means shortening of time required for data processing . 

All the sequences of recording and reproducing are controlled by a 
controller . The controller has a micro processor to control the wideband 
data recorder according to instructions from a host  CPU via a HP-IB 
interface and is always monitoring a footage counter for controlling the 
physical tape position . 

K-3 DELAY CALIBRATOR 

The S IX receivers at the antenna site and the data acquisition 
terminal in the ground building are connected by cables of about 62 meters . 
The variation of the cable delay is calibrated by a K-3 delay calibrator , 
the design of which is similar to a Mark-III delay calibrator . 

The measured delay variation over 24 hours is shown in Figure 4 .  We 
can see a rapid decrease of the delay in the evening and an increase in the 
morning , and the peak-to-peak variation of about 0 . 1 ns was observed . 

The resolution of the delay calibrator is about 0 . 5  picosecond and its 
ins tability is less than 5 picosecond . 

K-3 CORRELATION PROCESSOR 

Correlation processing is conducted by a HP-lOOO model 45F computer 
with the aid of a HP- lOOO model 10L computer and the use of a K-3 correla
tion processor . This correlation processing system is illustrated in 
Figure 5 .  

The correlation processor has 4 correlation units and 4 unit control
lers . In each correlation unit , 8 pairs of data s treams are cross-corre
lated and integrated . The correlated data are transferred to the 45F via a 
direct memory access line (DMA line) of HP-IB under controls of each unit 
controller . Necessary parameters for processing are transferred on the 
same line from the 45F to each unit controller . The unit controller sets 
these parameters to correlation units . 

Synchronization errors between two data streams are calculated by the 
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unit controller , and are reported to the 10L . According to the informa
tion , the 10L controls a speed of one wideband data recorder , while i t  
keeps the other recorder at a cons tant speed . 

At any time , an operator can monitor and query the processing s tatus 
,{ia a HP-IB interface of the 10L without disturbing the data transfer 
between the 45F and the unit controller via a DMA line . 

The capability of the K-3 correlation processor are sU1lDD.arized in 
Table 3 .  The marked capability of this processor is the maximum 
integration period of about 8 second at the data rate of 4 Mbps and the 
maximum processing speed of 8 Mbps . The long integration capability may 
alleviate a load of the 45F and the fast processing speed may reduce the 
time required for the processing . 

K-3 HYDROGEN MASER OSCILLATOR 

We are now developing a new field operable hydrogen maser oscillator . 
Preliminary experiments on a small sized prototype maser oscillator have 
been done to obtain data for the design of a new operational maser .  

The performance o f  the _1J.3ototype maser i s  shown in Figure 6 and the 
short term stability of 7xlO has been obtained . In the figure , a dashed 
line shows a required performance and filled circles show measuring values 
on the prototype maser .  We have already achieved a required performance . 
In the error es timation due to the frequency instability , however ,  we use 
the required performance as a worst case . 

Making good use of this experience , a detailed design of the 
operational maser is determined as shown in Table 4 for a physics package 
and in Table 5 for electronics system.  All works on two operational masers 
will be finished by March , 1983 . 

K-3 WATER VAPOR RADIOMETER 

Tropospheric path delay due to water vapor along a ray path will be 
corrected by a K-3 water vapor radiometer . 

The radiometer measures sky noise temperatures emitted by water vapor 
at two frequencies near the resonant frequency of 22 . 2  GHz .  From these 
noise temperature measurement ,  tropospheric path delay is precisely 
determined as have already been made clear by Wu (Wu 1979) . In the deter
mination , however , there are some problems . 

In the first , the measured noise temperature must  not be interfered by 
other noise sources such as a noise from the ground or a noise generated by 
lossy circuits in the radiometer. We can correct the unkown bias adding to 
the true sky noise temperature by a tipping method or using a liq�id 
nitrogen cooled dummy in front of the antenna . For making the tipping 
method effective , we need to measure the sky noise temperature dOlfll to the 
elevation angle of less than 10 degree (equivalent to the air mass number 
of larger than 5) as can be seen from Figure 7 .  The figure , the result of 
covariance analysis on the tipping curve , shows the es timation error of the 
unknown bias ( O"'Tl) caused by the observation error of 0 . 5  K,  when the 
tipping is conductea down to the elevation angle shown on the abscissa.  We 
design our radiometer so as to measure the sky noise temperature down to 
the elevation angle of 10 degree without interference from the ground , by 
using a narrow beam , low sidelobe antenna. 
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In the second , coefficients used in the estimation of path delay from 
the sky noise temperature depends on meteorlogical condition . To avoid 
this dependency , we choose optimum pairs of frequency of 20 . 0/26 . 5  GHz or 
20 . 3 /31. 4 GHz as is recommended by Wu (Wu 1979) , and will confirm the 
validity of the coefficients by launching radiosondes . 

The radiometer of a temperature-s tabilized Dicke-type are designed and 
will be finished in May 1983 . The error of the sky noise measuring are 
expected to be less than 1 K .  

CONCLUSION 

We present a summary of a K-3 hardware system being developed in 
Japan. In conclusion , we will summarize the error caused by the K-3 
hardware system in Table . 6 .  In the es timation , we suppose a baseline 
between the OVRO 40 m antenna and the Kashima 26 m antenna. From this 
table , the total observation error of about 2 em will be expected . 

We heartily hope that the Japan-US j oint experiments will successfully 
start and the data will give new information to the fields of geodesy and 
crus tal plate mortion.  

ACKNOWLEDGMENT 

We would like to thank to Dr . A . E . E . Rogers for his kind helps in 
designing K-3 data acquisition terminal , Dr . H . Hinteregger in designing 
wideband data recorder , Dr . G .M . Resch in deSigning a water vapor 
radiometer , Dr . A .R .Whitney in designing a correlation processor , and many 
other VLBI researchers for their kind suggestions and encouragements . 

References 

Kawaguchi ,N . ,Kawaj iri ,N . ,Kawano ,N. ,Yoshimura ,K. , Ishi i , H . ,Murakami ,M. ,Nishi
mura , O .  ,Yoshimura ,  Y "  and Kaidzu ,M . , 1982 : A baseline determination between 
Kashima 26 m and Tsukuba 5 m antennas in j oint VLBI experiment plan of RRL 
and GSI ,  in this issue , 

Wu , S . C .  , 1979 : Optimum Frequencies of a Passive Microwave Radiometer for 
Tropospheric Path-Length Correction , IEEE transaction , vol .AP-27 , NO . 2 .  

1 68 



1 LI m 
1 5.5m 

.... 

aseline 
reference 
point 

25.4 4m high, 
above sea level 

Fixed 
Ground 
Monument 

Figure 1 .  The schematic sketch of the 26 meter antenna at Kashima 
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Table 1 .  The position of the 26 meter antenna 
in SAO-C7 coordinate system 

Latitude 
Longitude 
Geoid height 

140°39 ' 45 . "6 
35°57 ' 15" . 1  

7 7 . 08 meter 

Table 2 .  Summary of electrical characteris tics of the 
26 meter antenna and the SIX receivers 

----
� item 

S-band X-band 

Frequency Range 2200-2320 MHz 8180-8600· MHz 
Antenna Diameter 26 meter 26 meter 
Aperture Efficiency 57 % 45% 
Antenna Gain 52 . 8 dB 63 . 2  dB 
Antenna Noise Temperature 70 K 60 K 
Waveguide Circuit Loss 6 K 30 K 
Preamplifier Noise 93 K 70 K 

Total GIT 30 . 5  dBK 41. 2 dBK 

Table 3 .  The performance of the K-3 correlation processor 

Number of Channels 
Maximum Processing Speed 
Programmable Delay . 
Correlation Lags 
Integration Period 

Buffer Memory 
Fringe Rotation 

Phase Resolution 
Phase Rate Resolution 

Rotation Pattern 
Fractional Bit Correction 

1 74 

32 
8 Mbps 
enable up to 128 bits 
complex 8 bit-lags 
5 msec to 8 . 38 sec at 
4 Mbps of data rate 
20 Kbits 

0 . 02 micro-radian 
0 . 93 mHz 
(Phase Acceleration Enable) 
3-1eve1 
90 deg . phase jump 



Table 4 .  The design of the operational hydrogen maser 
oscillator for the physics package 

Magnetic shield 
Magnetic shielding factor 
Resonant cavity 

Storage bulb 
Temperature 
State selector 
Collimator 

Source gas pressure 
Source bulb 
Dimension 

Weight 

1 . 5  mm Permalloy , 4 shields 
15 ,000 • 

27 . 5  cm dia. and 30 . 4  cm long 
QQ= 50 ,000 
18. 0  em dia. quartz 
cavity @ 49 + 0 . 001 °c 
hexapole magnet 7 kGauss 
multi channel collimator 
each channel 25 � dia. and 
0 . 5  mm long 
0 . 1 Torr 
3 cm dia. and 5 cm long pylex 
90 cm wide , 80 em deep and 
165 cm high 
ca. 700 kg 

Table 5 .  The design of the operational hydrogen maser 
for the electronics system 

Power supply 
Receiver 

Preamp . 
1st mixer 

L . O .  Multiplier 

Synthesizer 
VCXO 
10 MHz buffers 

Gas pressure contro�ler 
P d H2 purif ier 
C-field 
Signal outputs 

AC 200V and AC 100V 

2 . 2  dB N . F .  commercial unit 
Double balanced image rej ection mi�er 
commercial unit 
phase lOGked multiplier 
comm�Isial unit 
7xlO resolution, commercial unit 
HPl08llB 
120 dB isolation 
custom made at RRL 
custom made at RRL 
o to 20 mGauss ,  regulated lxlO-5 

10 MHz , +13 dBm, 50 ohm; 7 channels 
1 pulse per second TTL level ; 2 channels 
Monitor signal 
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Table 6 .  The observation error estimation of the VLBI 
experiment between OVRO 40m and Kashima 26m 

Error sourc error comment 

Antenna and Receiving System 54 psec 1 Jy , 300 sec , Mode E 
Hydrogen Maser Oscillator 18 psec clock instability 
Delay Calibrator 5 psec time interval counter 

error of 1 micro-sec 
25 Hz 

Wet Component Path Delay 38 psec radiometer error of 
1 K 

Dry Component Path Delay 11 psec pressure gauge error 
0 . 1 mbar 

Phase Scintillation 6 psec integration time of 
300 sec 

Total RSS 70 psec about 2 em 
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K-3 VLBI SOFTWARE DEVELOPMENT FOR INTERNATIONAL EXPERIMENTS 

F . Takahashi , T . Yoshino , H .Murakami , 

K . Koike , H . Kunimori , and T . Kondo 

Kashima Branch , The Radio Research Laboratories 
893-1 Hirai , Kashima , Ibaraki , 314 Japan 

ABSTRACT . Since last year we " have been developing" 
VLBI software system for geodetic application . We 
call it "K-3 Software System" . K-3 Software 
System has eight sets of software whose initial 
letters are all "K" . The time limit of this 
development is the end of 19 83 for the start of 
Japan-US j oint experiments 

INTRODUCTION 

The Radio Research Laboratories (RRL) is developing the 
comprehensive K-3 Software Sys tem for the international VLBI 
experiments . Our main target is the centi-meter analysis of plate 
motion , polar motion , earth rotation and local crustal deformation . 
However ,  an illDllediate work is to succeed in Japan-US j oint VLBI 
experiments . 

At present the development of K-3 software is conditioned by next 
two factors . First one is that the time limit is the end of next year 
1983 for Japan-US j oint experiments . Second one is the existence of 
the st�ong and experienced Mark-III software. So we must  have some 
principles not to fall into the imitation of others . Then we adopted 
next three stress-points of K-3 Software System.  

" 

1) Consistency of comprehensive data processing and 
analysis software 

2)  Compatibility between K-3 and Mark-III 
3)  Originality of the VLBI analysis in a Japanese group 

We realize that the compatibility has a significance to supple
ment the cOllDllon resources each other . By two points 1 )  and 2) we can 
get the minimum base of VLBI software and on this base we plan to 
stress the last point ; the originality of a Japanese VLBI group . 

OVERVIEW OF K-3 SOFTWARE 
� 

Fig. (l) shows the general overview of K-3 software sys tem. K�3 
software is composed of three maj or software groups and three active 
software buses . In the first software group we have our scheduling 
software KASER and automatic operation sof tware KAOS for K-3 hardware 
system. In the second group there are setting-up utilities KASET , 
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correlation software KROSS and bandwidth synthesizing software KOMB . 
In the third group we have an apriori model software KAPRI and least
-square-determination software KLEAR. 

Among the Fig . ( 1 ) , s three 
software buses , the left one is the 
data-base system KASTL which is the 
common resources for the overall 
K-3 software. The next one is the 
scratch files or system commons 
which are not only commons but also 
temporary resources for each 
software group . The right bus is 
the local common which is the 
original resource for each software . 

We will use these three buses 
hierarchically and we are going to 
get the good prospect for our 
software design .  

KASTL 

SYSTEM LOCAL 

common common 

KASER 

KAOS 

KASET 

KROSS 

KOMB 

KAPRI 

KLEAR 

----....;� � 
Active three buses K-3 Software Group 

FIG.  (1) (M:RVIEW OF K-3 SoFTWARE SYSTEM 

SCHEDULING SOFTWARE "KASER" 

Scheduling software KASER of K-3 corresponds to Mark-Ill ' s  SKED 
( Vandenberg , 1982a ) .  KASER , however , will have one important and 
different function from SKED . This is an external optimum filtering 
function. Mk-III ' s SKED has many tools and utilities to make VLBI 
observation schedule easily . But we heard that the operator using 
SKED is apt to have the 
heavy load to optimize the schedule 
( Vandenberg , 1982b ) .  We also 
think the design of the automatic 
software to do the optimization 
for it will be much heavier task 
for us . 

In the K-2 antenna control 
software we already succeeded in 
designing the external filter for 
satellite tracking . Using this 
experience we can design the easy 
interface routine between KASER 
and external program. Therefore , 
we can depend on the specialist of 
schedule optimizing program. 
Fig . (2) shows the schematic 
illustration of the interface of 
KASER and this optimum filter . 
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KASTL 

,_ . ... . . . ... . . . .  . : Source Cat. 

SNAP Schedule 

FIG. (2) ScHEMATIC FIGURE OF KASER 



AUTOMATIC OPERATION SOFTWARE "KAOS" 

Automatic Operation software KAOS corresponds to Mk-III ' s  Field 
System(  Vandenberg 1981 ) .  We already completed KAOS and we are 
checking and testing it . 

KAOS controls many kinds of K-3 hardware ( see Fig . (3) ) using 
HP-IB . KAOS has next three strong points . The first point is the 
full compatibility between K-J . and Mk-III . The second is the 
exclusive adoption of HP-IB bus and ASCII protocol.  The last one is 
the emergency measures using the Service Request function of HP-IB . 
KAOS can use the status word of SRQ and serial polling automatically . 
KAOS is the most important software for the success of Japan-US 
experiments .  

DMA 

DMA 
HP- 1 000 

Model 10 DMA REC1! ·REC2 

FIG. (3) I\rrIM'T1C CONTROL Of K-3 SYSTEM USING KAOS 
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DATA BASE SETTING-UP SOFTWARE "KASET" 

The data base setting-up software KASET corresponds to Mk-III ' s 
DELOG , CALIB , UTIPM, EPHEM. We are designing KASET to unify these 
Mark-Ill ' s  functions . In other words , we plan to form the data 

. base setting-up rQutines into single 
software . Since we can process and 
analyze VLBI data at one place Kashima , 
we can design this unified one like 
this . KASET is divided into five 
sections shown in Fig . (4) . The firs t 
is the man-machine interface section 
for following four sections . The 
second section is extracting the 
information from SNAP log . The third 
is the data table setting of UTI and 
polar motion form International 
Latitude Observatory of Mizusawa and 
TAIRRL and UTC from RRL . The fourth is 
setting the planetary ephemeris of 
Japanese Hydrographic Department . The 
last is the diagnostic section of 
setting-up data. 

Man-Machine 

Interface 

Extracting Data 

from SNAP Loa 

UT 1.Polar Motion 

Data Table 

Planetary 

Ephemeris 

01 J.H.D. 

Diagnostics of 

.et-up Data 

FIG. (q) DATA BASE SETIING UP SOFlWARE KASEr 
CORRELATION PROCESSING SOFTWARE "KROSS" 

The cross correlation processing software KROSS corresponds to 
A Mk-III ' s  COREL . KROSS controls 

32 channels of K-3 processing 
modules and two data recorder . 
Fig . (5) shows the hardware 
interfaces around KROSS . 

We have an originali ty of 
I/O among correlator , data 
recorders , and two computers . 
We are also using the HP-IB=DMA 
interface between correlator 
and computers . whi le in Mark-III 
they are using the CAMAC type 
interface . We believe the 
recent progress of HP-IB will 
show the meri ts of K-3 method 
in near future . 

KROSS can bring K-3 
processor ' s  ability into full 
play , especially , we can 
utilize the SRQ functions of 
HP-IB . We are also designing 
KROSS to be able to process the 
multi-baseline correlation 
including the multi-synchro
nization of data recorders . 
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BANDWIDTH SYNYHESIZING SOFTEARE "KOMB" 

The bandwidth synthesizing software KOMB corresponds to MarK-Ill ' s  
FRNGE . We named this software KOMB to show the alignments of narrow 
bandwidths as an analogy of the 
hair comb . This sof tware 
is mainly divided into two 
sections as shown in Fig . (6) . One 
section is the single frequency 
coarse search section and the 
other is multi-frequency fine 
search section. KOMB can also 
archive the processed data in the 
format of A and B tape at 
Haystack and NGS format for MERIT 
campaign because K-3 database will 
have both the processed and 
analyzed data. 

" .. III 
III 
I III ii 

c 

.. .! ii: 
z: u 
ii .. u 
m 

KOMB 

Single Coarse 

Search 

Multi Fine 

Search 

KONV 

Mark-III Format 

FIG. (6) BANDwIDTH SYNTHESIZ ING SOFTWARE KDMB 

APRIORI MODEL SOFTWARE "KAPRI" 

The apriori model software KAPRI corresponds to MK-III ' s CALC 
software . Mk-III ' s CALC has very clear designing thought and also 
has we11-moduled structure so one can manage the operation his tory 
of CALC surely . We are learning 
many things from Mk-III ' s  CALC 
and we plan to develop KAPRI on 
the basis of CALC . 

We are cooperating with 
International Latitude Observ
atory of Mizusawa( ILOM ) and 
they proposed the unified phy
sical model of earth rotation and 
its partial derivatives consider
ing both the deformable Earth and 
the liquid core resonance in 
Earth for our KAPRI . The values 
computed by KAPRI will be used in 
following leas t-square estimating 
software KLEAR. KAPRI also 
computes the ocean loading effect 
on Kashima because Kashima is 
very close to the Pacific Ocean. 

1 8 1  

.c t: III W 
.! .a III E ... 0 
ii 
c 

KAPRI 

Operation-History 

Management 

oJ I-
m 
<C 
� 

A priorI-Value 

Computation 

III .. III III 
III ; c 

Partial Derivative 

Computation 

FIG. (7) APRIORI tmEL SOFTWARE I<APRI 



LEAST SQUARE ESTIMATION SOFTWARE IIKLEARII 

The baseline analyzing software KLEAR corresponds to SOLVE of MK-III . 
We . are designing KLEAR to consider that the nutation analysis is very 
important for precise geodetic application. KLEAR will be able to estimate 
the effects of the liquid core resonance on the nutation . 

KLEAR 
. ... ........ .. . . . ... . . . . . ... . J . . . . . . . . . _ .. . . _ . . . . . . _ . .  

B Error Matrix 
" 

FIG. (8) lfAsT SQUARE ESTI""rl� SOFlWARE I<l.EAR 

KLEAR also has the interface routines between MK-III ' s SOLVE and 
external optimum filter as shown in Fig . (8) . Therefore we can depend on 
the specialist about the program of estimation optimizing procedures . The 
filter ' s  input is the error matrix for SOLVE and the output is the MK
-Ill ' s  SOLVE-like machine-callable commands .  

Beside the baseline analysis , we will use this KLEAR for inter
national time synchronization and for the researches of the propagation 
effects of both ionized and neutral atmosphere . 

DATA BASE SYSTEM IlKASTL" 

We named our data base system KASTL after Japanese castle ' s  multi
-storied structure . We plan to use the general purpose data-base system; 
H .P . ' s  IMAGE/lOOO for our KASTL . Using IMAGE we can describe a suitable 
schema for our KASTL and utilize the various kinds of data-base handling 
tools prepared by H. P . , especially the computer-networked data-base 
utilities . Fig. (9) shows our "future plan" of KASTL . KASTL will be 
connected to Geographical Survey Institutes of Japan and International 
Latitude Observatory of Mizusawa via X . 2S protocol of Distributed System
/1000 and also it may be connected with the foreign system by the satel
lite communication line . 
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FIG. (9) iNFORfoW.. "FUTURE PLAtt' OF DATA BASE KASTL 
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CONCLUSION 

Now we conclude with a few general remarks on the compatibility 
between K-3 and MK-III software. We plan to have next five 
compatibility points . The firs t is the observation schedule using 
SNAP commands The second is the observation logging file using SNAP 
log format . The third is the high density data tape format . The 
fourth is the A and B tape format after the bandwidth synthesis . And 
the last is the NGS card image format . 
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JPLICIT BLOCK II VLBI PROCESSOR 

David H. Rogstad 
John C. Peterson 

Correlation Systems Group 
Jet Propulsion Laboratory 

California Institute of Technology 
Pasadena , California 

Abstract 

Users of VLBI at JPL and CIT are jointly funding and ·implementing 
a Mark III compatible VLBI correlation processor. This processor, 
referred to as Block II , will begin operation by fall of 1982 . 

The Block II design is based on the JPL/CIT Mark II Processor and 
makes extensive use of RAM, ROM and progr ammable arr'ay logic to 
implement its various functions, with control and modelling done in 
bit-slice microprocessors. The output lag-data are fast fourier
tr ansformed (FFT) once per 100 ,0 00 bit time s ,  and various phase 
corrections applied. The cor rected data are accumulated in RAM 
where a two dimensional FFT is performed to accomplish coherent 
integration over frequency and time .  

The proces sor h as be en designed to o perate u p  to 8 Mbits per 
second. It is co ntrolled by a DEC VAX 11/780 comput er, whioh is 
also used to perform all post-correlation analysis. 

1 84 



I. Introduction 

The · Deep Space Network and the Geody namics Project at the Jet Propulsion 
Laboratory (JPL) together with the VLBI Radio Astronomers on the campus of the 
California Institute of Technology (CIT) are jOintly funding and implementing 
a �ark III compatible VLBI Correlation Processor. This processor, referred to 
as the Block II, will be located in the Astronomy Data Processing Facility on 
the CIT campus. 

This paper describes . the principle characteristics of the B lock II,  and 
pre sents several block diagrams showing the processor's overall design 
features and functional operation. Figur e 1 indi cates the personnel at  JPL 
and CIT who are responsible for the design and implementation of the processor 
subsystem. In addition, some of the main goal s that have influenoed its  
design are listed, toge ther with the desired comple tion date of  fal l-19 82. 
The uses for such a processor include the normal astronomical applications of 
source survey and source structure, as well as the more recent and exci ting 
application of geodesy. 

II. Principle Characteristics 

The p�inciple Characteristics of the Block II Processor are summarized in 
figure 2. These include : 

- compatibility with the Haystack/Goddard Mark III tape format, consisting of 
28 parallel tracks of up to 4 megabits/sec data rate, permit ting a user to 
process Mark III tapes at either facility: 

- a 3 s t a tion  c orr e l a t ion capab i l ity  w i th s pare  m o d u l e s  in  s u ch a 
configuration that processing of 4-station data is po ssible,  and w ith the 
added feature that expansion to 7 stations can be easily accomplished: 

- ganging of the eigh t  delay-lags in each frequency channel with those in 
adjacent channels so that processing of at least one channel can be performed 
with as many as 224 lags , or 112 independent frequency bins after fourier 
transformation : 

- geometric delay for each station/channel accomplished in digital hardware 
using RAM ,  ra ther than by time-synchronizing the data tapes relative to one 
ano ther with ti me offse.ts ( the present RAM consists of 16k x 1 chips giving 
delay s  or 0 to 32 m il li sec in each sta tion module, upgradable to 2 56k x 1 
ohips by simple replacement ,  giving 0 to 512 millisec of delay) ; 

- geometric model phase and delay updates performed in microprocessors built 
into the processor hardware using cubic interpolation for the phase and linear 
interpolation for the delay, in order to remove the model computing load from 
the processor control com puter ( also being used for po st-correl ation 
pr0gessing) ; 
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• PERSONNEL 

• HA RDWARE . - J. PETERSON, B. RAYHRER, M. EWI NG 
J.. D I LLON, B. ESP I NOZA 

• SOFTWA RE - D. ROGSTAD, W. HAMMOND, J. VAVRUS 

• GOALS 

• GSFC/HAYSTACK MA RK I I I COMPATI BLE P ROCESSOR 

• EXPANDABLE TO AT L£AST 7 STATI ONS 

• P ROTOTYPE FOR VLB I ARRAY P ROJECT 

• U SED FOR SU RVEY, SOU RCE STRUCTURE, GEODESY 

• 3 STATI ON OPERAT I ON BY FALL, 1982 
Figure 1 .  Block II Implementation Personnel and Goals 

• MARK I I I COMPATI BLE DATA I NPUT FORMAT 

• 28 FREQ. CHANNELS, 3 STATI ON (EXPANDA BLf TO 7) 
• 8 LAGS/CORRELATORS, GANG I NG UP TO 224 LAGS 

• GEOMETRI C DELAY I N  HARDWARE (0-32 ms , EXP. TO 512 ms) 
• DELAY AND PHASE UPDATES I N  MICROPROCESSORS 

• FFT AND FRACT. B ITSH I FT  CORRECTION I N  MICROPROCESSORS 
• I NTEGRATI ON I NTERVALS FROM 105 TO 109 B I T-T I MES 

• 4 MULT I LEVEL (127) TONE-EXTRACTORS/CHANNEL 

• PHASE-CAL DETECTED/APPLIED I N  REAL-TI ME 

• COHERENT-I NTEGRATI ON OF FR I NGES I N  H/W (TENSOR) 

• P ROCES SI NG OF O R B I TAL VLB I DATA 

• FR I NGE RATES FROM 0 UP TO 1 CYCLE/ B I T-T IME 

• DELAY RATES UP TO 40 B ITS/MEGAB I T-TI ME 

• P ROCES S I NG RATE OF 8 MEGA B I TS/SEC 

Figure 2 .  Principle Characteristics 
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- Fourier transtormatio n trom the lag (delay) domain into the trequenoy 
domain, toge ther with oorreotion ot the phase tor the traotional-bit- shitt 
error made between pairs of �tat1ons, accomplished every 100,000 bit-times, in 
order to set up for the oOherent integration aoross frequenoy channelsj 

- extrao tion ot up to 4 phase-oal tone s  in eaoh trequenoy ohannel tor eaoh 
station, using multilevel tone rotators simultaneously with normal prooessing, 
and applioation of these phase-oal data to the correlated data in real-time; 

- oOherent integration of the oorrelated data aoross  frequenoy obannels and 
time within the Tensor hardware to produoe bandwidtb syntbesis del ay and 
delay-rate in real-time ; 

- oapability of bandling the phase and delay rates th at are required to 
prooess VLBI data taken with antennas orbiting the earth ; 

- capability ot prooess1� either 8 megabit/seo data or lower bit-rate data at 
faster tban real-time rates. 

All ot these oharacteristios have been implemented to provide the power and 
flexibility required by the users who are funding the projeot. A further goal 
has been to implement a prooessor with the latest LSI and VLSI teohnology that 
can then serve as a basis for any future oorrelator development, particularly 
the NSF VLB I Arr ay ing pr o j eot. A VLSI devel o pment pro j eo t  is pr e s e n tl y  in 

progress at JPL to produoe a single correlator chip containing 16 lags plus 20 
bits ot acoumulation running a t  a maximum rate ot 16 megabi t s  per seoond. 
This chip should be available by the end of 1983. 

III. Funotional Overview 

The architeotural desi gn of the Blook I I  Prooessor has been based on  the 
CIT/JPL Mark II Correlator looated on the CIT oampus. Blook II consists of 28 
of these Mark II ty pe prooes sors running in par allel,  oontrolled by a VAX 
1 1/7 80 comput er, as shown sohemati oal ly in figur e 3.  Eaob of the 28 
prooessors handles the data reoeived trom an individual traok on the up-to
four input tape transports . 

Figure 4 shows a blook diagram of one of the 28 channel prooessors, with the 
funotions performed by eaoh module. Separate control from the VAX oomputer is 
provided for the station modules and the correlator modules. The bit-stream 
from each tape transport is read into its oorresponding station module, where 
bit-clook and data-frame synohronization is obtained. Then  the data are 
written into dynamic RAM for acoomplishing the neoessary station delay. At 
the appropr ia te ti me , the data are read out and sent to the station phase
calibration oirouitry as well as over to the oorrelator modules. The phase
oal module consists of four tone-generators that are multiplied against the 
data stream for deteoting any phase-oal tones inserted for oalibration. The 
delay models,  as wel l as the frequenoies of th e tone-generators , are 
determined by the VAX driver oomputer. 

The correlator modules reoeive data from a pair of station modules for the 
purpo se of oross-oorr ela ting these da ta. Addi tio nal funo tions performed 
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Figure 3 .  Processor Overview 
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include phase-rotation of the correlated data to compensa te for frequency 
doppler- shift due to the earth's rotation; fourier tr ansfor ma tio n of the 
delay-lag data into the frequency domain and application of a fractional bit
shift phase correction as well as the phase-cal corrections obtained in the 
station modules;  and final ly, accumulation in th e Tensor modules for the 
coher ent integration operation. The FFT oper a tion trom delay to frequency 
space occurs once every 100 ,000 bit-times in order to m1n1mize the ettects ot 
delay smearing. 

IV. Some Details 

More detailed block diagrams of the station and correlator modules are found 
in tigures 5 and 6. Both of these modules are built around AMD 2903 bit-slice 
microprocessor technology tor performing the control , model generation and 
model updating functions, a well as interfacing to the VAX control computer. 

The station module in figure 5 actually resides within the electronics rack 
housing the tape transport. Data from a tape track are input to the sync and 
decode circuitry, which provides feedback to the transport tor bit and frame 
sync control as wel l  as ti me-of-day information to th e VAX for mul tiple' 
transport time-sync. The synchronized data are then written into dynamic RAM 
for delay. These data are read from the RAM under control of the model delay 
contained in the delay register, and then passed onto the correlator module. 
The delay line co nsi sts of eleven 16k x 1 RAM chips,  providing up to 3 2  
mlllisec ot delay tor the data and the data control signals. The tone phase 
rotators used to detect the phase-cal calibration tones receive the same data 
as are sent to the correlators. These data are used as one ot the address 
bits, along with th e ei gh t  high-order bits of the phase number contained in 
the phase register,  pointing into the ROM for obtaining the product of tone 
sinusoi d  and the VLB I bi t-stream data. This result is then accumulated for 
100 ,000 bit-times in preparation for being sent off to the correlator module, 
and used to correct the correlated data for phase-cal. 

The correlator module is shown in figure 6. The input to this module 
consists of two streams of ' VLBI data and two streams of phase-cal data. The 
VLBI data from stream 11 are delayed by plus or minus one bit to correct for 
the delay error someti mes made fr,om quantiz ation effects in the hard ware 
implementation of the model delay. The data are then passed through an eight
lag shift register to obtain the spread in delay required for processing. The 
VLBI data from stream 12 are delayed suffiCiently to place the zero delay-lag 
near the mid-point position, and eight multipliers take the product of the two 
bi t-streams and the corr ela tion phase-ro ta tion siusoi ds. The r esults are 
accumulated for 100 ,000 bit-times and then sent to the FFT microprocessor for 
transform ing and appli cation of corrections. The phase register for the 
correlation doppler-phase correction is 64 bits long to accommodate the cubic 
interpolation algorithms with minimal errors. 

As indicated in figur e 6 ,  the correl ated data is  pas sed on to th e Tensor 
memory for performing coher ent integrati.o n  of the fringes. This circuitry 
consists of large amounts of RAM storage, a 2903 bit-slice microprocessor for 
FFT, and a MC6 8000 microprocessor for performing all ot the control and data 
m ani pul a ti o n  ne ed e d  t o  pe rfo r m  th e i n t egr a ti o n  func t i o n. After  
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tr ansf'orma tion, selected portions of' the data are sent to  the VAX f'or pos t
correlat1on process1ng. 

The delay and phase model update algorith ms are sum mariz ed in figur e  7 .  
These provide a hardware implementation of' oubio interpolation f'or phase, and 
a linear interpolation for delay. The same algorithms are used in the station 
and the correlator module mioroprooessors. As seen in the figure, model phase 
parameters , inoluding phase, three time-derivitives of the phase, and a delta
phase for correo tion when the delay changes by one bit,  are supplied by the 
VAX to the prooes sor hardware and l oaded into the appropr iate regis�ers. 
Then, onoe every 5000 b i t- ti me s ,  the var ious der iv i t ives ar e ad ded 
appropr iatel y  to ao oomplish th e oubic interpolation. The 6 4-bit wide 
registers guarantees that the phase is always acourate to better than 1 part 
in 1 0 ,0 00 for as long as 20 second of ti me with baseline s  as large as 
1 ,0 0 0 ,000 , 0 00 wavelengths. The delay algori thm need only be l inear , w i th 
delay and delay-r ate com ing f'rom th e VAX, and updates in th e hardware 
occurring every 100 ,000 bit-times �or normal processing, and every 5000 bit
times �or orbital VLBL 

TO P HASE DECODE 
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PER B I T  CHANGE I N DELAY 

TO DELAY ROM 

D ELAY REG I STE R 
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Figure 7 .  Model Update Algorithms 
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�iater vapor radiometry : 
APPLICATION TO GEODETIC RADIO INTE�FERO�ETRY 

G .  Elgered 

Onsala Space Observatory 
Chalmers University of l'echnology 

S-� 3900 Onsala , Sweden 

ABSTRACT . The accuracy of geodetic radio  i n t e rferome try 
experiments has now reached a level where one of the main errors 
is the excess propagation path caused by water vapor through 
the troposphere . The most promising instrument to measure this 
excess propagation path is the water �apor Rad iometer ( wV R ) . 
A �jVR has been constructed at the Onsala Space Observatory and 
is now dedicated for radio interferomet r y  e x pe r imen t s . T h e  
w V R  measures the sky brightness temperatures at 2 1 . 0  and 3 1 . 4  
GHz . 'lhese parameters can g iv e  a value of the wet path d elay 

with a formal accuracy around 0 . 5  cm in the zenith d i re c t ion 
for a large percent of the time . lhis accuracy has been derived 
from comparision measurements with the �V R ,  radios o n d e s , and  
an  infrared spectral hygrometer . 

INTRODUCTION 

Refractive index 

The time of arrival for radiosignals propagatin� throuFh the troposphere is 
a ffected by variations in the refractive index a long the path . The refractive 
index at radio frequencies can be written as ( Smith and Weintraub 1 95 3 )  

n = 1 + 1 0-6 ( 77 . 6  * PIT + 3 . 7 3 • 1 05 • e/1 2 ) . ( 1 )  

P and e are in millibars and symbolize the total pressure and the par t i a l  
pressure o f  water vapor , respectively . 'I' is the absolute temperature in d�rees 
Kelvin . 

lxcess propagation path 

Instead of the delay in the time of arrival , it is equivalent to define the 
excess propagation path , �L , as 

GO 

�L = 102 f (n - 1 )  I s in e • db . 
ho  

(2)  

where � L  is in centimeters , if the height h is expressed in me te r s . The 
ground level height is h o and e is the elevation angle of the propagation path. 
Inserting equation ( 1 )  in equation ( 2 )  gives by the hand that � L  consists of 
two components . The first ( dependent on the total pressure and about 2. 3 DIeter 
in the zenith direc tion ) is almost constant and the exi st i ng  variat ions a r e  
easy t o  calculate from fround pressure measurements ( Moran and R o s e n  1 9 8 1 ) .  
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For the second term , often called the wet path delay, it is difficult to achieve 
high accuracy by using trad itional meteorolog ical measurements at the ground . 
the explanation is the low correlation between the water vapor density at the 
ground with that at higher 'altitudes . It is bel ieved that unknown variat ions 
in the wet path delay contribute with one of the principal errors in the geodetic 
parameters determined in a Very Long baseline Interferometry ( V LBI ) experiment 
( ShapiJ�o 1 9 7 6 ) .  The demand for continuous observations of the wet path delay 
toward s any arbitrary point in the sky can be met by using microwave radiomet�y. 

A water vapor radiometer 

A microwave radiometer d esigned to be sensitive to water vapor is �enerally 
c a l l e d  a Wa t e r  Vapor Rad iometer ( wV R ) .  Several such instruments have been 
constructed ( Guiraud et . al e 1 97 9 ,  Moran and Rosen 1 9 8 1 , and Resch 1 982 ) . The 
m a in d i fferences b e tween the e x i s t i n �  � V R : s  are the front-end calibration 
networks and the frequency bands to be observed . Primarily one frequency close 
to the water vapor line at 22 . 235 GHz is needed , but to be able to make good 
observations in the presence of liquid water ( clouds) in the atmosphere a second 
frequency is necesarry. 

Brief" theory and approximations 

The theory given by Wu ( 1 97 9 )  relates the two sky brightness tempe ratures 
a t the frequencies f1 and f2 ' measured with the \-I V R  t o  t h e  w e t  p a t h  d e l ay o  

The result is that when the sky brightness temperatures , 1A f1 and lA f2 '  have 
been linearized to lA, f 1 and TA , f2 the following linear relation is o�tained : 

T '  A 'f2 ] 
f2 

2 

In this relation there are some hidden approximations , namely : 

(3) 

1 .  The linearization of the measured sky brightness temperature s are made 
with the expression 

(4) 

where lbg is the cosmic back�round radiation of about 2 . 8  K ,  

00 

f T a e'[ (h , e ) dh 
= ho 

(5 ) 

'[ i s  the opac i t y  o f  t h e  a tmosphere d e fined a s  the i n tegral of' the total 
atmospheric attenuation coefficient along the propagation path , 
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and 
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Figure 1 .  The weighting funct ion for different values of the 
frequency f 1 when f2 is held constant at 3 1 . 4  GHz , calculated for 
an atmospheric mean prof ile  from May , 1 980 to February , 1 982 . 

co 

� = f �(h) / sin e dh 
ho 

co J T � dh 
ho 

co J � dh 
ho 

(6) 

(7 )  

Th e p a rameters 'leff and Tc;ff can be p r e d i c t e d  from ground temperature 

measurements but this introduces an error . To minimize these errors the daily 
maximum temperature should be used . A one sigma error of about 3 K w i l l  then 
be obtained for T

ef£ and T�f£ • This error implies an error l e s s  t h a n  0 . 3  K 
for sky brightness te�peratures below 90 K .  However , this approximation 1s of 
great importance when rain or heavy ra incloud s are presen t . 

2.  1'he so called we ightinf?: function W ', which is written 

W
' 

= 
T (T - Tbg) • (�V , f l _ �V , f2) 

a f2 2 '  
1 f2 
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is assumed to be constant both with height and in t ime . The symbol a denotes 
the water vapor density and a the absorption coefficient for water vapor . In 
Fig. 1 the weighting functionVfor different frequency pairs are shown , calculated 
for an atmospheric mean profile during the period from "'Jay , 1 980 , to February , 
1 982 , at Gothenburg-Landvetter Airport , Sweden . The expression for the water 
vapor absorption coefficient used is �iven by wa ters ( 1 976 ) .  when chOOSing the 
frequency pair , a comprorn ize between hi�h sensitivity. and a more or less constant 
weighting function has to be made.  In Fig . 2  the monthly means of the weighting 
function , calculated for the frequencies of the Onsala �VR (21 . 0  and 3 1 . �  GHz) , 
are shown . F ig . 2  illustrates how w '  in equation ( 3 )  varies during the year . 
However , it can be corrected for by ad justing �j ' every month or somewhat longer 
tiDle periods based on meteorological statistics . Unfortunately there are also 
short t ime variations �lhere the values of the weighting function at . the ground 
have low correlation with values at higher altitudes . This is shown in F ig . 3, 
where the weighting function has been calculated for some dif ferent radiosonde 
profi les  measured in May , 1 9 80 . A pos s i b i l i t y  t o  correct also for these 
variations is to include a third radiometer channel , which can give information 
a bout the temperature profile in the troposphere . F or exampel one c hannel a t  
5 3 . 7  GHz will g ive a n  accuracy of about 2 K rms for the temperature profile in 
the lower 5 to 6 kilometers ( Skoog 1 962 ) . This also irr.plies that the effective 
temperatures of the atmosphere can be determ ined w i t h  h i g her accuracy ( se e  
above)  • 

3. Discrepancy fron the theory for the ab sorption c o e f f i c ient o f  l iq u i d  
water . The assumption al � f2 ( Stael in 1 966 ) gives 

T ' 
o = 7 (T - T ) • (aO , f 1  - aO ' f2) / s in e dh , 

ho bg £2 £2 1 2 
(9)  

wh ere ao is  t h e  a b sorp tion coefficient c a used b y  oxygen on l y .  T h i s  
approximation is i�portant onl y  for large water l iquid d rops , i . e .  rainfall . 

Finally it should be mentioned that the a p pro x ima t ions ment ioned so far 
concerns the theory. In order to obtain the total accuracy the pure measurement 
errors have to be added . 

'lH� wAlEh VAPOR RADlmlETER 

The present wVR system at the Onsala Space Observatory is shown as a block 
d i agram in F i g . 4 ,  and the most i n terest i ng block concerning the microwave 
radiome ter i s  e x panded in f i g . 5 . Howeve r , o n l y  one frequency channel is 
included , whereas the design is identical for the two channels .  The specifications 
for the microwave radiometer are summarized in 'lable 1 .  

OBSE.RVATIONAL RESULTS 

Comparison measurements have been made with the wVR , an infrare d s p ectral 
hygrometer ( IRSH ) , and rad iosondes at  Gothenburg-Landvetter Airport in ��y and 
June , 1 980 . The results are summarized in Table 2 ( see also El�ered ( 1 982 » . 
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TABLE 1 .  
RECE IVER PARAMETERS FOR THE WATER VAPOR RADIOMETER . 
PARAMETER 21 .0  AND 31 . 4  GHz CHANNEL 

ANTENNA TYPE CON I CAL HOR N .  D I ELECTR I C  LOAD 

ANTENNA BEAM ( FULL W IDTH. HALF MAXIMUM) 6 DEGREES 
REFERENCE LOAD TEMPERATURES 77 AND 313 K 
I F  BANDW I DTH ( DOUBLE S I DEBAND ) 500 MHz 
SYSTEM NO I SE TEMPERATURE (AT M IXER INPUT ) 550 K 
RMS NO I SE FLUCTUAT I ONS (1  SECOND I NTEGRAT lON) 0 . 04 K 
RESOLUT I ON ( DETERM I NED BY AID CONVERTER ) 0 . 3  K 
ABSOLUTE ACCURACY 1 K 

21,0 31,4 GH f 
HORN Y ANTE NNA ,....-__ ---, 

DICKE 1 r � CAl.. SWITCH 
SW ITCH 'I I f 1 

W V R  SITE - - -
CONTROL ROOM 

SOFTWARE 
TESTS 

CONTROL 

U N IT 

l O C AL 

TO HOST ( RS - 232 1 

Figure 4 .  The radiome ter system at 
the Onsala Space Observatory , Sweden . 
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Hg . 6 shows an example of more continuous measurements made during rad io  
interferometry experiments . Data have been taken a t  d i fferent a z imuth and  
elevation angles ( towards the sources observed with the inter ferom e t e r )  and 
converted to the zenith direction by assuming a h o r i zontal and homogeneous 
atmosphere . 

DISCUSSION 

First of all it has to be pOinted out that absolute errors of the instruments 
in 1"able 2 are unknown . However , this should not have � reat importance for 
the application of tropospheric path length corrections in a radio interferometry 
experiment . Given that t"tere are enough of independent observations to a l s o  
solve for the parameter � I at each station , the influence of absol ute errors 
are minimized and also the best value of W i  will be found ( see eq . ( 3 » . This 
value will not be based on meteorological statistics from the past , as in the 
alternative method mentioned in the introduction . 

Table 2 can also give us some indications of  the formal accuracy of the 
instruments . Assuming uncorre1ated errors and combining l i nes 1 , 2 ,  and 6 in 
Table 2,  gives that the hVR has the highest formal accurac y ,  but due to the 

small number of comparision measurements w i t h  t h e  w V R  a n d  t h e  I R S n  t h e  rms 
value is rather uncertain . Another possibility to estimate the formal error of 
the WV� is to assume an error of the radiosonae . At the ground , when it i s  
calibrated , the radiosonde has an error which corresponds t o  about 0 . 3  cm rms 
in the wet path delay , but the error at higher altitudes can be several times 
larger . The rms d ifference of 0 . 2  cm on line 5 in lable 2 is the error caused 
by the approximations made in the theory ( discussed above ) .  

TABLE 2 .  
zgN I TH RMS D I FFERENCES OF THE WET PATH DELAY MEASURED W I TH VAR I OS INSTRUMENTS . 

I NSTRUMENTS ( l )  F I T (2 ) RMS D I FFERENCE 
(eM ) 

I RSH - RS 
WVR - RS 
WVR - RS  
WVR - RS  
WVR ( S ) - RS 
WVR - I RSH 

�lw = A EXP ( 8 'V1/V2 )  �lw = A + 8 (2 . 236 TA,21- TA, 31 . 4 ) � = (A + 8 (2 . 236 T�.21- T�.31 . 4 » /W(Ho )  
� = A + 8 TA,21+ C TA,31 . 4  
� = A + 8 (2 . 236 TA,21- TA,31 . 4 ) 

NO F I T  

1 . 1 ( 3 ) 
0 . 8( 4 ) 
0 . 8 ( 4 ) 
0 . 7 ( 4 ) 
0 . 2 ( LI >  
0 . 8 (6 ) 

( 1 )  I RSH = I NFRARED SPECTRAL HYGROMETER, RS = RADI OSONDES,  AND WVR = WATER 
VAPOR RAD I OMETER . 

(2 ) THE PARAMETERS VI AND V2 FROM THE I RSH AND TA,21 AND TA, 31 . 4 FROM THE WVR 
ARE F I TTED TO THE WET PATH DELAY , �, CALCULATED FROM RAD I OSONDE MEASUREMENTS . 

( 3 )  31 DATA PO I NTS . 
( 4 )  40 DATA PO I NTS . 
( 5 )  THE ANTENNA TEMPERATURES ARE THEORET I C , AND CALCULATED FROM RAD I O

SONDE PROF I LE S .  
(6 ) 7 DATA PO I NTS . 
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Figure 6 .  Measurement s of the wet path delay during two 
different VLBI experiment s .  Each dot is  one ob servation 
towards a radio source , and the value has been converted 
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• 

In F"ig . 6  it is shown that the wet path delay can bot h vary r a p i d l y  o r  b e  
rather stable over time period s o f  several hours . however , a s  expected for the 
theory described here , measurements made during rainfall are not rel iabl e .  
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THE APPLICATION OF WATER VAPOR RADI�METRY 
TO GEODETIC RADIO INTERFEROMETRY 

Georse M. Resoh and Robert B.  Miller 

Jet Propulsion Laboratory 
California Institute of Teohnology 

_aoo Oak Grove Drive. Pasadena. California 91 1 09 
U. S. A. 

AB S TRACT.  A signifi oant l i m i t a t i o n  to the  
accuraoy of  spaced-based microwave geodetio systems 
is set by our ability to model or measure the delay 
imposed by tropo spheri c  water vapor along th e 
signal path. This so-oalled vapor delay can be 
measured using a dual ohannel microwave radiometer 
(i.e. a water vapor radiometer) with an accuraoy of 
approximately 1 cm and a preoision of 1 mm. We 
desoribe the oonstruction and performance of the 
ourrent gener�tion of these instruments that have 
been deplo,yed in order to support VLBI experiments 
in the U.S.A • •  Australia.  and Spain. Preliminary 
results from a direct . comparison between the water 
vapor r ad i o m e ters and a oonne o ted  e l e m e n t  
interferometer are presente� and the geode tio 
implications disoussed. 

--------------------------------
1 This paper represents the results of one phase of researoh carried out at 
the Jet Propulsion Laboratory, California Institute of Technology. under 
oontract to the National Aeronautics and Space Adm1n1stratio� 
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Back in 1 974 a group of workers at  th e Jet Propulsion Labor atory was 
involved in a modest research and development effort that was then known 
as ARIES - Astronomical Radio Interferometric Earth Surveying (MacDoran, 
1 974) .  At that time we were convinced that interferome tri c techniques 
would produce 3 to 5 cm. baseline measurement accuracies in just a few 
years - if only the water vapor problem could be solved I By this I refer 
to the fact that atmospheric water vapor slows a radio wave passi ng 
through it. Interferometric techniques , which measure the differential 
time of arrival of the wave front , must account for this slowing. 
Unfortunately, water vapor is not a well mixed atmospheric constituent . 
and as a result it is difficult (often impossible) to estimate the line
of-sight vapor using surface measur ements to be tter than 1 9- 1 5  cm. 
Thus, the line-of-sight vapor delay must be measured. The essence of the 
idea is to measure the bright ness tem perature of the atmosphere at two 
frequencies, one frequency at or near 22.235 Ghz where there is spectral 
emission from the water vapor molecule, and a second measurement at 3 1 .4 
Ghz which is a frequency where the atmosphere is relatively transparent. 
In theory , these two measurements,  on and off- the-line ,  provide an 
estimate of the line-of-sight delay imposed by the vapor. 

In Figure 1 we show the resul ts of one of our early experiments that 
convinced us that we could estimate vapor delay directly. We compared the 
measur ements made with a borrowed water vapor radiometer ( WVR) with 
radiosonde measurements and measurements made by an instrumented aircraft 
that flew a path approximating one of several line-of-sight " paths through 
the atmosphere. The data shows that the radiometric technique could be 
used to  estimate the vapor delay correction with an ac curacy of bet ter 
than 2 cm. under most weather conditions. 

At roughly the same time that the Crustal Dy namics Project was 
beginning, we began to construct eight water vapor radiometers that were 
intended to support the VLBI effort within the Proj ect  and JPL's Deep 
Space Tracking Networ k  (DSN) . Figure 2 is a photo "of one of these new 
instruments. It was designed to be both an integral part of the Mark III 
data acquiSi tion system that is now in use by the Proj ect , and to be a 
generally " useful support instrument for the radio observatories where they 
would be located. The unit consists of three modules; a microwave module, 
a posit1oner, and a control module. The microwave module comprises two 
independent Dicke radiometers operating at the frequencies of 20.7 Ghz and 
3 1 .4 Ghz. The choi ce of 20.7 Ghz as the vapor s�nsitive frequency 
sacrifices some sensi tivi ty but mini mizes errors due to the verti cal 
distri bution of the vapor. These radi ome ters normal ly run in the 
unbalanced mode and are provided with internal terminations in order to 
calibrate the gain. A s pecial feature is the use of very low sidelobe 
horns which simplifies the interpretation of the data. Unfortunately , the 
penal ty for using these horns is  that their bulk dom i na tes the size and 
weight of the microwave module. The positioner is unremarkable except for 
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F igure 2 .  Photo of  One of  the Water Vapor Rad iome ters 
Cons truc ted for the Crus tal Dynamics Proj ect 
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the fact that it is very inexpensive. . We simply modified a device 
normally used to position outdoor video cameras so that we could read its 
pO Si tion much more accurately than we could actually point it. The 
control module provides th� capability of local control and monitoring of 
the other modules (which is useful for diagnostic purposes) ,  and contains 
a small microcomputer that provides a modicum of intelligence to the WVR 
as well as a general purpose interface to other machines. These ei ght 
WVRs were constructed, tested, and calibrated at JPL. Beginning in late 
1 980 they were deployed to the Owens Val ley Radio Observatory , the 
Haystack Observatory, the Harvard Radio Astronomy Station (at Ft. Davis,  
Texas) , and two units went to suppor t th e mobile VLB I antennas that we 
operate at J PL. One WVR was recent ly shipped to the DSN station in 
Australia and another wil l be shipped to the DSN station in Spain ne xt 
fall. The eighth WVR will be installed at the Maryland Point Observatory 
also next fall. 

A primary concern with any new instrument is the intrinsic stability. 
Since we are looking at a noise-like signal in the presence of instrument 
noise we must determine at what level can we believe small fluctuations in 
the output of the WVR. Figure 3 indicates the typical stability of one of 
our new radiometers. In or der to take this data we covered both horn 
antennas with microwave absorbing material that was heated to a 
tem per a ture of 1 0 00C. The uni t  w as pl aced ou t d oor s in th e w e a ther and 

each channel was sampled and averaged 48 times every minute. The gain was 
sampled and averaged every 1 5  minutes , and al l data was written to a 
fl oppy disk and processed at a later ti me. The bright ness tem peratures 
and the path delay were calculated using an algorithm that was previously 
determined. Since we are looking at a fixed tem perature targe t and not 
the sky , the path delay values have no physi cal meaning so we have 
subtracted out the average value in this slide. The RMS val ue of the 
fl uctua tions for this 24 hr period is 0.1 2 cm. Unfortuna tely, we cannot 
control the aperture load to better than a few tenths of a degree and as a 
result we suspect that the trends that you see both at the beginning and 
the end of this data set represent real changes in what should have been a 
stable targe� The theoretical RMS of a perfect radiometer sampled as we 
have done in this test would be 0.06 cm. As you can see , there are 
periods of a few hours duration where the real radiometer approaches this 
limit. 

From the data taken by our group at JPL as well as several other groups 
such as Guiraud .il..ta.. ..illa. 1 979 , or Moran and Ro sen , 1 9 80 ;  there is little 
doubt that the WVR can measure water vapor. However, until recently, it 
has not been clear how much benefit the WVR would provide to a real 
interferome ter. Keep in mind that the VLBI  error budge t is a complex 
collection of several error sour ces that must all be reduced if  water 
vapor effects are to predominate. If the error budget is dominated by the 
clock performance or by ionospheric errors then WVR supplied correotions 
may have little effeot on the data quality. Also, there is a considerable 
effort involved in VLBI data reduction and it is done after the 
experiment. This diffiouty inhibits the taking of large amounts of data 
and if there is something amiss during the experiment the observer often 
does not disoover the fault until several months after the data has been 
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taken. These considerations led us to cooperative experiment with of the 
National Radio Astronomy Observatory in which we compared the output from 
two of the WVRls with the output from one of the interferometers that make 
up the Very · Large Array (Resch, Napier and Hogg, 1982). 

The WVRs were mounted in the apex feed area of a VLA 2 5  me ter antenna. 
The WVR horns were aimed at the subrerlector so that we used most or the 
25 meter aperture and our beam was offse t from the beam of th e main 
antenna by a few minutes of arc. Actually , the concept of the antenna 
beam for the WVR channels is irrelevent in this case since the near field 
of the aperture extends for over 6 0  km. Most of the a tmospheri c water 
vapor is confined to the lower 3 or 4 km of the atmosphere and i s  
therefore a near-field phenomena. This means that both the interferometer 
and the WVR are sensitive to whatever vapor passes through the cylindrical 
column of 25 m diameter that extends from each antenna through the 
troposhpere. 

Figure 4 shows the residual phase of the interferometer versus time for 
a period of 1 .5 hr on 23 July 1 9 8 1 .  During this period and for part of 
th� following day th e weather was highly dynam ic. Scattered 
thunderstorms were present in the nearby moutains and over the array. 
For part of the period it  was raining over one end of the array and 
cloudless over the o ther end. On the day of thi s experiment the 
array extended over an area 1 1  km in diame ter and the WVRs were 
mounted on two elements that composed a 7 km baseline. The dotted line 
is the reSidual phase of the interferometer containing the WVRs. The 
first thing to notice is the magnitude of the phase changes which I have 
expressed in centimeters - units of residual delay. Even on baselines as 
short as 7 km we see path delay differences on the order of 6 cm. 
The output from each WVR is used to compute a line-of-sight path delay 
and these two quantities are then differenced to form a phase 
correction for the interferome ter output. There 1s a somewhat 
arbitrary bias between these two observables that we remove and then 
apply the WVR correction to the VLA data. The solid line shows th e 
dramatic improvement in the residual after this corre ction. Before 
correction the RMS of the data was 1 .5 cm. After the correction the 
RMS dropped to 0.3 cm - an improvement by a factor of fivel 

While this data is impressive it still does not mean that we can expect 
an immediate im provement in the quality of VLBI data. As we noted 
previously, the VLBI error budget is a complex collection of sources 
so that the reduction of one contributor will not necessarily show up in 
the square root of the sum of the squares. Another important point to 
keep in mind is that we  still have not addressed the problem of 
absolute calibration of these new WRs. At some point in the very near 
future they must be compared with some independent method of measuring 
path delay, such as radiosondes. Data that we have taken several years 
ago , and the resul ts from o ther workers suggest that an a.bsolute 
accuracy on the order of 1 cm can be expected. With an accuracy of 1 cm 
and a precision of 1 mm as indicated · by our data, we can conclude that 
the vapor problem in VLBI can be reduced to a negligible proportion. 
Perhaps more important is the possibility that these resul ts hold 
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the promise ot exploitiDi the extraordinary preoision inherent in 
the several proposed s, tems that utilize the RAVSTAR/OPS tor geodetio 
measurements. 
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Wi l l iam J .  Klepczynsk i ,  
G.H. Kaplan ,  D.N. MBtsak i s ,  

O.R. Florkowski , P.E.  Angerhofer , 
D.O. MCCarthy,  F . J .  Jos t i es ,  R.L. Branham of 

U. S .  Nava l Observatory,  Washington , D.C. 20390 and 
K.J .  Johnston ,  J .H. Spencer of 

U. S .  Nava l Research Laboratory, Washi ngton , D.C. 20375 

A. lNl'lDl£I'l� 
Past sllllDBr i es of the USW/NRL Green Bank l nter feraneter Program 
(Johns ton ,  et al . ,  1979 ; Klepczynsk i ,  et al . ,  1980 ; )  have br i e f ly 
descr i bed the his tory of the program, OUt l i ned the der i vat i on of 
Earth rotat i on parlll'leters fran the observed base l i ne changes , and 
presented pre l imi nary results of the data . Subsequent papers 
(MCCarthy ,  !!. a l . ,  1979 ; MCCarthy, et .!l. , 1980 ; McCarthy ,  198 1 )  
have traced i n  more deta i l  the procedures for obtai n i ng est imates of 
Earth rotat i on parlll'leters , d i scussed the effects of systemat i c  
errors , l i s ted resul ts , and cmpared the connected element 
i nterferaneter (CEI ) resul ts wi th the resul ts of other techniques . 
Thi s  repor t discusses forthcani ng �rovanents to the CEI wh i ch 
i nclude addi ng  a new base l i ne , imp�ov i ng  the d i s t � i bu t i on of 
observed " quasars ,  i ncorporat i on  of a new atmospher i c  mode l used i n  
the reduct i on of data, and ut i l izat i on o f  water vapor radi ometers to 
detenni ne a d i f ferent i al phase correc t i on based on the measured 
mmunt of water vapor as seen along the l i ne of s ight of two 
inter feraneter el ements . 

In  i nter feranet ry, the re lat i ve phase d i fference of the wavefront 
�inging on two separated antennas i s  the fundlll'lental observered 
quant i ty .  I f  the pos i t i on of  the quasars are prec i sely known , i f  
mode l s  fo� a m.IIDer of sys tanat i c  ef fects are known , and i f  a l l 
i ns t rumental  effects are ava i l able ,  then the d i fference between the 
observed phase angle and that pred i cted by theory , for each source , 
would prec i sely detenni ne Un i versal Time (ur) and Polar M>t i on 
(PM) . The inprovements descr ibed i n  th i s  paper are at tarpts to 
reduce the phase scat ter in consecut i ve observat i ons as we l l  as the 
seasonal ( long-tenn) dr i ft observed i n  the phases . Reduct i on of the 
shor t-tenn (scan-to-scan ) scatter wi l l  resul t i n  improved prec i s i on 
for the da i ly es t bnates of polar mot ion (PM) and uni versal t ime (ur) 
as we l l  as less scatter between consecut i ve val ues ; wh i l e  reduct i on 
of the seasonal dr i ft wi l l  resul t i n  reduct i on of the annual tenn 
exhibi ted in the cmpar ison of the i nter feraneter resul ts wi th those 
der i ved f ran the Bureau I nternat i onal de 1 'Heure (BIR) ( see F igs . 
la-d , Figs . 2a-d and Figs . 3a-b) . 
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The new base l i ne ,  approximate ly orthogonal to the 35 km base l i ne ,  
wi l l  a l l ow  the i nter feraneter to resolve a l l  three components of the 
Ear th ' s  rotat i on .  By improv i ng  the d i st r i bu t i on of observed 
sources , i t  i s  hoped that values for ur, and x , y  of 1M wi l l  be 
detenni ned at i nterva l s  shor ter than the present three day 
average . I ntroduc t i on of an improved abnospher i c  model should aid  
in systemat i ca l ly reduc ing the annual tenn that i s  seen when 
compar i ng i nterferaneter data wi th the BIH. I naccuraci es i n  our 
present mode l for the dry component of the atmosphere are pr imar i l y 
respons i ble  for this  seasonal tenn. The use of water vapor 
rad i ometers wi l l  he lp reduce the da i ly poi nt - to-point scat ter 
between observed ten mi nute nonnal poi nts , and the annual tenn seen 
in the mean errors assoc i ated wi th the detenni ned va lues of ur and 
1M should be reduced . In add i t i on,  the reduced scat ter between 
consecut i ve observat i ons and an improved observ i ng  schedule of 
quasars , should ensure the detenni nat i on of ur and 1M at more 
frequent i nterva l s . 

B.  NEW BASELINE AlDITI(}{ 

Figure 4 shows the current d i s t r i bu t i on of i nter feraneter 
elements . The three 26 m antennas des ignated 85-1 , 85-2 , and 85-3 , 
wh i ch made up the or igina l  i nter feraneter , are al igned 280 fran an 
East-West l i ne (80gg , et .!!. ,  1969 ) . A fourth elEment , a 14 m 
antenna , l i es 35 km to the South-Wes t of the three 26 m antennas . 
unfortunately,  al t hough there are three separate l ong base l i nes 
among the four antennas , they are effect i vely  para l l el so that they 
cannot be used to resolve a l l  three components of the Ear th ' s  
rotat i on (ur and x,y  coord inates of PM) . The new antenna wi 1 1  be 
located 32 kin to the North-West of the 26 m telescopes on a l i ne 
orthogona l to the present base l i ne .  

The new 14 . 2  m tel escope i s  now under construc t i on .  I t  should be 
de l i vered to the s i te sanet ime i n  September 1982 . Dur i ng  the wi nter 
of 1982-83 , a new mi crowave l ink wi l l  be cons tructed for the base
l i ne .  The new l i nk wi l l  operate at a frequency of 17 . 5  GIz .  I t  

wi l l  a l so repl ace t he present l i nk , wh i ch operates at 1347 . 5  MHZ and 
occas i ona l ly i nter feres wi th sane observing programs on other 
telescopes at the s i  te o Bes i des rEmOving th i s  source of 
inter ference , the new l i nk wi l l  also have add i t i ona l channe ls  wh i ch 
wi l l  a l l ow  for the t ransmi ssion of vi deo s i gnals  for the ranote 
visual i nspec t i on of the antennas . 

. 

Present pl ans do not cal l  for the replaCEment of the telescope 
cont rol caq>uter . Therefore , one of the 26 m te l escopes wi 1 1  be 
rEmOved f ran serv i ce and the cabl es f ran and to the new telescope 
wi l l  be put i n  i ts place . Software changes to al low th i s  al terat i on 
wi l l  be made dur i ng the summer of 1983 . 

Operat i on of the new base l i ne i s  expected to beg i n  i n  September
October 1983 . 
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c. NEW SC1KE CATALOO 

I ni t i al ly ,  the catalog used for the pos i t i ons of al l the quasars i n  
the observi ng program was that o f  Wade and Johns ton ( 1977 ) . After a 
few rmnths observat i ons , several of the pos i t i ons were s l i ghtly 
inproved and sane sources added and sane dropped (Klepczynski , 
et al . ,  1980 ) .  Recent ly,  Kapl an ,  et al e ( 1982 ) have constructed a 
catalog ut i l i z ing observat i ons made--f ran October 1 979-February 
1980 . Thi s  cata log now fonms the bas i s  for the observi ng progrmn. 

In 'order to prevent a d iscont i nu i ty i n  the values of ur and A\1 when 
the new cata log went i nto effect , an adj us tment i n  the reference 
base l i ne was made . The amount of the adj us tment was deduced fran 
the observed changes i n  the pos i t i ons of the quasars and ver i f i ed  by 
re-reduci ng sel ected soluti ons throughout the year . 

Dur i ng  the fonnat i on of the new catalog, i t  had been found that the 
pos i t i on of the quasar 1226+023 ( 3C273B) , wh i ch detenni nes the zero 
po i nt of the catalog r i ght ascens i ons , was not cons i s tent wi th  that 
of t he other 15 quasars . Because of th i s , the r i ght ascens i on 
system of the new catalog i s  effect i ve ly shi fted 2 . 8  ms fran the 
r i ght ascens i on systEm of the old catalog ., Because of the shi ft in 
the r i ght ascens i on  system, a compensat i ng shi ft  should be seen i n  
the values o f  ur based on th i s  new catalog when compared wi th values 
of ur based on the old catalog. Selected dates dur i ng  1981 were 
chosen and the data were re-reduced i dent i cal ly i n  al l measures 
except for usi ng the newly detenni ned quasar pos i t ions . Tabl e  I 
summar izes the resul ts of the compar i son of the new values wi th the 
old va lues . I t  i s  seen that there i s  a systemat i c  di fference i n  ur 
of 2 . 8  ms ,  the amount by wh i ch the r ight ascens i on systan of the new 
cata log was sh i f ted . I t  can also be seen f ran Table I ,  that the 
i ntroduc t i on of the new catalog has reduced the mean error of the 
uro-urc detenni nat i ons . Fran the i nter feraneter data publ i shed i n  
the BIR annual reports , i t  can be seen that the i nternal me an  errors 
for the so lut i on of ur based on three days of data range fran 0 . 4  ms 
dur i ng the best observi ng per i od  i n  wi nter to about 2 . 0  ms dur i ng 
the sunner rmnths . 

The spat i al d i s t r i bu t i on of quasars used i n  the current observing 
program i s  not suf f i c i ent to al low for rel i able solut i on of ur and 
A\1 and other unknowns us i ng  less than three days of data.  I n  order 
to remedy this  def ici ency, add i t i onal sources wi l l  be added to the 

'observing progrmn. Pos i t i ons for these new sources wi l l  be 
detenni ned dur i ng the cani ng year . TWo new sources wi l l  be observed 
each rmnt h .  Each source i s  br ighter than one Jansky at both S and X 
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TABU I - CcDvar ison of ur and PM Based CBl Old and Hav Oltalogs. 

15 Jan 81 
15 Apr 81 
31 Jul 81 
15 Oct 81 

15 Jan 81 
15 Apr 81 
31 Jul 81. 
15 Oct 81 

Uloid 
-0'2121 + 0'0005 
-0 .4390 +' 0.0008 
+0. 3397 +' 0.0012 
+0 . 2005 +' 0.0008 

P1't\,ld 
-0�3202 + 0�0068 
-0 .2421 +' 0.0102 
-0. 1232 +' 0 .0146 
-0. 3002 +' 0.0093 

UI'nar Old-Nelr 

-0'2150 + 0'0004 2.9 DB 
-0.4416 +' 0. 0007 2.6 
+0. 3369 +" 0.0010 2.8 
+0. 1977 +' 0.0007 2.8 

Old-Neri 

-0�3104 + 0�0046 -0�0098 
-0. 2333 +" 0.0090 -0.0088 
-0. 1157 +' 0.0132 -0.0075 
-0. 2840 +' 0.0083 -0 .0162 

band f requenci es and unresolved over the var i ous base l i nes of the 
i nter ferometer . The i ntent i s  to use these observat i ons to improve 
the i r  pos i t i ons and thus put than on the sys tan of Kaplan et a1 . 
( 1982 ) . At the end of 18 months a suf f i c i ent number of quasars-on 
the sys tan of Kapl an et !I. , . should exi s t  to a l l ow  for uni fonn sky 
coverage at e ight hour i nterva l s . We hope th i s  wi l l  lead to dai ly· 
est imates of ur and RV.l wi thout d i lut i ng the prec i s i on present ly 
obta i ned . 

D. NFW A1MJSPHERIC MDEL 

Figure 3 shows an approximate ly seasonal var i at i on of the Green Bank 
res i duals  wi th respect to the B IH. I t  i s  probable that a large 
frac t i on of this  var i at i on i s  a consequence of the procedure used i n  
mode l l i ng t he neutral atrmsphere . I t  i s  canmn to cons i der the 
refrac t i on by the neutra l atmosphere to cons i s t  of two tenns ; 
( 1 )  a "dry" tenn and , ( 2 )  a "wet" or water vapor tenn. The 
procedure we have been fol l owi ng to calculate atmospher i c · phase 
delay i s  the ray t rac i ng method adopted by Wade and Johnston 
( 1977 ) .  Th i s  algor i thm uses the · dry component of the Ai r Research 
Defense COmmand Standard Atrmsphere . Thi s  model i s  f i xed , i . e . , no 
seasonal changes i n  the structure of the atmosphere are 
cons i dered .  Al so , the algor i thm ignores the surface measurements of 
terrperature and a i r  pressure . The va lues of the mode l atmosphere 
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were assumed to be va l i d  for the ent i re year . By not us i ng  sur face 
�asuranents to detenni ne the zero poi nt of the refract i v i ty curve 
and by ignor i ng  seasonal var i at i ons i n  the structure of the dry 
abnosphere , errors wi th an annual s i gnature are i nt roduced i nto t he 
calculat i on  of the phase de lay .  The water vapor tenn i s  treated 
more rea l i s t i cal ly i n  that the wet prof i le i s  f ixed by measurements 
of abso lute humi d i ty made at the sur face . Thus , the l arge day-to
day var i at i on i n  t he water vapor content is taken i nto account . An 
exponent i al curve of f i xed scale he ight i s  used to represent the wet 
carponent . Pos s ible annual var i at ions in t he val ue of t he scale 
he ight are not cons i dered . Thus , the wet and dry C<Jq)ortents are 
both subj ect to ·unmode l l ed e ffects that would produce errors havi ng 
an annual s i gnature i n  the calculated phase de l ay .  The net effect 
of t hese errors i n  the canputed delay could produce a spur i ous 
rotat i on ,  hav i ng  an annual per i od ,  of the i nter ferometer basel i ne .  

CUrrent ly at the U.S .  Naval Observatory, research i s  underway to 
explore rrod i f i cat i ons to the ray trac i ng  techn ique that take i nto 
account the above�nt i oned d i ff i cul t i es .  The surface weather 
measurement s  are be i ng  used to f i x  the wet and dry refrac t i  vi ty 
prof i l es .  Var i ous funct i onal fonms have been used to represent the 
wet and dry C<Jq)onents . To date the rmst prani s i ng cami nat i on i s  
as fol lows :  t he  neutral abnosphere i s  consi dered . to be three 
layers ,  the planetary boundary layer , the troposphere and the 
s tratosphere . Near the surface , i n  t he planetary boundary layer t he 
dry and wet profi l es are cons i dered to be l i near . The s l opes of the 
two l i nes are based on monthly averages of radi osonde data. The 
refract i vi ty N as a funct i on of he i ght i n  meters , h ,  i s  g i ven by : 

N(h) = D(h) + W(h )  

where D and W denote the dry and we t  tenms , respect i vely.  

At the surface , denoted by subscr i pt s ,  

Ns = Ds + Ws 

Wi thi n the planetary boundary layer 0 < h < BL (BL � 500 m) 

_ dO dW N(h) - Ds + dh h + Ws + dh h 

Let t he subscr ipt BL denote values at h = BL, then wi thin  the 
troposphere BL < h < TP 

N(h) = rm. � - 6 .7 �.10-3 ( h  _ �4 
+ \VaL exp [( h  - BL) /� ' 
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where Ts i s  the measured sur face terq>erature , TP the tropopause 
he i ght and hw i s  the wet scale hei ght . The l at ter two are 
detenni ned fran monthly averages of rad i osonde data . 

Let the subscr ipt. TP denote values at h = 'l'P .  I n  the s t ratosphere 
the wet component i s  negl igible,  and 

N(h) = � exp [-(h  - TP) /� ' 

where hd i s  the dry sca l e  he ight detenni ned fran monthly averages of 
rad i osonde data. 

The i nt roduct i on of the planetary boundary l ayer was made because 
surface weather measurements are influenced by the ai r-ground 
i nter face and are not ,  wi thout mod i f i cat i on ,  i nd i cat i ve of 
cond i t i ons we l l  above the surface . S i nce Green Bank is i n  a 
mounta i nous area , exi s t i ng  rad iosonde data may not be str i ct ly 
appl i cable .  Poss i ble empi r i cal mod i f i cat i ons t o  sane of the above 
parameters may be necessary.  This problEm i s  current ly 
bei ng evaluated. 

E. WATER VAPCR RADIClVErER 

The degradat i on  of the i nterferometer data dur i ng  sunner i s  
ref l ected i n  the three to four fold i ncrease i n  the mean errors 
assoc i ated wi th detenni nat i ons of ur and PM. Thi s  is due to the 
i ncrease i n  the scan-to-scan phase scat ter . One Unpor tant cause of 
these short-tenn i rregular i t i es i s  the highly var i able water vapor 
content of the atrmsphere. Each , antenna i s  now f i  t ted wi th a 
meteoro logi ca l  stat i on wh i ch measures the temperature , pressure and 
water vapor content at each s i  teo  Th i s  i s  not adequate for 
mode l l i ng  the wet atmosphere due to the var i able and unknown 
d i s t r i bu t i on of the atrmspher ic  water along the l i ne-of-s i ght . 
Therefore , we have begun the const ruct i on of two water vapor 
rad i aneters , to be placed i ns i de the antennas of our longest 
base l i ne and to mon i tor the atmospher i c  water content i n  the l i ne
of-s i ght of each d ish.  

The water vapor rad ianeters are bei ng  cons t ructed at the U.S . Naval 
Observatory ,  and wi l l  be operated at 20 . 6  GHZ and 31 GHZ ,  s imi l ar to 
those des i gned by Gu i raud , et .!!.. ,  ( 1979 ) at the Nat i onal Ocean i c  
and , Atrmspher i c  Adni n i s t rat i on  , in Boulder , Colorado, and 
i ndependent ly by Resch ( 1980 ) at Jet Propu l s i on Laboratory (JPL) i n  
Pasadena , 011 i fornia .  They wil l  have prime focus parabaloid d i shes 
of 1 m s i ze and the i r  beam s i ze of about 10 i s  on ly s l i ght ly l arger 
than the bean s i ze of the pr bnary i nterferometer d i shes . The rad i o  
br i ghtness of the water vapor and l i quid  dropl ets i s , wi t h i n  a 
reasonable range of atrmspher i c  parameters , l i near ly related to the 
CO hl1l1  dens i ty  of the two water CCJll)Onents . The d i fferent i al ly 
measured water vapor should therefore also be l i near ly related to 
the phase dev i at i ons in the i nterferometer .  A test run of the JPL 
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water vapor rad ianeters , when i ns tal l ed  on the Very Large Array 
(VLA) , has shown that they can i nt roduce a cons i derable improvement 
to the VLA phase data (G. Resch ,  pr i vate commun i cat i on ) . 

The current status of the radianeters i s  that a l l  of the i r 
intenned iate frequenc i es ( IF )  and back-end electron i cs are 
constructed and tes ted;  a few f ront-end wave gui de par ts are s t i l l  
on order but can be qui ckly i ncorporated i nto this  system when they 
arr i ve .  Af ter t he rad i aneters are cal ibrated at the U.S . Naval 
Observatory,  they wi l l  be i ns tal l ed  at Green Bank dur i ng  the fal l of 
1 982 . An evaluat i on per i od of about s i x  months wi l l  fol l ow. The i r  
resul ts wi l l  be campared di rect ly wi th the actual data taken by the 
i nterferaneter . 

F .  01 SCllSS 1m 

Since the begi nn i ng of i ts serv i ce as a ded i cated ast romet r i c  
i nstrument , the Green Bank radio i nterferaneter has proven to be a 
re l i able  i ns trument , meet i ng  al l of i ts expected per fonnance 
requ i rements i n  an ext remely cost effect i ve manner . Dur i ng the 44 
months of i t s operat i on through MBy 1982 , the longes t uns chedul ed ,  
unforeseen down-t ime was two consecut i ve weeks . I t  i s  hoped that 
the deve l opments out l i ned here wi l l  s i gni f i cant ly improve the 
overal l capab i l i t i es of the CEI technique . 
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OBSERVATIONS OF SCINTILLATION AND CORRELATED FLUX 
USING THE REAL-TIME VLBI SYSTEM (K-2)  

Nobuyuki Kawano , Taizo Yoshino , Fuj inobu Takahashi and 
Kunimasa Koike 

Kashima Branch , Radio Research Laboratories 
Hirai , Kashima , Ibaraki , 314 Japan 

Hiroshi Kumagai 

Hiraiso Branch , Radio Research Laboratories 
Nakaminato , Ibaraki , 311-12 Japan 

ABSTRACT . A real-time VLBI system , (K-2) , with 47 km base
line connected by a terrestrial micro-wave link was devel
oped . This system adopts the bandwidth synthesis technique 
which samples five channels . These five channels , each of 
2 MHz bandwidth , are switched sequentially at every 
10 ms . The measurement accuracies of phase and delay are 
about 3 degrees , and 0 . 1  ns respectively . Using this sys
tem, the phase sqintillations on the path through the at
mosphere , the visibility scintillations due to the solar 
wind and the correlated fluxes of 44 radio sources were 
observed at 4 GHz . 

1 .  INTRODUCTION 

Because of the potential for high capacity communications and the 
limitation to the integration time in VLBI , the atmospheric phase 
scintillations in microwave and millimeter wave regions are of consid
erable interest. Propagation effects resulting from atmospheric phe
nomena influence optimum utilization of these frequency regions , and the 
minimum product of two antenna diameters in VLBI . There is another 
cause for the limitation to the integration time in VLBI . That is the 
phase scintillation due to the solar wind . In this paper , the phase 
scintillation derived from the difference between the phase variations 
of the signals from two satellites , and the visibility scintillation 
due to the solar wind measured when the propagation path of radio waves 
from QSO 3C2 73 approached the sun , are reported . We also observed 80 
radio sources in order to investigate available radio sources to a VLBI 
measurement for geodesy . We could detect 44 sources of flux more than 
0 . 32 Jy , which corresponds to the minimum detectable flux density in 
our system. This result is also reported in this paper . 

2 .  DESCRIPTION OF K-2 VLBI SYSTEM 

The main characteristics and the block diagram of K-2 system are 
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reported in the references , (Saburi et al e 198 2 )  and (Kawano et al e 
1980) . Fig. 1 shows a phase noise at 4 GHz due to the atomic frequency 
standards (Cs and Rb) which are used in K-2 system. 

Averaging time (sec) 

Fig. 1 Phase noise due to the atomic frequency standards (Cs and Rb) 

3 .  MEASUREMENT OF ATMOSPHERIC PHASE SCINTILLATIONS 

The phase scintillations along the path through the atmosphere 
were observed for the first time using the real-time VLBI system. We 
alternately received radio waves from synchronous satellites CS 
(Japanese Communications Satellite) at El=47 . 8  deg . and INTELSAT at 

El=1 . 7  deg .  to obtain the atmospheric phase scintillations . The ef
fects of secondary waves , which reflect on the ground , can be assumed 
to be far less than ones by phase scintillations at both elevation 
angles . 

Assuming that the propagation path through the atmosphere , espe
cially troposphere , is approximately proportional to l/sin (El ) , the 
path length at El of 1 . 7 deg . is about 25 times as long as that at 
El=47 . 8  deg . On the other hand , the phase scinti llation of is direct
ly proportional to propagation path length �atarski 1961) . Therefore , 
the difference between phase variations of the signals from CS and 
INTELSAT can be regarded as the atmospheric phase scintillation . 

Fig. 2 shows a square root of a difference of Allan variances � 
derived from the phase variatbolj� �f 4 the signals from INTELSAT and CS . � obeys approximately 0 . 2x T  • • deg . at the-!enith , where T de-
notes the averaging time in sec . !�i� f��cBion�� is equivalent to 
the power spectral density S (lJ )oc V • � • which is the results ob
tained through the path on the ground . Although the observations were 
carried out under the various meteorological conditions such as are 
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cloudy , of light rain and heavy rain , the effect of rain or other 
precipitation were not detected from these measurements . These results 
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Fig. 2 Square root of the Allan variance of phase scintillations , � (Square root of the difference of the Allan variances 
derived from the phase variations o� the signals from INTELSAT 
and CS ) 

lead to the fact that � at El=30 deg .  may exceed one radian ,  and hence 
the coherence may decrease when the mean time or integration time becomes 
300 sec. or more . This estimation suggests that the prod�ct of two 
antenna diameters in VLBI system should be more than 76 m when the VLBI 
system with receivers of 50 K system noise temperature is used for 
geodesy , astrometry or other fields in Japan , even if an stable frequency 
standard such as H-maser oscillator is used. For example ,  if the main 
station has a 26 m antenna , the other station should have the antenna 
greater than 3 m. 

4. MEASUREMENT OF VISIBILITY SCINTILLATION DUE TO THE SOLAR WIND 

The observations of the visibility scintillation due to the solar wind 
were carried out by receiving QSO 3C273 from Sept . 18 to Oct . 14 , 1980 . 
The visibility scintillations 

·
increased when the wave propagation path 
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from QSO 3C273 approached the sun as shown in Fig. 3 ,  and they reached 10 
, of the mean correlated flux , higher than the normal leve l ,  when the 
distance between the path and the sun was the nearest of 0 . 08 AU . The 
Allan variance of the visibility , [�l became maximum in the mean time of 
0 . 5 N l . O sec. According to a theoretical investigation , the frequency 
range of the scintillations observed by a VLBI system is limited to the 
frequency higher than the baseline frequency given by Cronyn (Cronyn 1972 
) ,  so that the averaging time 0 . 5  sec obtained by our observations is co
incident with the reciprocal of the baseline frequency � estimated from 
the Parker ' s  solar wind model (Parker 1965) . Furthermore , the visibility 
scintillations obey approximately the 3rd power law of the distance . 

-

1 0-3 

' 04�� ____________ �� ____ \ __________ -Lr-� 
1 0  1 0-1 1 0  Distance � (AU) 

Fig . 5 Normarized visibility scintillation versus the distance 
between the path from 3C2 73 and the sun . 

Fig. 4 and Fig. 5 show Allan variances of the visibility scintil
lations for 3C273 and relation of the scintillations with the distance 
between the path from 3C273 and the sun . 

4 
These results show that (O;� becomes less than 10

-
when the 

distance r exceeds 3�10-l AU, and hence the effect of the interplanetary 
scintillations at 4 GHz diminishes over all scintillation frequencies in 
this case . 
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5 .  MEASUREMENT OF CORRELATED FLUX 

We also observed 80 radio sources in order to investigate available 
radio sources to a VLBI measurement for geodesy . We could detect 44 
out of 80 radio sources of .flux more than 0 . 32 Jy , which corresponds to 
the minimum detectable flux density in our system. Table 1 is the re
sult of this observation , and shows that the fluxes of 3C120 ,  3C12 3 and 
some others vary with an hour angle . 

Source name Flux ( Jy ) Source name Flux ( Jy ) 

3C10 0 . 4  3C273B 26 
3C20 0 . 4  3C274 1 . 0  
3C2 7 0 . 4  I 3C279 4 . 0  
3C29 0 . 6  I 3C286 4 . 4 i 3C3l 0 . 4  I 3C287 1 . 2 
3C66 0 . 4  I 3C295 1 . 0 
3C75 0 . 4  3C380 1 . 4 
3C84 34 3C382 0 . 4 
3C10S 0 . 6  3C386 0 . 4  
3C1l9 1 . 2 3C39l <0 . 6  
3C120 <"1 . 8  3C397 <0 . 6  
3C12 3 O .  4<Y1 .  2 3C398 0 . 5  
3C133 0 . 4  3C403 0 . 4  
3C138 <.1 . 8 3C4l0 <0 . 6  
3C147 1. 0<w4 . 2 3C4l8 1 . 6  
3C147 . l  (0 . 6  3C452 0 . 4  
3C192 0. 4 3C454 . 3  5 . 2 
3C196 0 . 4  3C46l <0 . 8  
3C2 27 0 . 4  3C465 <0 . 6  
3C237 0 . 6  4C39 . 25 3 . 0  
3C268 . l  0 . 4  DW1555+00 0 . 6  
3C270 0 . 4  NRA0530 1 . 0 

Table 1 List of correlated fluxes for 44 radio sources . 
( Frequency : 4030MHz , bandwidth : l . 3MHz , Integration 
time : 30sec , rms error : 0 . 32 Jy ) .  
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ON THE COMPUTATION OF IONOSPHERIC PATH DELAYS FOR VLBI 
FROM SATELLITE DOPPLER OBSERVATIONS 

James Campbell , Franz Josef Lohmar 
Geodatisches Institut , Universitat Bonn 

ABSTRACT . Two-frequency satellite Doppler 
observations carried out simultaneous ly with 
VLBI experiments on several European and one 
transatlantic baseline were used to determine 
ionospheric path delay correcti ons . In the first 
part the method applied is outlined and the 
problems and limitations are discussed . In the 
second part the i,onospheric data obtained for 
an 1 8  em VLBI campaign are presented . 

1 .  INTRODUcrION 

High accuracy geodetic appl ications of Very Long Base line Inter

ferometry require a careful calibration of the atmospheric 
effects on the measured quantities . In the radio frequency range 
wave propagation is affected both by the neutral atmosphere and 
by the ionized layers of the higher atmosphere (Hagfors 1 97 6 ) . 
In this paper only the contributions of the ionosphere to the 
measurements are d iscussed . The dispersive nature of the iono
sphere can be used to eliminate the first order path errors if  
two widely spaced frequencies are observed simultaneously . In  
Doppler satellite tracking the dual frequency approach is an 
integrated part of the system and provides reliable ionospheric 
calibration (Guier et al e 1 9 60) . 

In VLBI a dual frequency receiving system requires a considerable 
effort to be implemented , hence there are no more than a few 
stations adequately equipped to observe in the dual frequency 
mode . At present only the frequency pair 2 . 3/8 . 4  GHz (NASA S and 
X-Band) is available for wider use , but stations with S-X
capability are mainly restricted to the territory of the U . S . A .  
I n  Europe other frequencies are favoured , such as 1 . 6 ,  5 ,  1 0  and 
2 2  GHz ( 1 8 ,  6 ,  2 . 8  and 1 . 3 " cm) . For each of these frequency bands 
highly sensitive wideband receiving systems are avai lable and 
commonly used for astronomical applications . In this situation 
it seems desirable to find alternative ways of col lecting iono
spheric data and to be able to apply ionospheric corrections to 
single frequency band VLBI measurements .  

At present two approches have appe ared in discussions more 
frequently : 
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1 .  Measuring the Faraday rotation of the radio signals of geo
stationary satellites (Davies et al e 1 97 7 ) . 

2 .  Using dual frequency Doppler or pseudo range measurements to 
Earth satellites (Davies et al e 1 9 77 , MacDoran et al e 1 98 2 ) . 

In both cases the ionosphere is probed at more or less widely 
spaced time intervals and generally not coinciding with the 
VLBI lines of sight . This is of course a serious drawback of 
both methods , especially if the high variablility both in time 
and in space of the ionospheric refraction is  considered . It is 
fairly obvious that useful results can only be expected if 
spacial and temporal resolution is high enough to follow the 
more prominent ionospheric variations ( i .  e .  the day-night 
effect and the latitude dependence) . In order to investigate the 
value of satellite Doppler observations for correcting single 
band VLBI measurements several simultaneous VLBI- and Doppler
campaigns have been carried out with various stations in Europe 
and in the U . S . A. In this paper the adopted procedures are 
described and first results are presented . 

2 .  DOPPLER COUN�S AS SOURCE FOR IONOSPHERIC INFORMATIONS 

In geodetic applications Doppler measurements to the satellites 
of the Navy Navigation Satellite System are performed on both 
coherent frequencies emitted by the satellites , 1 4 9 . 988  MHz and 
399 . 9 68  MHz ( 1 50 and 400 MHz )  to eliminate the first order term 
of the ionospheric range error ( IRE) . 

Taking only first order effects into account the refractive 
index of the ionosphere can be expressed by ( e .  g .  Davies, 1 97 7 ) : 

n = 1 40 . 3 1 EC ( 1  ) -
f2 · , 

where EC = content of free electrons in 1 m3 • 

Integrated along the l ine of s ight with the assumption that the 
signal path is identical to the geometrical connection receiver 
( R) satellite ( S )  the IRE is 

S S 
6s = f ( 1  - n )  ds = + 40. �1 • f EC ds = 

40. 3 1  • TEe ( 2 )  
R f R f2 

where the total electron content (TEC) repre�ents the number of 
free electrons along the line of sight per m • 

Writing down equation ( 2 )  for both frequencies it is possible to 
calculate the IRE from the difference in IRE at both frequencies 

2 f 1 50 6s400 = ( 6s 1 50 - 6s400) · 2 2 ( 3 )  
f 400 - f 1 50 
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t2 
The observed Doppler counts N are defined .as N = { ( fG_fR) dt , 
where G ' 

f = frequency of the receiver osci llator 

fR 
= received satellite frequency fS , Doppler shifted and 

affected by the atmosphere . 

Differencing the 400 MHz and the ' 50 MHz counts , after s caling 

the latter by 8 ( = 400) we obtain : 3 ' 50 

t
2 8 R R AN 

= {, (3 £ 1 50 - £400 ) dt ( 4 ) 

In a nondispersive medium the count difference AN would be zero 
(negl�cting measurement errors of the receiver ) . dN may be 
interpreted as the change in the difference of the IRE ' s  of both 
signals over the time span t2 - t, d t vided by the 400 MHz wave
length . 

f 400 [ t2 t , t , t2 ] 
AN = � . �s 1 50 - �s 400 - �s 1 50 + 

�s400 
( 5 )  

The change in IRE for the 400 MHz signal in the time span t2 - t1 is found using equations ( 3 )  and ( 5 ) : 

( 6 )  
400 f400 

Using the above equation it is possible to compute the changes 
in IRE along the satellite pass using the measured count diffe
rences �N .  

To derive absolute values of the IRE , the initial range error 
to �s at the beginning of each satellite pass has to be found . 
400 

In our data analysis we use a method developed by Leitinger et 
al e 1 97 5 . This ·method es.serttially relies on the fact that from 
two Doppler receivers located at a given North-South distance 
of about 1 000 km the zenith angles of the lines of sight in the 
ionosphere wi ll generally be significantly different ( see fig . 
1 ) . This difference allows to solve for the constant biases at 
both stations . 

. 

t 
Adding up the constant bias �s 0 and all differences in the IRE 

400 
calculated in equ. . ( 6 )  the IRE referenced to the line of sight 
at epoch t .  is obtained . l. 
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3 .  INTERPOLATION MODEL FOR DOPPLER DERIVED IONOSPHERIC 
CORRECTIONS 

The pOinting directions of the radio telescopes wi ll in general 
not coincide with the tracks of the NNSS satellites . Therefore 
some sort of interpolation of the IRE values is required . Idial
ly we have a three dimensional problem : azimuth and elevati on in 
a local coordinate system and the time of observati.on . One way 
to attack the problem is to replace the actual ionosphere by a 
thin layer at a given constant altitude ( e .  g .  400 km in the 
mid- latitude zones ) ( Hartmann 1 9 7 7 ) . The vertical IRE values are 
referenced to the ionospheric pOint ( IP )  which i.s defined as the 
intersection of the l ine of sight to the satellite wi th the 
ionospheric layer . The IP i s  described by only two parameters : 
I t s  geograph i c  l ati tude and i t s  l oc a l  s o l ar time . In th i s  way 
one spacial parameter is combined with the parameter time . Look
ing at the physics of the ionosphere , this  approach se.ems 
reasonable , because the state of the ionosphere is strongly 
dependent on the hour angle of the sun (day-night-variations ) 
and on the latitude . The values latitude , local solar time and 
also the ionospheric zenith angle can easily be calculated from 
the stati on-to-satellite geometry . 

Figure 1 :  Geometry for two stations : For simplicity of 
drawing it is assumed , that the orbit of the satellite 
and the two stations A,  B are in a common plane 
( Leitinger et al . 1 9 7 5 ) . 
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The actual interpolati on of the vertical IRE is performed in the 
reference system defined above . · Th.e · trace. ·of the :Ps for one 
satellite pass is approximately a North""South line and the verti
cal IREs of the pass form therefore a North-South profi le of the 
ionosphere . A two dimensional representation of the Doppler 
derived vertical IREs can be given in contour maps us ing thi s  
coordinate system ( figure 2 ) • 

4 .  IONOSPHERIC CALIBRATION OF VLBI OBSERVATIONS 

The three geodetically interesting VLBI observables , the group 
delay , the fringe phase and the fringe rate are independently 
estimated in the crosscorrelation function analysis (Moran 1 97 6 ) . 
All three quantities are affected differently by the ionospheric 
medium : the group delay ,  which is based on the phase response to 
frequency , is connected to the group velocity v while the 
phase and the rate .are connected to the phase �\oci ty Yph of 
the signals . In the presence of a dispersive medium the relation
ship between both velocities is (Bergstrand 1 9 5 6 ) : 

1 
= �f [ f • ! ] , where 

ph 
( 7 )  

( 8 )  

I f  ( 7 )  and ( 8 )  are combined with ( 1 ) we can verify that the 
ionospheric phase delay correction should be nearly equal in 
magnitude but opposite in sign from the group delay correction . 
Moreover the group delay must have the same sign as the tropo
spheric path correction , because Vgr < C both in the ionosphere 
and in the troposphere . 0 

The ionospheric mapping function we presently use in the base
line fitting program is simi lar to the one used for the tropo
sphere (essentially a l /cosz dependence) , but instead of the 
ground based zenith angle z the zenith angle z ( IP )  at the 
height of the condensed ionospheric layer i s  introduced . At low 
elevations the ionospheric and the tropospheric mapping func
tions differ signi ficantly , the latter showing a much steeper 
rise than the former . This  in turn causes the rate correction , 
which is  the time derivative of the delay correction , to be 
much less pronounced in the ionosphere than in the troposphere . 
Hence only a relatively small ionospheri c  signal may be expected 
in the fringe rates whi le the main contribution wi ll be fe lt in 
the group delays and in the phases .  

5 .  NUMERICAL RESULTS 

Up to now three different VLBI campaigns have been accompanied 
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and from Onsala ( right s ide ) . 
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by Doppler observati ons : The. Nov. 1 7 9  Mk. II.I experiment at 2 . 3 
and 8 . 4  GHz , the Febr . 1 80 Mk I I  experiment at 1 . 6 ·GHz and the 
April 1 8 1  .ERIDOC Mk ·I I  ·experiment at 5 GHz . At this stage of the 
data processing (the ionospheric transfer model has just been 
completed) only a small part of the Febr . 1 80 data have been 
used to obtain a first proof of concept before more effort is 
invested . 

The Doppler data available for the dates of the experiment , the 
20th and 2 1 st of Febr . 1 9 80 , were taken at the stations of Effels
berg and Onsala with the Magnavox MX 1 502 receivers . At NRAO 
Green Bank a Geoceiver was used while the receiver at Maryland 
Point apparently failed to produce any good data . For the. first 
test we started to process the MX 1 502 data and produced iono
spheric profiles over Europe which served to interpolate the 
IRE I S at the ionospheric points of the VLBI line.s of sight and 
to draw the map in fig . 2 .  Four typical examples of ionospheric 
IRE-profi les at 400 MHz are shown in fig . 3 .  Two each are seen 
from Effelsberg and Onsala during the same satellite. pass  and 
represent the same portion of the ionosphere . The agreement at 
night time is very good , whereas at daytime small deviations can 
be seen . These reflect the inhomogeneities of the ionosph.ere and 
will set a l imit to the applicabi lity of the proposed method , 
especially when short baselines · are considered . 

In order to test the effect of the Doppler derived ionospheric 
corrections on the VLBI group delays and fringe rates it appeared 
most efficient to run the baseline solutions with the option of  

Uncorrected data Corrected data 

Day . Delay rms Rate rms Delay rms �ate rms 
ns mHz ns mHz 

5 1  1 4 . 0  3 . 6  5 . 2 3 . 0  

52  1 2 . 0  2 . 0  5 . 3  1 . 6 

Table 1 :  Effect of the Doppler derived ionospheric correction 
on best fit residuals of baseline solutions (Mk I I  1 8cm data) 
(Baseline NRAO Greenbank - Effelsberg) 
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holding all parameters fixed except the three clock unknowns . We 
. used the best baseline coordinates and source positions presently 
available to us , i . e .  the results from the November 79  Mk III  ex
periment at 8 . 4GHz . The tropospheric parameters were set at their 
seandard values of 2 . 1 Om extra zenital path . Under normal condi
tions these values only vary between 1 . 9 and 2 . 3  meters .  Because 
of the lack of ionospheric data at the NRAO end of the baseline 
(the Geoceiver data have not yet been decoded ) we chose a period 
of both days during . which the NRAO site is still in night time ' 
whi le Effelsberg is  already out in the daylight . In this case it 
fs safe to assume a low me·an night time value for NRAO and use 
the Doppler derived data for Effelsberg . The rms fitting errors 
shown in table 1 give a strong indication of the validity of the 
method . The residual plots in figure 4 provide a more detailed 
i llustration of the effectiveness of the applied corrections . 

The solutions of the same data with the baseline and tropospheric 
parameters free indicate that th.e ionospheric bias tends to be 
absorbed by these parameters instead of blowing up th.e reS iduals , 
a fact which has been suggested by Robertson and Carter ( 1 9 8 1 ) . 
In sp�te of a relatively high signal to noise ratio on the NRAO -
Effelsberg baseline the data perform , helas , rather poorly , there
fore more specific investigations will be carried out after re
processing the crosscorrelation data with an improved software 
system . 

The preceding results are examples of particularly gross effects 
on an intercontinental baseline . It remains to be seen whether 
the method can keep its promise on shorter baselines with much 
more subtle effects . Some of the November 7 9  Mk III VLBI data 
which have been observed at both S and X bands wi ll serve as ex
cellent test data sets to validate th.e use of Doppler derived 
ionospheric information . 
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TECHNIQUES USED IN SAO HYDROGEN MASERS 
FOR INCREASED FREQUENCY STABILITY 

AND RELIAB IL ITY 

Edward M. Mattison 
Robert F. C .  Vessot 
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Cambr idge , Massachusetts 02138 , U . S .A. 

ABSTRACT . The major characterist ics of frequency standards 
of concern to users are frequency stabil ity , rel iabil ity of 
operation, and ease of transport .  We de scribe approaches 
taken by SAO to fulfil l  these criteria in the VLG-l1 ser ie s 
of hydrogen maser s .  They include receiver improvements for 
s h o r  t - t e rm s t a  b i  1 i t y , change s in r e s o na n t  cav i t y  
construction and magnetic shield de sign for reduction of 
systematic effect s ,  and rede sign of the vacuum pumping 
system for longer l ife.  

INTRODUCTION 

U sers of frequency standards -- and VLB I user s of hydrogen ma ser s in 
particular -- are interested in three major aspects of their standards' 
perf ormance : f r eque ncy stabi l ity , r e I  iabil  ity ,  and transportabil  ity .  
Currently , while masers  are in short supply , VLBI put s an especial ly high 
premium on the abil ity to move a maser to an antenna site and have it operate 
w ith good s t ab i l ity pr ecisely when it i s  needed : dur ing a s chedul ed 
observing run .  We de scribe here some of  the factor s  that affect maser s in 
these areas and discuss the approaches that the Smithsonian Astrophysical 
Observatory ( SAO ) ,  in its program of research and development of maser s for 
use in VLB I and s pace tracking programs , ha s t aken t o  sa t i sfy these 
requirement s .  

MASER FREQUENCY STAB IL ITY 

The frequency stabil ity of hydrogen masers over interval s shorter than 
roughly 1 , 000 se conds i s  af fect ed pr imarily by therma l noi se , and i s  
determined largely by the maser' s  power output and l ine Q and by the noise 
f igur e and constr uct ion of  it s r ece iv er . With the a im of incr eas ing 
reliabil ity and short-term stabil ity we have rede signed part of the VLG-U 
receiver and reconstructed the entire unit . We have combined the successful 
rf design of the VLG-1 1B,  which is based on a 100 MHz VCXO , with an improved 
phase-lock circuit that avoids the need for a separate sweep o scil lator for 
acquiring lock. The receiver housing , which measures 6 x 20 x 29 cm, is  
machined from a sol id aluminum block that provide s  mechanical ruggedne ss and 
thermal uniformity . It is shown in Fig. 1 with its covers removed. The 
me t h o d  o f  a s sem b l y  m i n im i z e s  t h e  numbe r o f  co a x i a l  c o nne c t or s i n  
high-frequency circuits , reducing a po ssible source of noise . In addition t o  
prov iding the usual low-frequency output s a t  0 . 1 ,  1 ,  5 ,  and 1 0  MHz , the 
receiver supplies signals  at 100 MHz and 1 , 200 MHz.  These are part icularly 
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suitable for multiplication to higher frequencies in appl ications such as 
mil limeter-wave VLB I .  

Over interval s longer than about 1000 seconds , maser output frequency i s  
inf luenced ch ief ly b y  sy stemati c  e f f e c t s  that inc l ude change s in the 
r esonance frequency of the microwave cavity and variations in the external 
magnetic f ield . 

Cav ity frequency shifts ,  which result in pul ling of the atomic l ine shape 
and consequently of the output frequency , can be caused by temperature
induced change s in the dielectr ic coeff icient of the quartz storage, bulb ; by 
change s i n  cav ity d imens ions due t o  variations in ambient t emperatur e ,  
barometr i c  pr e s sur e ,  or cav ity me chanical proper t i e s ; and by o ther 
mechanisms . Work at the Jet Propulsion Laboratory (Kuhnle , 1 981 ) , the U .  S.  
Naval Research Laboratory (White , 1 981 ) , and SAO has shown that some !tser s 
display a regular long-term frequency drift on the order of parts in 10 per 
day that is accompanied by a corresponding increase in the tuned cav ity 
reso�,ce frequency . The temporal behav ior of these dr ifts is typica l ly 
l-e-t , with T on the order of 40 day s .  We bel ieve that thi s  effect is due 
to "bedding" of the ground surfaces  of the low-expansion Cervit cavity at the 
joints between the cylinder . A similar effect has been observed in opt ically 
contacted joints in low- expansion mater ial s (Jacobs , 1 976) . We have taken 
steps to reduce this dr ift by optica l ly pol ishing the cavity endplates and 
cylinder end surface s,  and assembl ing the cavity under cleanroom conditions. 
We have observed that the frequency shift when the cavity is f irst assembled 
and c l amped t oge ther i s  appr oximately 2 kHz for po l i shed  cav it i e s ,  a s  
compared  w ith appr oxima tely 8 kHz for typica l  ground-jo int cav it ie s .  
Prel iminary measurements indicate that the dr ift effect is much reduced,  and 
we are in the process of tracking the tuning of two recently built maser s to 
measure the effect accurately . 

Other po ssible sources of cavity frequency drift are thermal expansion of 
th,e cav ity mat e r ia l  and r el axa tion of sur f ace str e s s  in the cav ity " s 
conductive coating. In an effort better to understand the properties of 
cavity material s and coatings we have col laborated with the University of 
Arizona Optical Science s Center in a series of exper iments .  We measured the 
room-temperatur e thermal expans ion co e f f icient s of thr ee low-expansion 
material s ,  ULE [ l ] , Zerodur [ 2] , and Cervit 101 [ 3 ] , before and after heating 
them to 7000C,  the temperature at which the silver cavity coating i s  appl ied. 
The coef f ic ient s f or Cerv it 1 0 1  and ULE r emaine d  e s se nt i a l ly unchanged 
fol lowing heating , while Zerodur' s coeff icient decreased in 1:Ulgnitude , as 
shown below .  

Material 

ULE 
Cervit 101 
Zerodur 

Expansivity x 108 (oC-l ) 
Before Heat Af ter Heat 

Treatment Treatment 

+5 . 5  
-14 . 5  
-12.3  
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In a separate exper iment we hav e  mea sur ed the sur f a ce-str e s s  induced 
curvature of rectangular silver-coated samples of cavity material s over a 
period of seven months .  Prel iminary result s  indicate that the peak- to
val ley curvatur e of plates  100  mm long and 10 mm thick,  coa t e d  w it h  
approximately 0 .05  mm of silver , changed by less than the resolut ion o f  the 
exper iment , appr oximately  1 0 0 0  AO , ov er a per iod of �ix month s .  A 
temperature dev,e'bde_ttce of curvature was observed with a magnitude on the 
order of 2000 � C • 

Certainly , one can never el iminate all  systematic effect s ;  a s  a maj or 
ef fect i s  r educe d in magnitude , o ther s wil l appear . Our approa ch t o  
obtaining frequency stabil ity i s  to make the maser a s  inherently stable a s  
po ssible and then, if appropr iate, t o  work at compensating for any residual 
perturbations. An example of this is our use of an extremely low ma'ss  quartz 
s t or age bul b  t o  m inimize t emperatur e- de pendent die l e c t r i c  coef f ic ient 
changes ,  and low-expansion cavity material to minimize thermal ly induced 
dimensional change s .  Having minimized the cavity' s thermal sensitivity , we 
stabil ize the maser ' s internal  temperature with a six-zone heat-added servo 
contr o l ler . To r emove any long-term cav ity dr if t s  that r emain,  we are 
working o n  the development of an el ectronic cav ity frequency stabil ization 
system that will lock the cavity resonance to the atomic transition frequency 
with minimum perturbation of the atomic l ine . 

To increase the effectiveness  of the internal temperature control system 
we have instal led in the maser cabinet a temperature control ler that in 
effect turns the cabinet into a smal l env ironmental chamber . ' This provide s 
constant temperature air for the maser electronics as wel l as for the physics 
pa ckage . Over an ambie,nt t empe ratur e range of 2 1  t o  280C it y ie l ds an 
e s t ima ��d t efp e r a t ur e  s e n s i t iv i t y  ( l / f } ( d f / dT ) o f  appr o x ima t e l y  
8 x 10- °C- . Exact value s  for the sensitivity await careful , lengthy 
measurement s .  

A maser' s frequency can be altered by changes i n  the external magnetic 
f ie l d .  Fo l lowing our exper ience with shields de signe d by the Naval Research 
Laboratory ( Gubser , 1 981 ) for the smal l-cavity passive maser developed by SAO 
and NRL , we have de signed and instal led conical-ended magnetic shields in the 
latest VLG-l1 masers .  The innermost shield remains f lat to prov ide suitable 
boundary conditions for the weak 0 . 5  G internal ly applied f ield.  The conical 
shape of the three outer shields (Fig. 2) el iminates the "oil-canning" 
mechani cal instabi l ity found in f lat-ende d shie l d s  and prov ide s a 
mechanically stable structure that can be sol idly supported without the 
hazard of local ized str e s se s  and r esultant work hardening . Th i s  reduce s the 
l ike l ihood of change s in the permeabil ity of the sh iel d s  e i ther dur ing 
assembly of the maser or during transportation. Cbanges in ambient magnetic 
f ield can also affect the maser frequency by changing the distribution of 
a t omic s t a t e s  in the a t omic be am dr i f t  r egion,  be tween the hexapo 1 e  
state-selector magnet and the low-f ield resonant cavity . To reduce this 
effect we have instal led a band of low permeabil ity material between the ion 
pump, shield and the outer physics unit shield (Fig. 3 ) .  This band prov ide s a 
low reluctance path across the gap between these shields and reduces the 
residual field in the beam dr ift region. A magnetic f ield coil mounted 
coaxial ly with the dr i f t  r egion generates  a constant bias  f ie l d .  Thi s  
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prevents large changes in ambient f ield from reducing the dl: if t-region f �.eld 
to zero , which can alter the maser frequency or even quench mase� oscillation 
by a l low ing the a t omic s t a tes t o  be come degenerate . The magnitude and 
direct ion of the bias f ield can be adjusted for operation of the maser in 
either northern or southern hemisphere.  The measured shielding factor and 
magnetic sensitivity of a maser with the new magnetic shie1da are 

dHext = 1 8  x 103 
dHint 

1 df = 2 x 10-13 G-1 
f dH t ex 

for dH t = 0 .44 G ex 

MASER RELIAB ILITY 

Above all ,  the user of a frequency standard want s the standard to operate 
when he needs i t .  The maj or source of unreliabil ity in maseg- s in recetl.t 
years has been the ion pump system use d  f or pumping hydr ogen and o ther 
gasses .  Because this seems more serious than it was 10 years ago and is  a 
pr·ob1em w ith ma ser s  f r.om sev er al l abor at or ie s ,  i t  i s  po s sible that t:1.e 
metal lurgy of the titanium plates used in the pumps has changed.  At SAO we 
have developed a pumping system that eliminates the ion pump as the major 
pumping device . This system use s four Zr-AI sorpt ion ca:rtr idges to pum.p 
hydr ogen.  The pr act i ca l ity of us ing t h i s  t e chnique in maser s wa.s 
demonstrated in the NASA-SAO Gravitational Redshift Rocket Probe Experiment 
(Vessot ,  1 976) , in which a single sorption cartr idge pumped a rocket- borne 
hydrogen maser for over a year . In the current system a smal l  multiple-anode 
ion pump designed and built by SAO scavenges residual gases auch as nitrogen, 
argon, and hydrocarbons . The de sign of this  pump permit s switching to a. 
fresh anode in case of shorting by screw dislocation ( lIwhislterUU ) grOlfth from 
the cathode . The new system, which has an expe cted pumping l ifetime of 5 
years between reactivations of the cartr idge , is retrof ittable in al l S .A.D.  
VLG-I0 and VLG-l 1 model masers .  

As part of our effort t o  improve maser vacuum systems we have desigced and 
t es t e d  an in-va cuum hydrogen d i s sociator that use s no O-rings . thus 
eliminating a po ssible source of outgassing and leakage . A dissociator of 
this de sign has been operated in vacuum on a test stand for m.ore than six 
months .  Although the out side of the glass has darkened somewhat , apparently 
due to sputtering , the atomic hydrogen opt ical spectrum of the 1?lsaa has 
r emaine d  correct and the d i s charge has o perated prope g- Iy . A s imil ar 
dissociator is being instal led in our cryogenic maser for operation at 77K as 
a source of cold  atomic hydrogen. 

TRANSPORTABILITY 

The abil ity to transport a standard depends upon its size,  weight , an.d 
ruggednes s .  An important que st ion i s ,  can it be put on an airplane , and wil l 
it surv ive shipment ? In VLBI appl ications masers must operate after being 
shipped to radio observator ies ,  of ten in remote sites.  SAO masers have been 
sh ippe d s ucce s sful ly to S pain,  Sweden ,  Germany , Aus t r al ia , Japan,  and 
throughout the United States . The VLG-ll maser is 1 24 cm highD 56 cm wide , 
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and 81 em deep, and weighs 330 kg. When mounted on its shock-absorbing 
pa l le t  i t  f it s  in the cargo compar tment s of  DC- 1 0  and L-1 0 1 1 pa s senger 
plane s .  As witness  to the effectivene s s  of its mechanical ruggednes s ,  dur ing 
a return trip shipment to SAO a maser was dropped with enough force to bend 
the cabinet frame , knock the meter needles off their pivot s ,  and shift the 
ion pump magnet s .  When it was was turned on, it oscillated properly . (We do 
not ,  however , recommend this type of handl ing . ) VLG masers can be trucked 
with ful l power , suppl ied by aut omot iv e  ba t te r ie s ,  and o pe r a t ed w i th in 
m inut e s  of  arriv ing a t  the observ ing s i t e .  For air tran spor t  they are 
usual ly shipped with ion pump power only , suppl ied by high-voltage photof lash 
batterie s  with an expected l ife of many months .  One such maser , which was 
"lost " enroute to an observing site and sat at an airport for almost a week, 
operated without dif f iculty . A maser shipped to Onsala,  Sweden, with no 
power whatever took three day s to reach its dest ination, was pumped down with 
an external ion pump power supply , and o scillated as soon as its temperature 
control system achieved equil ibrium. 

CONCLUSION 

Since its invention in the early 1 960' s the hydrogen maser has come a long 
way from being a large , del icate laboratory instrument . Through the effor t s  
o f  several groups the maser has emerged from the laboratory and has become a 
reliabl e ,  practical tool for the working scientist . 

NOTES 

[ 1 ]  ULE is a registered trademark of Corning Glass Works , Inc .  
[ 2] Zerodur i s  a registered trademark o f  Heraeus-Schott AG . 
[ 3 ]  Cervit is  a registered trademark of Owens-Il l inoi s ,  Inc .  
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Fig . 2 
Conical Magnetic Sh ield 
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Fig . 3 
Mas er s ide view 
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ABSTRACT : I n  most current VLBI eX periments , use of the phase observable for 
geodetic measurements is  sharply curtailed by the relative drift of the 
independent local oscillators at each station . A jOint Canad ian-U . S. experi
ment has been undertaken to demonstrate the possibil ity of ma�ing geodetic 
measurements where this oscillator drift ,  or clock correction , has been 
el iminated by using , effectively ,  a common local osc il lator at widely sepa
rated stations . In order to do this,  we have developed a high- precision 
phase-coherent link between VLBI stations in Br itish Columbia , Ontario , and 
Maryland using the synchronous satellite ANIK-B. The system uses the 12/14  
GHz transponder of  ANIK-B , and makes only modest power and bandwidth demands 
on the satellite channel . A two-tone transmi ssion format eliminates the 
necessity for a coherent satell ite local OSC illator , and two-way trans
mi ssion enables elimination of satellite position changes as well as atmos
pheric effects . 

Data obtained on l ink performance dur ing a f!,�t experiment lasting sev eral 
days show a measured phase stability of 2 x 1 0  for a period of one day . 
This  is  superior to typical VLB measurements of the performance of separated 
hyd rogen masers . A complete measured Allen variance versus averaging inter-·  
val curve has been computed , and clearly demonstrates the stabil ity of the 
l ink. First results ind icate veri fication of the ability of this technique 
to improve on the short-basel ine interferometer method currently used to 
measure Universal Time . The potential of fully-coherent VLBI methods for 
geodetiC and astrometric measurements will be discussed . 
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I ntroduction 

Radio interferometry of natural sources has resulted in many advances in 
astrophysics , geodesy , astrometry,  and related fields over the past 20 years . 
Rad io astronomers have succeeded via the technique of very long basel ine 
interferometry ( VLBI )  in making interferometers with basel ines as long as can 
be accommodated on the earth [ Batchelor et al . ,  1 976 ] .  Although the VLBI 
technique does not require any real-time communications between the inter
ferometer stations , two major technical problems are generated if this is not 
done . First , the data streams must be recorded on wide-bandwidth magnetic 
tapes and shipped to a central processing facility . A second l imitation is  
that separate high- accuracy frequency stand ard s are required a t  each station 
[Meeks , ed . ,  1 976 ] .  Our group has been stud ying the use of geosynchronous 
artificial satellites to el iminate these restrictions on VLBI technique . 
Using the Hermes satellite ,  some of us [Yen et al . ,  1 977 ] demonstrated that 
real- time higb-data-rate transmission of VL BI d ata via synchronous satellite 
is possible . Our latest effort using the Anik-B satellite has i nvestigated 
the use of a synchronous satell ite to l ink the osc il l ator systems at separate 
stations and eliminate the need for separate frequency standard s .  We report 
here on the successful link evaluation experiments,  and comments on the 
impl ications for VLBI usage . 

Theory of Coherent Tone Comparisons 

The basic aim of the phase- coherent satel l ite ex periment is to measur e and 
compensate for phase d i fferences between frequency standard osc illators . 
This  synchronization of two phase references is  accompli shed by transmitting 
a tone from station A to B through a satellite , and simultaneously trans
mitting an independent tone from B to A. At each station , the phase of the 
tone received from the other station is subtracted from the phase of the 
local reference .  These di fferences measured at the two stations are again 
subtracted to produce a measure of the change in phase between reference 
oscillators at B and A .  A complication is introduced by  the fact that the 
tone must be translated in the satellite to avoid regeneration . It is pos
sible to achieve this  translation in a coherent manner by means of a 
synthesizer locked to the incoming tone , as is  done for certain deep-space 
probes . In a typical communications satellite , however , the satellite 
osc illator is incoherent with respect to transmitted signals . If  the satel
l ite al so transmits a beacon that is  derived from the same OSC illator , this 
signal can be used to compensate for satellite oscillator drift .  This was 
done in our earl ier ex periments with the Hermes satelli te [Yen et al . ,  1 977 ] . 
Alternatively ,  i f  no beacon is available one may simply transmit two tones , 
spaced as far apart in frequency as practical , and measure the phase d i f
ference between the two . The effect of the satellite local osc illator is 
thus eliminated at the cost of reduced measurement precision , since the 
equivalent carrier frequency for this  purpose is only the frequency d i f
ference between the two tones . 

A two-tone method , with a frequency difference of 60 MHz , was chosen for 
our ANIK ex periments ( Fig . 1 ) .  Each station . transmits two unmodulated tones , 
generated as d ifferent multiples of the same OSCillator , which are retrans
mitted by the satellite to each other station . These tones are transmitted 
in one of six sub-bands near 1 4  GHz and are received in one of six sub-band s 

251 



near 1 2  GHz .  Both tones pass through the same transponder circuitry . Each 
of our three stations receives three pairs of tones ;  one from each of the two 
other stations , and a signal transmitted through the satellite back to it
sel f .  These tones are then each coherently  translated to form a comb of six 
tones , at frequencies from 1 to 7 kHz.  The tones are each displaced very 
nearly the same amount by the freque,ncy drift of the satellite translation 
osc illator and the satell ite doppler shi ft , but each pair of tones remains 
separated by exactly 4 kHz . These tones are then combined with a 4 kHz 
reference tone generated at the receiv ing station , and recorded on aud io tape 
for later analysi s .  When analyzed , the integrated phase difference between 
each tone pair and the reference represents the sum of the satellite motion 
along the analyzed path and the d ifference between the two station frequency 
standards . The phase di fference between the two standards is obtai�ed by 
subtracting the two complementary phase di fferences , as derived in the next 
paragraph .  This system , since it uses only CW tones , is very econom ical of 
spectrum usage . The frequency excursion of each tone is determined by the 
d i urnal dri ft of the satellite translation oscillator ( ±2 kHz) and by the 
satell ite doppler ( ±1 00 Hz) . Each tone requires a bandwidth only wid e  enough 
to accommodate these shi fts . 
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Figure 1 - Two-way l ink signal modulation- transm ission-demodulation scheme . 
f is the v ideo offset appropriate to the particular station . 

v 

If  the two complementary phase differences are added instead of subtracted , 
a high- preci sion measure of the path length 'change is obtained . This 
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relationship has been used by Knowles and Waltman ( 1 980 ) to demonstrate the 
capability ·of measuring a satellite' s motion to a precision of a few centi
meters . 

Description of System Hardware 

The detailed design used for the satell ite- link system was somewhat d i f
ferent at each of our three stations , since each observatory built its l ink 
independently using ex isting hardware where possible . Anik-B is a multi-user 
communications satellite . The nominal uplink band which we use is centered 
at 1 Q . 2Q GH z and the nom inal downl ink band is centered at 1 1 . 94 GHz .  Our 
three l inks were not all assigned the same transponder because of antenna 
beaming constraints . For these reasons, we will  concentrate on the basic 
pr inciples used in system design . For the upl ink , we first generate by means 
of appropriate synthesizers two phase-coherent tones separated by exactl y 
60 . 0  MHz ,  at a center frequency of about 1 50 MHz .  These are then translated 
upward s in frequency so that each tone falls close to the edge of one of the 
Anik-B sub-bands.  The two tones are then ampli fied by a travel ing-wave-tube 
ampli fier and sent up to the ·satell ite through a diplexer . Tones returning 
from the satellite from all three stations are received on the same antenna , 
separated by the diplexer and translated downward to audio frequencies . The 
following protocols are observed . F irstl y ,  the tone-pairs of d ifferent 
stations are arranged so that they are a nom inal 1 kHz apart at the receiv ing 
station before satellite doppler is considered . Secondly ,  at v ideo frequency 
the tones are mixed so that each pair of tones is separated by exactly 4 kHz , 
with the lower frequency of each pair at 1 ,  2 and 3 kHz.  The major portion 
of the apparent satellite frequency change of about ±2 kHz is common to all 
three baselines , so all tones will shi ft in frequency by close to the same 
amount ,  and the drift may be compensated for by a single variable frequency 
synthesizer at each station . By using the dual-tone method , only the 
coherence of the osc illators needed to generate and demodulate the tone- pairs 
is  important . None of the translation osc illators need be coherent , although 
in practice all except for the satellite translation OSC il l ator are synthe
sized from a master station standard . 

When each tone-pa ir is received , it must be demodulated by a phase 
detector . In principle , this phase-comparison can easily be done in real 
time , and the phase correction can then be applied to one of the station 
frequency standards to make a true phase- closed loop . We ·chose not to do 
this for the initial experiment;  instead , the tones were recorded on an aud io 
tape recorder at each station and analyzed l ater with a playback processor 
developed for the purpose . Doing things thi s  way made  possible ex-post- facto 
deci sions on l ink anal ysis parameters that would not have been possible i f  
the loop had been closed in real time . However , we d id need to introduce 
additional complexity to deal with the v ar i able tape speed of stand ard audio 
tape recorders .  On one of the two audio channels we recorded a time cod e .  
O n  the other we recorded the three tone- pairs mentioned above , plus a locally 
generated 4 kHz tone . 

A block diagram of our playback machine is shown in Figure 2 .  In order to 
extract the d ifferential phase information a special-purpose aud io processor 
was constructed . The processor first translates the six satellite tones 
upward about 1 0  kHz by means of· a common local oscillator that is v aried to 
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compensate for satellite doppler shift . Each individual tone is extracted in 
a separate filter ; then each pair of tones is mixed together to extract a 4 
kHz di fference frequency .  Each 4 kHz d ifference frequency is phase compared 
with the 4 kHz reference tone . S ince the reference is also extracted from 
the tape , the tape recorder motion uncertainty is el iminated . For each tone 
pair we prod uce in- phase and quadrature phase outputs ; these are then d ig i
tized at a 1 0  Hz rate and sent to a Hewlett-Packard 2 1 1 6  minicomputer . The 
timing of the samples is controlled by interrupt from a time code extracted 
from the tape . The minicomputer , programmed in Forth , handles the subsequent 
tasks of measuring phase and counting turns . The phase data is then accumu
lated on disc ;  on final data reduction a software idling routine extends the 
phase over tape changes , d ropouts , etc . This is  made feasible by the fact 
that the measured phase , except for the integral revolution part ,  recovers 
exactly a fter a data gap . 
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Figure 2 - Special-purpose satell ite- link data processor .  
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The work described here was undertaken to investigate the feasibility of 
operating an operational phase-link between North America observatories in 
order to establ ish a system for high precision geodesy and astrometry 
measurements . In addition , it is expected that our ex peri ence will prove 
valuable in the design of the various Long Baseline Arrays now underway . 
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I n  carrying out these studies , the Anik-B satell ite was used to establ ish a 
phase link between the following observatories : 
1 .  Algonquin Radio Observatory( ARO ) ,  Lake Traverse , Ontario , Canada 
2 .  Dominion R ad io Astrophysical Observatory(PEN ) , Penticton , B . C . ,  Canada 
3 .  Naval Research Laboratory(NRL ) ,  Nanj emoy, Maryland , U .  S .  A • 

. 

For the r adio astronomy portion of the observations , we used antennas of 46 
m diameter ( ARO ) and 26 m diameter ( PEN and NRL ) . Each of the three stations 
was equipped to observe astronomical sources at both 1 1  em and 21 em wave
lengths to help  compensate for ionospheric effects . Phase- l ink antenna 
d i ameters were 4 .5 m(PEN ) , 1 0  m( ARO) , and 25 m(NRL ) . A hydrogen maser was 
available at NRL ; rubid ium standards were used at the other sites . The . 
experiment described here took place d uring April  7-1 2 ,  1 980 and prov ided an 
excellent evaluation of Dhase link performance over all time scales up to one 
day or longer . A similar ex periment has been performed by van Ardenne et al e 
( 1 981 ) ;  however , there are two important d ifferences between their results 
and ours.  Firstl y ,  our link operated between separated stations , thus enabl
ing more extensive tests of the potentialities of the method . Secondly,  we 
obtained continuous phase-link data for a period of several days to study 
long- term effects . 

Table I 

Satellite L ink Signal-to-noise Parameters for Penticton L ink 

Nominal Frequency 

Transmitter Power 

Transmitting Antenna 
Gain 

E ffective isotropic 
R adiated Power ( p )  

Modulation correction : 
for 4 tones 
for bandwidth sharing 
250Hz/70MHz 

Free Space Loss (L fs) 

G /T 

1 0  log B 

C/N 

C/N for NRL link 

Carrier- to- inter ference 
ratio for satell ite channel 

U pl ink 
1 4  GHz 

20 watts 

54 db 

67 dbW 

-6 db 

-206 . 6  db 

O � � 

24 db 

59 db 

5 6 . 6  db 

255 

Downl ink 
12 GHz 

46 . 5  dbW 

-26 . 1  db 

-205 . 1  db 

25 . 4  db/ � 

24 db 

45 . 3  db 

5 2 . 2  db 

32 . 1  db 



Although the signal-to-noise ratio for the satellite l ink varied with each 
station , we present in Table I an anal ysi s  for the worst case as an example . 
Results ex pressed are carrier-to-noise ratios accord ing to the standard 
satell ite engineer' s relationship [ Reference Data for Rad io Engineers , 1 968 ] .  
We assume a ground transmitter power output of 20 watts and a receiv ing band
width of 250 Hz.  which is set by our audio filters and clearly could be im
proved for better signal-to-noise ratio . We are l imited in signal- to-noise 
ratio primarily by the satell ite carrier- to- interference ratio . Thi s and the 
additional loss factor of 26 db result because we were co-users of the satel
l ite channel , so were only  allowed to use part of the satell ite output power . 
The signal-to-noise figures reported by van Ardenne et al . ( 1 981 ) assume sole 
use of a satell ite channel . 

The period from 1 2h U .  T .  on April  8 to 1 2h U .  T .  on April  9 was chosen as a 
period for thorough analysis of phase- l ink per formance . Graphs and para
meters will be primarily from the Algonquin-Penticton link ; the other two 
basel ines showed simil ar per formance . Fig . 3 represents a sample of short
term path length measurements from a one-way l ink, illustrating the typical 
noise behav ior of the link . As with all data in this  section , the data 
actually represents degrees of observed phase at 60 MHz ,  which has been 
converted to a time representation . The noise has a white spectrum . The 
short-term variance of this noise is about 25 picosecond s ( the curvature of 
the graph is an effect of the satell ite motion) . 

I 100 picoseconds 

1 0  seconds 
l· · 1  

F igure 3 - Sample of short- term l ink noise ( sampl i ng interval 0 . 1  second) . 
Data is  NRL at Penticton . 
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IIO fJ-sec = 3 km 

Figure � - Total phase eXfiursion of Penticton sigRal received at Algonquin 
dur ing the period from 1 2  on April  8 ,  1 980 to 12  on Apri l  9 ,  1 980 . Total 
peak-to-peak excursion is about 1 02 m icrosecond s = 1 5 . 3  kiolometers . 

Since exam ination of the data at intoermediate time scales showed no evi
dence of unexpected effects , a 2� hour sample of the l ink data was analyzed . 
The 24-hour period is a natural one for examining thi s  sort of data because 
almost all perturbing effects , fram whatever cause ( e . g .  satellite heating ,  
ionosphere , satell ite orbit , etc . )  would be expected to appear on this time 
scale . F ig .  4 shows the integrated phase measured on the Penticton to 
Algonquin l ink. The large sine wave with a 24-hour period is the residual 
satellite motion , with a peak-to-peak amplitude of about 1 03 microsecond s ,  
correspond ing to 1 5  kilometers o f  satellite motion . In order to determine 
the relative drift of two frequency standards the measurement of the phase at 
ARO from PEN is subtracted form the measurement at the phase of PEN from ARO , 
accordi ng to equat ion 1 0 .  The resultant appears as a straight l ine with a 
measured slope of -2 . 6870 microseconds/day . This  correspo��f to an error in 
rate of one rubidium standard upon the order of -3 . 1 5  x 1 0  • In order to 
determine the measurement errors in the O double- subtracted data , the result 
must be examined on an expanded �cale by subtracti ng the frequency standards  
slope . Fig . 5 shows the data from the Penticton-Algonquin baseline with this 
done . The remaining curvature is  beli eved to represent the differenti al 
second derivative of the two standards .  
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I 1 .0 nanoseconds 

Figure 5 - Measured rate of advance of frequency stand ard at Penticton upon 
that at Algonquin , with scale ex pansion of 1 000K and slope removed to show 
residual excur sions . The parabol ic compoonent is  bel ieved to represent the 
di fferenti al rate-of-change of the top frequency standard s .  

I f  we sum the phase di fferences from all three station pair s :  

we obtain a phase closure relationship which gives a measure of the l ink 

errors independent of the behavior of the station frequency standard s . 
For the 24-hour per iod d i scussed here , 

tA - tp = -2 . 6810 �second s 
tN - tA = +1 . 4019 �seconds 
tp - tN = + 1 .2809 � second s 

Sum +0 . 00 1 1 �second s 
The closure error of 1 . 1  nanosecRnds represents 23 degrees of phase at the 60 
MHz d i fference frequency.  At 03 on April 9 a synthesi zer adj ustment at 
Algonquin apparently resulted in a phase jump of 0 . 4  turns which has been 
el iminated from Fig . 5 .  Thi s  adj ustment does not affect the phase closure 
relationship .  

We used the data from the sample period to estimate the Allen variance of 
the l ink . as is shown in the sol id curve of Figure 6 .  The Allen variance for 
time intervals of less than 60 second s was computed from a typical one-way 
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l ink ; for intervals of one m inute and longer it was computed from the phase
closure relationship of all three basel ines • . It was necessary to use the 
phase-closure relationship to measure the l ink parameters because over inter
v als of longer than about 1 0  minutes the two-way l ink variance is clearly 
dominated by the frequency drirt rate �� one rubidium standard upon the 
other , and levels orf at about 3 x_19- for the Algonqu1n-Pent1cton pair . 
The Allen variance is about 3

_
f41 0  for a sampling interval of 0 . 1  second , 

and decreases to about 1 x 1 0  at a sampling interval of 8 hours .  The data 
points may be approximately represented by a straight l ine with a slope of 
-0 . 85 ;  thi s compares with the slope of - 1 . 0  to be ex pected from a l ink com
pletely dominated by short-term noise . The most important qualitative con
clusion to be drawn from this  graph is that the variance is sti ll decreasing 
rapidly at the longest sampl ing intervals.  This is a necessary condi tion for 
a truly phase- stable l ink . T�'

5
pred icted phase stabil ity based solely on - 1 6  these results is  about 2 x 1 0  for a period o f  one day, and about 3 x 1 0  

for a period of ten days . 

/:::"f - ....... 
f 

...... ...... ...... ....... ......... 

Figure 6 - Measured Allen variance of the satellite link as a function of 
averaging interavl for the sample per iod . Sol id line is v ar i ance measured 
from three-basel ine phase closur e ;  dotted link is  measured from compar ison 
with rad io astronomy data . 

259 



Figures for link stabil ity expressed in time units are about 1 00 pico
seconds for a one- second averaging time , and about 300 picoseconds for an 
8-hour averaging interval . The latter represents about 1 3 0  of phase at the 
60 MHz difference frequency. Although the Allen variance graph does ' not show 
thi s clearly,  there are observed excursions in the phase in certain basel ines 
with a quasi- period of seconds to minutes that are believed to be a result of 
cross-modul ation effects in our l ink decod ing circuitry . Reducing the se will 
clearly improve the preci sion of the l ink . 

Astronomical VLBI d ata was al so recorded during the sample period using a 
selection of strong rad io sources . The rad io source data was used to check 
the clock rate determ ined from the link , and for an independent computation 
of the Allen variance . The di fferential clock rate computed from the radio 
astronomy measurem��ts [ Cannon et al . 1 9�1 J for the ARO-PEN basel ine was 
+2 .76 ± 0 . 01 4 x 1 0  + 6 . 39 ± 0 . 27 x 1 0  Ihr , which agrees satisfactorily 
within its er!�l limits with the mO!T4 preci se satellite l ink v al ue of +2 . 8658 
± 0 .001 4 x 1 0  + 6 .25 ± 0 . 1 4  x 1 0  I hr .  After using the l ink phase to 
correct the radio astronomy phase , an Allen variance was computed from 9 
hours of astronomical data for the ARO-PEN basel ine , and is plotted as the 
dotted line in Fig . 6 .  

The variance computed from the link data represents the internal consi st
ency of measurement of the l ink proper , independent of the performance of the 
frequency stand ards .  The phase closure test gives a true estimate of the 
random contribution to l ink error , and all systematic errors except those to 
which the link should, be immune . Errors which are correlated between the two 
pairs of tones compri sing a two- station l ink are not fully shown by the phase 
closure test , but all effects of thi s type should be fully cancelled by the 
two-tone di fferencing scheme used . The variance computed from the radio 
astronomy data should provide a more comprehensive test of the link, as well  
as  including additional error sources associated with the rad io astronomy 
receivers and atmospher ic path . It is thus surpr i sing to find the estimates 
for the one-minute time range somewhat below those for the l ink sel f- test .  A 
possible ex planation is that the med ium-term noise was significantly worse on 
one of the basel ines , since the phase- closure variance includes information 
from all three basel ines . The rad io astronomy variance slope is signifi
cantly  di fferent from -1 ; possible perturbative effects that could cause this 
include phase drifts in the long cables associated with transmitting oscil
lator phase to the rad io astronomy receivers , and atmospheric delay changes 
that the link system has cancelled . 

System Error Sources and Possible Improvements 

Modeling of system errors is made somewhat difficult by the v ar i able 
conditions when transiting the satellite . The random component of the phase 
error should be governed by the standard relationship : 

a = 2 (S/N ) (2 ) 
for measurements of phase . Our signal- to-noise ratio is limited primarily by 
television-carrier interference .  Using the value from Table I ,  our pred icted 
random phase noise is about 0 :05.  I f  one assumes that the noi se behaves 
randomly, so that it can be averaged down , the estimate will  improve further . 

260 



Our actual short- tenn noi se is about 0 :5 .  This is signi ficantly worse than 
the pred icted value . 

A large number of effects can cause systematic errors in the measured link 
output . In analyzing their importance it is helpful to keep in mind two 
principles of the double-tone method . In paths with two tones the inform
ation is extracted from the phase difference between the tones ; thus these 
paths are not affected by operations which add a constant phase difference to 
each of the two tones such as frequency translation . In two-way paths the 
information is extracted from the difference in the path delays and is thus 
insenstive to symmetric changes in path length , as long as the time scale is 
not significantly shorter than the 0 .25 second link transit time . 

The troposphere causes an excess delay in signals transiting it in the 
X-band frequency range of about 5 meters .  Thi s  delay is frequency indepen
dent , and should cancel completely except for the small component with period 
< 0 . 25 second s .  Total ionospheric effects are very small at X-band . At 12  
GHz , the total of excess delay at zenith is about 15  �70r_�00 picoseconds 
for a typical daytime total electron content of 5 x 1 0  m , and about l OS 
of that at night . In analyzing the ionospheric effect ,  we should first note 
that any perturbation that is the same at station A and station B will appear 
identically in both the A-B l ink and the B-A l ink , and will  appear as a 
change in l ink path length and thus cancel when considering frequency stand
ards .  Thus only various second-order di fferential effects need be conside
red .  The most important of these occurs when the ionospher!c electron con
tent is d i fferent at station B than at station A. In thi s  case , the full 

. di fference d ue to d ispersion between the phase change on the upl ink and that 
on the downl ink appears as a phase change of the frequency stand ard . The 
uplink and downlink effects , in turn , are obtained by di fferencing the 
ionospheric effect at the two tone-pair frequencies separated by 60 MHz . For 
a nonnal daytime ionosphere at only one station , this double-differenced 
effect amounts to only 0 . 06 em ,  or 0 :05 of 60 MHz phase . Another possible 
effect arises from the fact that the upl ink and downlink frequenc ies are not 
exactly symmetrical . For typical daytime ionosphere value s ,  thi s effect 
amounts to 0 :00 1 . The ex pected effects from the ionosphere are thus small in 
comparison with our pre�ent link accuracy • . 

The satellite transponders can cause apparent path changes in two d ifferent 
ways . Group delay may be different in the · satell ite TWT amplifiers used in 
the forward and reverse paths. In the operation of the Anik-B satellite the 
same TWT is normally used for the forward and reverse paths between ARO and 
NRL , but two separate TWT ' s  are involved on the paths to PEN . In addition , 
the group delay may differ within each TWT between high and low band edges . 
Both these effects might be ex pected to change with changes in the total TWT 
transmitter power , but no phase shi fts attributed to thi s  source have been 
seen in the data . At the ground stations sim ilar effects may occur due to 
thermal changes in the operating point of the transmitting TWT amplifier s .  
Cable delay errors should be small since the transmit and receive cables , 
while separate , are identical types and in a simil ar env ironment . Errors in 
the frequency synthesizers used to generate the 60 MHz split on transmit and 
to remove it on receive wil l ,  however , be seen in the link output . 

Most of the errors d ue to the tape record ing of the tones are canceled by 
the use of the 4 KHz reference tone . One of the major sources of error in 
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the data shown here was found to be differential phase shi fts in the aud io 
electronics as the frequency of the entire ensemble of recorded tones shi fts 
d ue to the satellite doppler shi fts and the drift in the satellite trans
l ation osc il l ator . In future experiments thi s  drift wil l  be remov ed before 
record ing.  A second source of error which probably limits the short-term 
per formance of the present link is insufficient separation of the tones in 
the audio filtering in the playback processing.  The effect of this cross
modulation is seen as quasi- period ic " beats" in some of the link data . 

Finally ,  the l ink only measures the performance of the frequency stand ards 
at its input term inal s .  Errors in the VLBI portion of the ex periment will 
remain when the l ink data and VLBI data are combined and canpared . While it  
is di fficult to estimate exactly how much link performance can be  improved , 
it seems reasonable that relatively simple improvements in the playback 
electronics to optimize noise performance and to reduce cross-modulation of 
tones can improve performance by one order of magnitude . 

Conclusions 

Interest in coherent osc ill ator links has been divided into two parts . 
First , the use of a link to prov ide a true phase-connected interferaneter 
over long time interval s .  Second , use of the satell ite link over short-to
medium time intervals to elim inate the necessity for hydrogen masers as 
frequency standard s .  

Our ex periment has al ready demonstrated the feasibil ity of using a satel
l1te phase link to prov ide a phase- stable interferometer at moderate m icro
wave fr equenc ies . We see no eV id ence , in either the data presented here or 
in our other data samples � that phase error accumulates in other than a 
bounded fashion . Clearly , we can to first order el iminate all effects of the 
satellite' s motion , as well as the effect of the incoherent satellite oscil
l ator . Based upon the error analysi s  of the previous section , we can ex pect 
a stability of about ± 1 75 picoseconds over a one-day interv al , and about ± 
250 picosecond s over interval s of ten days or longer . For a one-day inter
v al ,  this corresponds  to ± 63 0 of phase at a frequency ot one GHz .  An im
provement of one order of magnitude in the link performance , as discussed in 
the prev.ious section , would make possible phase-stable performance at a 
frequency of 1 0  GH z .  

When considering short-term variance , the picture i s  more complex . 
Ex periments with hydrogen masers_f� the laboratory have shown a stabilty over 
a period of hours approaching 1 0  • Accepting these figures , our present 
l ink should be better than a hydrogen maser over periods of a day or longer ; 
the improved link should be superior for periods of 3 hours or longer . 
However , the experimental exper ience of r ad io astronaners has not supported 
the hydrogen maser laboratory measurements . Water vapor long basel ine 
interferometer experiments consi stently ind icate a maximum coherent inte
gration time of_f�out 5 minutes , which correspond s to a frequency stabil ity 

. of about 5 x 1 0  • This  may be due to the effect of the atmosphere , in 
which case it represent a fundamental limit to the useful accuracy of fre
quency stand ard s for this  purpose. . We achieve this  stabil ity in one hour 
with our present results , or in 6 minutes with proposed improvements . This 
indeed holds promise for replacing hydrogen masers .  As mentioned earl ier , 
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our experimental ev idence shows clearly that we already exceed the perfor
mance of a rubid ium stand ard over interva1"s of longer than several minutes .  
The improved level of performance holds signi ficant promise for replacement 
of frequency standa�yq in VLBI experiments ( see Fig . 7 ) . If the still higher 
preci sion of 1 x 10 claimed by van Ardenne et a1 . ( 1 981 ) for a one- station 
experiment can be extended to a two- station link , thi s  would still further 
improve the potential for a coherent l ink . 
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Figure 7 - Compar ison of limiting performace of various frequency standard s  
( and the atmosphere) for VLBI work. Presently achieved preformance of ANIK-B 
satell ite link is shown as a sol id line ; possible improved performance as a 
dot ted 1 ine • 

Further improvement in accuracy may" also be possible by using a " one-tone" 
method . This method basically eliminates the satellite osc illator by de
termining the ex act time of satell ite transit and comparing two signal s that 
transited the satellite of the same noise . This method has the capab ility of 
more preCise phase determ ination because the full carrier frequency is uti
lized . Work is underway to see if the one- tone method can indeed be utilized " 
effectively. 

In making geodetic measurements using VLBI techniques it is not absolutely 
necessary to know the long- term phase correction between station osc illators , 
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as this  can be separated and solved for in a least- square solution with the 
desired observables . However , knowledge of the clock correction clearly 
increases the weight and accuracy of the solution . 

Phase-coherent connection between sources by rapid antenna slewing is  a 
technique that prov ides optimuum astrometric accur acy .  Thi s  technique has 
been attempted with at best partial success becuase of frequency stand ard s 
initations . A l ink that enables phase- stable connection over interval s of 
1 0-20 minutes , as this technique should in the improved mode , will enable 
thi s observ ing technique to be used effectivel y .  

The econom ics o f  such a link involves the capital cost o f  satellite ground 
stations and the cost of satellite time . In both , the econom ic s  of thi s 
method are made quite favor able by the low information rate required . A 
stand ard earth-terminal antenna can be built for about $50 , 000 . The band
width required from the satell ite system is two narrow bands which can be 
util ized at the same time as a commerc ial telev ision transmission . In ad
di tion , if  only long- term phase information is  required , continuous operation 
is not necessary . If  an add itional tone is added to take care of ambig
uities , the l ink need be operated for only brief per iods . 

This  type of multi- tone phase-measur ing system should al so be useful for 
accurate time compari sons . I t  is potentially more accurate than ex i sting 
method s measur ing group delay by some means , such as satell ite time dis
semination and VLBI group delay measurement . 
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ABSTRACT . In November 1 9 80 the Deutsche 
Forschungsgemeinschaft has adopted plans sub
mitted by the SFB 78 to develop the Satellite 
Obse�vation Station Wettzell  into a fundamental 
geodetic station for global geodynamics programs . 
The most important step towards fulfilling these 
plans is to build a dedicated geodetic radio
telescope for Very Long Baseline and Satellite 
Interferometry . The telescope with. a diame.ter of 
20 m has been designed for optimal stabi lity and 
wi ll be equipped wi th a modern Mk III VLBI termi.nal 
as wel l  as a hydrogen maser . 

The installation of th.e new radiote.lescope whi ch 
will  then be available ·for dedicated geodetic and 
geodynamic observing programs is· scheduled for 
May to ·December 1 9.8 2 ;  · routine operati.ons: sh.ould 
commence late in 1 9 83 . 

1 .  GENERAL REMARKS 

Since the early 1 9 70 I s the. geode.ti.c. sate�lite. ·.tracki"'.n9 efforts in. 
the Federal Republic of Germany have. been concentrated at the. 
Satellite Observation Station We.ttzel.l w.hi·.ch. "i.s: operated mainly· 
by the Institut fUr Angewandte Geo·d§.sie (1\bt .. I:I. DGFIJ acti.ng on 
behalf of the Sonderforschungsberefch 7 8  Sate.lli.terigeod§.ai.e 

. 

( Special Research Group on Satellite. ·GeodeSy) ·of the . .  ·Technis·che. 

* )  SFB 78  = Sonderforsch.ungsberei.ch. 78  - Sate.lTi.tengeodas·f.e: -
der TU MuncheD. 
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Universitat MUnchen ( SFB 7 8 ) . Within thi.a communi.ty of sate.llite. 
geodesists the research. activi.ties of the 'following agen.ci.e.s. 
have been j oined together' : 

- Lehrstuhl fUr Astronomische und Physikaliscne. ·Geodas:ie. der 
Technischen Un.iversitat Munchen ,  

- Institut fUr Angewandte Geodasie (Abt . I I. DGFI") , Frankfurt a . M  .. , 
- Abtei lung I des Deutschen Geodatischen' Fors'chungs'inatitutes , 

Munchen , 
- Bayerische Kommission fur die Internat1onale Erdmessung , Munchen 
and only since 1 9 80 
- Geodatisches Ins ti tut of the. Univexsitli.t Bonn . 

Unti l now the activities at Wettzell have. been' concentrated on 
laser ranging to satellites with. 'a sh.ort pulse. Neodyrni:um-¥� 
laser system ( SRS ) , Doppler measurements' , a limi.ted pe:r"i.od of 
C-Band Radar observations during th.e 'GEOS-I I:I campaign and in 
the earlier years also opti.cal observations: w.i�th cameras .. During 
the last years efforts have. commenced to modi.fy tn.e SRS-sys-tem 
to add lunar laser ranging ( LRS ) capabi lities by installing 
additional hardware and software . To satisfy the needs of all 
the tracking systems a dedicated precise time service with 4 
rubidium and' 3 caesium frequency standards has been established . 

Unti l now geodetic VLBI has only been performed in this country 
by a VLBI group which was established in 1 9 7 8  at the Geodatisches 
Insti tut in Bonn using the 1 00 m radiotelescope at Effelsberg , 
30 km to the southwest of Bonn . 

It has already been recogni zed in 1 979  that it would be necessa
ry to make much more observation time avai lable at a sui table 
radiotelescope , as the limited amounts of time avai lable at the 
Effelsberg telescope are far too short to permi t satisfactory 
participation in the international geodynamic programmes set up 
to determine intercontinental baselines , polar-�otion and UT1 on 
a regular basis .  

Original plans to equip another radiotelescope with the addi
tional hardware necessary to participate in geodetic VLBI 
experiments ( e .  g .  x- and S-band receivers , a Mark I I I  data 
terminal and a hydrogen maser ) were abandoned when plans were 
developed to upgrade Wettzell into a fundamental geodetic refe
rence stati on equipped with all kinds of tracking systems used 
in international geodynamic programmes' . 

Following these general ideas plans have been worked out in 1 97 9 /  
1 9 80 to procure and install a dedicated geodetic radiotelescope 
for instal lation in Wettzell in 1 9 82/ 1 9 8 3 :  . the instrument was 
devised to include modern equipment such as e .  g .  a Mk I I I  ter
minaI , a HP 1 COO-·F computer field system and a hydrogen maser 
frequency standard . 

The proj ect was approved and considered to be highly reasonable 
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as 
- the necessary amount of observation time is not available at 

the 1 00 m telescope at Effe lsberg i 
other radiotelecopes in the Federal Republic of Germany have 
to fulfi ll  special requirements with permanently higher priori
ty , 
all  the existing antennae have been designed for other appli
cations than geodesy which would mean that expensive modifica
tions would be necessarY i  
i t  is  highly desirable to operate the different tracking 
systems in a co-location mode at one single station so that 
remaining systematic effects can be detected . 

The proposal was accepted by the Deutsche Forschungsgemeinschaft 
(German Research Counci l )  late in 1 9 80 and the necessary funds 

were included in the budgets of the Insti tut fur Angewandte Geo
d!sie and the Deutsche Forschungsgemeinschaft for the years from 
1 9 8 1  to 1 9 8 4 . Upon completion , the equipment wi ll be avai lable 
for VLBI experiments in cooperation wi th interested partners in 
Europe and overseas . 

At this time an agreement is being worked out between the U .  S .  
National Geodetic Survey and the Sonderforschungsbereich. 7 8  to 
conduct co-operative programme s  of observation between the 
U . S .  POLARIS stations and Wettzell  with the objective of improv
ing the determination of polar motion and earth rotation para
meters . 

With the highly sophis ticated tracking devices which wi ll  be 
available in Wettzell  as soon as the lunar modifications of the 
Satellite Ranging System are completed and the new radiotele
scope is operational - keeping in mind that all this equipment 
wi ll  be linked to a single precise time servic.e - ,  the SFB 7 8  
wi ll  be in a position to operate one. o f  the few fundamental 
geodetic and geodynamic reference stations necessary to ·the ful
fillment of the aims of future global geodynamic programmes . 

2 .  THE CONCEPT OF THE NEW RADIOTELESCOPE 

The main purpose of the new radiotelescope wi ll  ·be 
- to monitor polar motion , earth rotation and earth tides , 
- to measure and detect g lobal plate motions· and 
- to serve as a reference station for regional proj ects in whi ch 

base-line determinations wi ll be carried out using mobile VLBI 
equipment in areas of particular geodynamic interest , e .  g .  in 
the Mediterranean region . 

On the one hand the design had to be based on these applications , 
keeping in mind the financial restrictions on the. other � Bearing 
in mind these two criteria which seem to be almost contradictory , 
the question to determine the size of the main reflector prove.d 
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to be the most predominant factor . It  is  possi'ble to define 
aspects in favour of a large diameter for the antenna as wel l  as 
setting up conditions which would be satisfied by a smal ler 
reflector . 

.. 

Some particular aspects seriously affected by the s i ze of the 
main reflector are as follows : 

a )  operation with a partner radiotelescope requires that the dia
meter of the main. reflector be large enough to enable obser- ' 
vati ons of radio sources with a minimum correlated flux of 
Scorr > 0 . 2 Jy , :��n observing wi th a partner of simi lar size 

Scorr > 1 . 0 Jy , when measuring together with a mobile antenna 
with a main reflector of e .  g .  D = 5 m (Orion) . 

b )  The size of the main reflector has to be large anough to 
detect with standard rece iving equipment ( �  1 2 5 K at X-band) 
at least compact 50 radio sources visible at the Wettzell 
latitude .  To fulfill such a requirement a minimum flux of 
s .  > 0 . 1 Jy has to be detected in the X-band . On the other m�n 
hand the diameter of the main reflector has to be small 
enough to keep the mechanical and thermal error sources as 
low as possible . 

c )  The total path covered by a wave front from a fictious plane 
at an arbitrary but constant distance from the telescope axis 
intersection pOint to an equally arbitrary but fixed mark on 
the feed horn wil l  change due to distortion of the telescope 
structure under gravitational pull and wind load ( see figure 
no . 1 ) . 

d )  Similar changes of the described path wil l  occur with 
temperature changes in the telescope structure . •  

e)  Motions of the axis intersection point with respect to 
surrounding bench marks could arise i f  the azimuth mount is  
too large and not precisely guided . 

In discussing c ) , d )  and e )  two phi losophies may be followed : 

1 .  The errors will  be modeled . 
2 .  The telescope ' s  size wi ll  be kept small enough. to keep these 

errors below the · tolerable limi t ,  i .  e .  be.low 2-4 mm in geo
detic and geophysical applications . 

In order to arrive at a conclusion the fol lowing preparatory 
computations were carried out : 

(1)  
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4 
Figure l . --Ray path within the antenna I s ·  

i= l 
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for the antenna efficiency (Ruze 1 96 6 )  

with 

and for the signal-to-noise ratio (Renzetti 1 9 80a) 

2 . Bell [Hz] · �oh [sec} 
equation 4 - defining the minimum flux S of a radio-inter-
ferometer - can be derived : corr 

(4) 

To carry out numerical computations the following assumptions 
are made : 

Index 1 refers to the antenna in Wettzell ,  index 2 to the 
assumed partner radiotelescope which is here selected on the 
basis  of the characteristics for Onsala and Orion ( Re�zetti 
1 980b) . -23  

. 

K = 1 . 38 • 1 0  [J/K] Boltzmann-constant 
A = 0 . 8 

°1 = variable 

°2 = 20 . 1 1 7 

°2 = 5 . 0  

SNRCh= 1 0  

Beff = 8 · · 2 • 1 06 

Tcoh = parameter 

fi lter losses 
em] diameter of the main reflector at 

Wettzell 
[m] diameter of the main reflector at 

Onsala 
[m] diameter of the main reflector at 

Orion 

signal-to-noise ratio per channel 
[Hz] effective bandwidth in operating mode 

liB " with k=8 channels of each 2 MHz 
bandwidth in the X-·band . 

[sec] coherent integration period 
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TS 1  
= TS2  

= 7 5  [KJ system temperature of the antennas 

TA1 
= TA2 [K] antenna temperature 

nS 1  
= 0 . 9 8 2 3  efficiency of the surface o f  the main 

reflector of the "Wettzell "-antenna 

nS2  
= 0 . 9 9 5  corresponding value assumed for "Onsala " 

nS2  
= 0 . 839  corresponding value assumed for "Orion " 

nB 1  
= nB2 

= 0 . 9 4  aperture-blocking factor 

nR1 
= nR2 

= 0 . 60 estimated efficiency for remaining 
losses . 

Figure 2 includes the diameter D · of the main reflector at 
Wettzell which is necessary in otJer to meet requirement a) . 
The abszissa represents the correlated flux of the observed 
radio source at 8 . 4  GHz . The coherent integration period Teoh ' 
which is primari ly determined by the clock stabi lity and 
the atmospheric conditions at a given o�serving frequency , is 
a parameter of the two families of curves . Observations are 
possible in the field to the right of each curve . Depending on 
the length of the coherent integration period VLBI-observations 
are feasible 

- from Scorr � 0 . 1 8  Jy with Tcoh � 1 000 sec , respectively 

S > 0 . 58  Jy with T h > 1 00 sec , corr = co = 

i f  one obs.erves with a radiotelescope of similar s i ze (as e . . g .  
Onsala) and 
- from Scorr � 0 . 8 Jy wi th Tcoh � .1 000 sec , respective ly 

Scorr � 2 . 5  Jy with Tcoh � 1 00 sec , 

i f  one observes with a mobi le radiotelescope (Orion ) . 

Whereas the system noise error decreases with increasing dia
meter of the reflector , the mechanical and thermal deformations 
increase with growing antenna size . Therefore an optimi zation 
of the main reflector diameter is possible and necessary . 

The system noise error ( 6 )  can be derived from equations ( 4 )  
and ( 5 ) : 

� S [mJ C[se� J . SNR 
= ·const . SNR . ,1 t (f - /) 2"{ Hz) ch V kef k L 
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where 

const ::::: �. ! is the empirical constant re.ferring to the correla
lation procedure , 

c = 3 • 1 08 em/sec] is the velocity of electromagnetic waves 

fk [Hz] is the center frequency of each. 2 MHz 
channel recorded by a Mk III-terminal : 

f [Hz] 

index k represents the number of registrated 
channels . Operating mode " B "  i s  assumed with. 
k = 8 channels , being located at the extreme 
edges of the 4 20 MHz passband . 

is the center frequency of the 4 20 MHz
passband . 

The path length within the antenna can be calculated rather 
exactly using the theorey of finite ele�ents .  In order to opti
mize the diameter D of the main reflector equation 7 ,  which 
represents the mechlnical deformation of two antennae , has been 
used : 

(7) 
The parameter � i s  selected to be 

� = 1 0- 5  [!] for the absolute deviati ons in the ray path, 

km = 3 • 1 0- 6  [m1 ] for the RMS of the deviations in the ray path . 

By a similar procedure the effect on the path length caused '  by 
temperature differences of the antenna structure can be estimat
ed : 

A S  [m, 7 = k [-} · V  ])12 + 'D.,2 '[m},. U th 'J Ih . £ 
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making the following assumptions : 
- 5  k ' =  ' 6  • 1 0  th 

o.St = 1 2  • 1 0-6 
... 

�t = 50 

the temperature coefficient , based on [�J the termal coefficient of steel and 

[K] the assumed temperature difference . 

Equation ( 9 )  is obtained by adding equations ( 6 )  and ( 7 )  to ( 8 )  
followed by differentiation with respect to the reflector dia
meter D 1 of the Wettzell antenna 

( 9) 

Equation ( 9 )  is shown in figure 2 as a group of dash-dotted 
curves representing the zone , where the errors in geodetic VLBI , 
being a function of the main reflector diameter D 1 , are mini
mized . In the field above these dash-dotted lines the increase 
of mechanical and thermal deformations predominates over the 
decrease of the system noise error and vice versa .  It is  felt 
that the finally selected diameter of 20 m is a good compromi ze 
between the four requirements a)  to e) . For cm-VLBI the 20 m
dish structure wi ll not require any modeling of mechanical 
errors , which means that number 2 of the philosophies mentioned 
earlier in this paragraph has been adopted . 

Based on these particular conclusions detailed specifications 
for the new radiotelescope including structural steel , reflec
tor panels , subreflector , reflecto� and subreflector heating 
device , bearings , drive units and servo control but without feed 
cone , receiver , Mk III terminal and HP 1 000-F computer have been 
written and submitted to 1 0  manufacturers considered in Europe , 
USA and Japan . 8 quotations were submitted by the companies 
addressed . Th.ey have been evaluated very carefully for their 
technical as wel l  as their commercial aspects . Finally a con
sortium of two German companies - MAN and Krupp - were awarded 
to get the main contract which was signed in August 1 9 8 1 . 
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3 .  THE SPECIFICATION OF THE SELECTED TELESCOPE 

The MAN/Krupp 20 m telescope selected for construction is de
signed as a coaxial Cassegrain "Turning-Head-Antenna " .  Azimuth- , 
elevation- and boresight axis intersect in one point located in 
the azimuth house and accessible wi thout difficulty . Azimuth
and elevation-encoder are supplied with a boring thought to 
simplify the alignment and to support th.e control surveys . 
Attention should be called to the fact , that th.e. azimuth- and 
the elevation bearings are s ituated as c losely as possible. to 
the intersection point of the axi s .  As a result , any deviation 
of this intersection pOint which is the reference point for geo
detic VLBI will be produced mainly by thermal effec'ts and wi.ll 
be relatively small . This may be the significant advantage. of a 
"Turning Head Antenna" as opposed to the "wheel and track an
tenna" • 

The Wettzell radiotelescope as it is now under construction is 
characterized by the following technical details (s.ee fi.gure 3 
and 4 )  : 

Main reflector 

- unmodified mathematical rotational paraboloid 
- diameter : D , = 20 . 0  m 
- focal length : f , = 9 . 0  m 

f , /D, = 0 . 4 5  

Subreflector 

- unmodified mathematical rotational hyperboloid 
- diameter d = 2 , 7  m 

Cassegrain focus 

- seperation of vertex and main reflector : a = ' 2 , 5 5 m 

Eigenfrequencies 

- referred to the azimuth axi s :  3 . 0  Hz 
- referred to the elevation axis : 3 , 5  Hz 
Tolerances 

referred to the surface of the main reflector (design values ) 
(compare figure 5 and 6 )  
• error o f  a single panel surface : 
• mechanical deformation between elevati on 

axis from 200 to 870 : 
• deformation due to wind forces : 0 
• deformation due to thermal changes of 2 K :  
• error due to adj ustment of the main reflector : 
• total error for the surface of the main 

reflector : 
- referred to the surface of the subref lector 

• total ' error (design value ) : 

0 . 2 5  mm R"4S 

0 . 20 mm 
0 . 05 mm 
0 . ' 0  mIn 
0 . ' 5  mm 

RMS 
RMS 
RMS 
RMS 

0 . 38 mm RMS 

0 . 08 mIn RMS 
achieved by mechanical machining of a cast aluminum 
re flector . 
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Q uerschnitt 

agure 3 :  Cros s section of the Rad i otelescope for Wettze l l . 
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Figure 4 :  Rear View of the Radiote lescope for Wettzell 
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- referred to deviations of the wavefront within the antenna 
due to gravitational forces i f  the antenna is moved in eleva
tion between 200 and 8 70 : 
• absolute differences between the longest and the shortest 

ray path : 2 mm 
- referred to the accuracy of axial alignment (guaranteed 

values)  
• az imuth axi s : 

deviation from the vertical direction : 5 " 
deviation of the azimuth bearing in radial direction : 0 , 2  mm 

• elevation axis : 
deviation from the hori zontal direction: 
deviation of the elevation bearing in radial 
direction : 

- referred to the accuracy of antenna pOinting 
• reproducible pOinting error : 
• non-reproducible pOinting error : 

Kinematic data for the radiotelescope 

referred to the azimuth axis 
• tracking range : 
• tracking velocity : from 
• tracking acceleration : 
• slewing velocity : 

- referred to the elevati on axis 
• tracking range : 
• tracking velocity : from 
• tracking acceleration : 
• slewing velocity : 

± 270 0 
0 . 001 °6sec to 

max 3 /sec 2 30/sec 
from �oo to 870 

0 . 001 /sec to 1 
max 1 , 5 o/sec 2 
max 1 ,  5 0 / sec 

1 0  .. 

0 , 2 mm 

1 08 .. 
1 5  .. 

1 o/sec 

o/sec 

Following the award of the contract to MAN/Krupp in August 1 9 8 1  
preparations for construction commenced , which included selec
tion of the optimal posit'ion 'of the radiotelescope (by investi
gating the subsoi l  at the site etc . ) .  As soon as the properttes 
of the selected site which is  situated about 40 m to the west of 
the laser ranging system ,  'were communicated t'o the IfAG and all 
the l icenses were awarded for available the construction , the 
central building of the telescope was commenced . The building 
was completed in mid November 1 98 1 . About 300 cubic meters of  
concrete and 30 tons of  reinforcing steel have been mounted to 
form an octogonal tower of approximately 8 m in height . 

After the contract was signed MAN/Krupp immediately started to 
perform the final design , so that already a few weeks later it 
was possible to complete the final design review. During the 
same period the subcontractors to deliver the bearings , ' the 
gearings , the e lectric motors , the brakes , the encoders etc . 
were selected and confirmed . The subcontractor which has to 
supply the panels for the main reflector and the heating device 
for the panels - ZARGES - had already been determined before 
the contract was signed . 
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The final drawings then were completed during the last days of 
November and in December MAN/Krupp began to manufacture the 
supporting ring to be mounted to the top of the concrete tower . 
During the first months of 1 9 8 2  the subcontractors have supplied 
tfie bearings , the gearings , the electric motors and finally the 
panels after these part had passed the corresponding acceptance 
tests . MAN/Krupp intend to prefabricate certain lots of the 
equipment at their plants as complete as possible . The size of , 
these lots is restr.icted only ·by transportation problems . There
fore only the main reflector has to be mounted at the site in 
Wettzell . The contractors intend to start with the final in
stallation during June 1 9 8 2  by assembling the main reflector at 
the ground near the concrete tower . As soon as this task is com
pleted two cranes will  be installed in order to raise the pre
fabricated lots to their definitive level for final assembling , 
i .  e .  

- the supporting ring including the azimuth. bearings and drives , 
- the azimuth housing including the elevation bearings and 

drives , 
- the elevation housing , prepared for assembling the main 

reflector and the 
- two elevation arms with parts of the counter weight . 

Because of the high rate of prefabrication already done at the 
contractors pl ants we expect to complete th.e raw installation at 
Wettzell about in October , starting final adjusting and align
ment already before the winter period wil l  commence . 

4 .  THE ELECTRONIC SUBSYSTEMS · 

In order to define the feed system currently several concepts 
are considered as dual SIX-band concentric horns , SIX-band 
hybrid horns and a very ambitious three-frequency deSign to 
cover also the European 5 GHz-band without being forced to ex
change the horn . This would highly facilitate the operation of 
the on-axis Cassegrain configurated telescope . 

The receiver front end probably wi ll be a low-noise two stage 
GaAsFET amplifier installed in a DewaD. at 200 K which then is  
followed by another low-noise trb stage GaAsFET amplifier at  a 
physical temperature of about 70 K .  The mixer and the broadband 
IF-amplifier will  be operated at stabili zed room temperature .  
The local oscillators for the two . respectively three frequencies 
will  be operated under phase coherent control of the Hydrogen 
Maser . 

A Mk I I I  data acquisition system has been ordered from the 
Phoenix Corporation Mc Lean/Virg . (USA) to be delivered late 
1 98 2 . In order to make use of the software already developed in 
the US a Hp 1 000-F computer system will  be ordered to be in
stalled early in 1 9 8 3 . 
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The time service of th.e Satellite. Observation Station Wettzell 
comprehends three cesium standards (Qszilloquartz ) ,

. 
3 rubidium 

standards (Rhode and Schwar z )  togethe.r w:lth th.e ·corresponding 
time generators , counters , phase micro steppers and oszillo
scopes ( Schluter ·· et al e , . 1 9.8 2 )  .• . A computerized· time. ·comparing 
device is interogating all the station clocks· every th.ree hour s .  
Time comparisons are performed by flying clocks travelling to 
the PTB ( Braunschweig ) , BIH and USNO. A time ·transfer experiment 
between the PTB and Wettzel l  via METEOSAT i s  under preparation : 
a time comparison is expected every 3 hours with. ·a resolution of 
about 30 nanoseconds (Schluter et al . ,  1 9 7.9 ) .. A Hydrogen Maser 
which is j ust now passing a test phase at the contractor ' s  plant 
has been ordered from Os zilloquartz to be delivered mid 1 9.8.2 . 

A noise adding radiometer and a SIX-band phase delay calibration 
system will be installed in 1 9·83 . It has still to be investigated 
which type of water vapour radiometer will be procured in the 
course of the following years . 
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ABSTRACT 

The prospect for the detecti on of a cosmi c background of 
gravi tational wave radi ation i s  di scussed . Experiments 
uti l i z ing preci se Doppl er track;ng of i nterpl anetary 
spacecraft for the purpose of detecting thi s  background 
are reviewed . Resul ts of a recent experiment are presented 
whi ch used faci l i ti es of NASA ' s  Deep Space Tracki ng Network 
and Owens Val ley Radi o  Observatory to track the Voyager 
spacecraft i n  an u l tra prec;se manner us ing two i ndependent 
hydrogen masers as frequency standards . The present l imi ting 
sens i tiv i ty of these experiments are bel ieved' to be tropo
spheri c and pl asma vari ations affecting the X band mi cro
wave s i gnal s at periods of between 1 0 3  - 1 0� seconds dur
ation . 

INTRODUCTION 

S ince the devel opment of the general theory of rel ati vi ty 

more than SO years ago , there has been predi cted the exi st

ence of gravi tational waves . In  the 1 960 ' s  work was begun 
i n  an attempt to detect these waves us i ng l aboratory equ i p
ment .  The names foremost among those early pioneers were 
those of Joseph Weber of the US and Vl adimi r  Bragi nsky of 
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the USSR .  A review of these experiments and thei r resu l ts 

i s  gi ven i n  Davi es ( 1 980 ) . 

During the 1 970 ' s  theoreti cal estimates of the energi es and 

frequencies of vari ous astrophys i cal sources for these waves 

ha ve been ca 1 cu 1 a ted . Much of th i s  work has' been ca rri ed out 

at the Ca l i forn ia  Insti tute of Technol ogy in Pasadena , Ca . 

These cal cul ati ons descri bed the spati al  strai n ampl i tudes ,.. 
whi ch mi ght be expected near the earth , ah/h  = $ ,  pro-

duced by gravi tational waves from known sources whi ch woul d 

produce grav i tati onal wave energy i n  vari ous spectral  bands . 

A summary of these resul ts i s  depi cted in  Fi g .  1 .  adapted from 

Thorne ( 1 976 ) . 

• 
• 

• 
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vrs Log T for gravi tational wave sources estimated · i n  Thorne ( 1 976 ) . 
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The most noti cab1 e resul t i s  that the spectral regi on referred 

to as VLF ( very l ow frequency) , rangi ng from peri ods of 1 to 

1 0� seconds , may contai n the l a rgest gravi tati onal wave stra i n  

ampl i tudes . I ndeed , of al l known sources , i t  i s  l i kely that 

the l argest spati al  stra i n  ampl i tudes i n  the v ic i n i ty of the 

earth are caused by a c�smi c i sotropi c  background of l ow fre

quency . A number of recent theoreti cal stud ies have attempted 
" . 

to descri be i n  some detai l the vari ous mechani sms i n  the earl y 

uni verse whi ch wou l d  produce thi s  i sotropi c  gravi tati onal  wave 

background { Carr , 1 979 ; Machhoon and Gri shchuk ,  1 980 ; Bertotti 

and Carr , 1 981 } .  Several cal cu l ati ons have i ndi cated that the 

prospects are good for the detecti on of a cosmi c background of 

gravi tat i onal radi ation i n  the foreseeab l e  future . 

DETECTI ON USING  SPACECRAFT TRACKING TECHN IQUES 

The method of accurate l y  track i n g  i nterp l anetary s pacecraft 

for the purpose of detecti on of VLF gravi tati onal waves began 

i n  the early 1 970 ' s  (Anderson , 1 971 ) .  Wi th the i ntroduction 

of hydrogen maser frequency standards , a search for the i so

tropi c  cosmi c background of gravi tati onal waves became astro
phys i cal l y  i nteresti ng (Anderson , 1 977 ; Estabrook  and Wahl qui s t ,  

1 975 ; Anderson , 1 978;  Hel l i ngs , 1 978 ; Hel l i ngs , 1 981 ) .  

Doppl er track i ng of i nterpl anetary spacecraft has been a mai n  

tool i n  space navi gati on and geodesy . The techni ques used for 

gravi tational wave detect ion are refi nements and mod if icati ons 

of thi s  now cl assi cal techn i que used i n  i nterpl anetary space

craft tracki ng .  Th
"
i s  data has been used for spacecraft nav i gati on 

and control , pl anetary grav i ty fi e l d  analys i s ,  vari ous refracti on 

measurements , space pl asma measurements and with other sc ientific  

experi ments onboard spacecraft . 

The wavel ength of a gravi tati onal wave i s  equal to the peri od , t ,  

t imes the vel oc i ty of l i ght , c .  The gravi tati onal wave background 

produces a spec i a l  spectra l s i gnature , or autocorre l ation s i gnature , 

i n  the preci se " Doppl er of the two-way s i gnal , the techni que most 
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often used i n  spacecraft tracki ng . As the wavel engths for peri ods 

> 1 0 3 seconds amount to > 3 X l Ol l  meters , outerpl anet spacecraft 

mi ss ions are best suited for these types of i nvestigations . 

Another s i gn i fi cant factor wh i ch mi n imi zes the sens iti v ity of the 

experiment i s  i nterpl anetary pl asma , and thi s  al so speaks favor

ably for an outerpl anet mi ss ion where the plasma content i s  

general ly less than i n  the near earth envi ronment .  

A DESCRIPTI ON OF THE NOISE SOURCES 

There are a number of s i gn if icant noi se sources whi ch must be 

deal t wi th i n  order to maximi ze the sens i ti vi ty of the experiment 

for grav i tational wave detecti on . fi g .  2 shows a schemati c of 

the tracking system i ndi cating the several media  through wh i ch 

TROPOSPHERE 

AMPLIFIER 

TRANSMITTER 

CYCLE 
COUNTER 

PHASE 
LOCK 
LOOP 

H MASER 

F i gure 2 . --Schemati c of the Doppl er spacecraft tracking  system used 
for the grav itati onal wave cosmi c background detecti on experiment . 
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the mi crowave s i gnal must pass , a l l potenti a l  sources of 

noise to the experiment .  The components are :  1 )  transmi tti ng 

an tenna sys tem , 2 }  upl i nk troposphere (wet and dry) , 3 )  upl i nk 

i nterpl anetary pl asma , 4 )  spacecraft antenna and transponder , 

5 )  down l i nk p l asma , 6 )  down l i n k  troposphere (wet and dry) , 

7 ) recei v i ng antenna , 8)  hydrogen masers , 9 )  phase l ock l oop 

ci rcui t ,  and 1 0 )  cycl e  counters . 

The fi rst source of noi se i s  transmi tti ng antenna accel erati ons . 

These can be moni tored by accel erometers ( recordi ng gravimeters ) .  

At the present time th i s  has not been the l imi ti ng factor for 

the experi ment .  The second factor ,  wet troposphere path l ength 

vari ati ons , have been observed to be s i gn i fi cantly l arge enough 

to necessi tate i ndependent mon i tori ng under bad tropospheri c 
. . 

cond i t i ons . However ,  under favorabl e l ow wet troposphere vari 

abi l i ty condi t ions , measurements i ndi cate thi s  not to be the 
presen t l i mi t i n g  noi se source ( Anderson , 1 97 9 ) . 

Interpl anetary p l asma vari ati ons can be mon i tored usi ng dual 

SIX band track i ng schemes . Unfortunate ly  a ful l  two-way SIX 

band system i s  not i n  use wi th present spacecraft , l acki ng 

X band upl i nk capabi l i ty .  Future pl ans shou l d  el imi nate th i s  

noi se source , however a t  present thi s  appears to be the l imi t i ng 

factor for the experi ment .  I t  has been found , however ,  that 

track i ng spacecraft just after sol ar oppos i ti on ,  i . e .  the space

craft l i e 1 800 i n  the sky from the sun , reduces th i s  noi se 

source to nea r unmeasurable  quanti ties . Estimates i ndi cate that 

usi ng two-way X band tracki ng of spacecraft i n  the regi on of 

the outer pl anets at sol ar oppos i ti on woul d reduce pl asma noi se 

effects to we l l  bel ow 1 part i n  1 0 1 5 •  

The l i mi ti ng factor then becomes the frequency standards . 

Recent experi ments by Matti son and Vessot ( 1 982 ) at the 

Smi thson ian As trophys i cal  Observatory have shown stabi l i t i es 

of a few parts i n  1 0 1 6  for peri ods of 3 x 1 03 seconds shou l d  
be obta i nabl e  wi th improved hydrogen maser systems . 
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A DESCRI PTI ON OF THE S IGNAL 

The data produced by the experiment i s  a time seri es of 

frequency measurements . Thi s  set of frequency shi ft measure

ments , and i ts deri vati ve ,  represents changes i n  the path 

l ength between the DSN transmi tting antenna , the spacecraft 

antenna , and a rece iv ing antenna when a separate rece i v i ng 

system i s  used . 

The gravi tational wave cosmi c background produces a speci fic  

s i gnature i n  the fouri er transform or  cross correl ati on of 

thi s  time seri es (Anderson , 1 977 ) . A number of noi se sources 

have di fferent si gnatures and can thereby be separated from 

the gravi tational wave response . Some noi se sources , such as 

correl ated wh i te frequency c lock noi se , correl ated troposphere 

and correl ated i onosphere , have a s i gnature that i nterfers 

wi th the gravi tational wave cosmi c background s i gnature . Fi g .  3 

shows 5 noi se s i gnatures and the gravi tati onal  wave response 

in the autocovari ance seri es . The peaks in the series are at 

the round tri p l i ght time of the mi crowave s i gnal whi ch has 

been transponded from the s pacecraft . 

A. WHI TE  FREOUENCV 

CLOCK NO I SE 

B. WHI TE PHASE 

CLOCK NOI SE 

C. WHITE PHASE 
SYSTEM NmSE 

D. TROPOSPHERE 

E. PLASMA 

F. GRAVITY WAVES 

Fi gure 3 . --Autocovari ance functi ons for fi ve known noi se sources 
in a two-way tracki ng  system ( transmi tti ng and recei v i ng system 
the same) and the grav i tati onal wave cosmic  background response. 
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By usi ng a separate recei ving system wi th separate frequency 

standard and hav ing an uncorre 1 ated troposphere and i onosphere , 

i . e .  suffi c iently l arge separation between the transmi tti ng 
and recei ving stations , one i s  abl e to el imi nate these correl ated 

noi se s i gnatures and i s  l eft with the gravi tati onal wave cosmi c 

background s ignature (Anderson , 1 977 ) .  I t  i s  thi s  experiment that 

has been recently carried out usi ng the Voyager spacecraft , a 

OSN Gol dstone antenna , and the Owens Val l ey Rad io  Observatory 

faci l i ty ( He1 1 i ngs et a 1 , 1 981 ) .  

THE EXPERIMENTAL RESULTS 

From March 6 to March 1 2 ,  1 980 , s i x days of tracki ng data were 

transponded from Voyager I whi l e  the spacecraft was near sol ar 

oppos ition . The S band upl ink  was generated us ing a hydrogen 

maser frequency standard at OSS- 1 4 ,  the 64 meter antenna at 

Gol dstone , Cal i forni a .  Two-way SIX band data were then recei ved 
and recorded at 055-1 4 .  Simul taneously , the 40 meter Owens Val l ey 

Radi o  Observatory ( OVRO ) antenna was used to recei ve the trans

ponded X band s i gnal from Voyager I .  The data at OVRO used parts 

of the MK I I I  VLBI recei ver system and a d ig ital  tone extractor 

cons i sting of a frequency synthes i zer l ocked to the OVRO hydrogen 

maser and phase measurement c ircui try control l ed by a FORTRAN 

program runn ing on a HP-21 MX mi ni computer .  Frequency shi ft 
va l ues were wri tten on a fl oppy d i sk  every 5 seconds . 

Thi s experiment represented the fi r�t time VLBI type spacecraft 
tracki ng data was acqui red at an independent rad io  astronomy 
observatory us i ng the MK I I I  system and di gi tal tone extractor . 
The operat ion proceeded wi thout probl em .  The experiment was a 
successfu l  demonstrati on of th i s  capabi l i ty whi ch can eas i ly be 

used i n  the future at several radi o  observatori es i n  the US and 

Europe . 
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Fi gure 4 . --Spectra l ana lys i s  of OVRO and OSS-1 4 track i ng data for 
1 2  March 1 980 . 

The data obtai ned from both stati ons was spectral analysed and 

autocorre lated us ing di fferent fi l ter l engths i n  an attempt to 

fi nd the maximum sensi tivi ty to gravi tati onal wave cosmi c back

ground presently achei vabl e wi th these methods . 

Fi g .  4 shows the ampl i tude spectra of the data taken on the 

l ast day of the experiment,  whi ch al so had the l owest contri 

buti on from pl asma noi se . A compari son between the Gol dstone 

and OVRO spectra i ndi cate general ly a l ess  noi sy spectra l 

content above 1 0- 3Hz for the OVRO data . The spectral noi se 

bel ow thi s  frequency was approximately equ i va l ent wi th some 

deviation i n  the detai l ed spectral content . 

Fi g .  5 i s  a compos i te of the autocovari ance function for the 

best OVRO data set us ing 5 di fferent fi l ter l engths from 50 

to 800 seconds . The autocovari ance function at the roundtri p 

l i ght time ,  marked RTLT i n  the fi gure , i s  the s i gn ifi cant 
portion wh i ch determi nes the sensi tiv ity of the experiment to 
a gravi tat ional wave cosmi c background , as shown i n  Fi g .  3 .  

On the bas i s  of the stati sti cs of the autocovari ance resul ts , 
an upper bound on the l imi t of spati al  stra in  produced by the 
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presence of a grav i tati onal  wave cosmic  background cou l d  be 

set at 3 x 1 0- 1 �  for peri ods near the roundtri p l i ght time ,  

here - 6 x 1 0 3  seconds . These resul ts have fi rst been reported 

by He l l i ngs , et al ( 1 981 ) .  

CONCLUS IONS 

The successfu l  appl i cati on of presently ava i l abl e VLBI i nstru

mentation to prec i sely  track i nterpl anetary spacecraft at an 

i ndependent radio  astronomy observatory has been demonstrated . 

I t  has been s hown that i ndependent rad i o  astronomy observatory 

data i s  the most des i rabl e from the standpoint  of gravi tati onal  

wave detecti on ,  as the data provi ded is  free from correl ated 

noi se s i gnatures whi ch are c l ose to the s i gnature of the gravi 

tational wave response . 

The present detection system i s  l i mi ted because of the l ack of 

a ful l X band deep space track i ng system capabi l i ty .  Wi th th i s  

i mprovemen t ,  the l i mi t i n g  sens i ti v i ty wou l d  then be the frequency 

standards i n  use and under unfavorab l e  atmospheri c condi ti ons 

poss i bly the wet component of the troposphere . 

Wi th these condi tions met ,  the measure of the upper bound to a 

gravi tational wave cosmi c background wou l d  be wel l bel ow the 

l i mi t presently set by astrophys i cal  observati ons whi ch are based 

upon assumpti ons of evol uti onary cosmo l og i cal  Model s and woul d  
s i gn i fi cantly contri bute to gra v i ta t i on a l  wave research i n  the 

nea r future . 
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The U . S. National Crustal Motion Network 

William E.  Strange 
National Geodetic Survey 

National Ocean Survey , NOAA 
Rockville, Maryland 20852,  U . S. A. 

ABSTRACT . As part of an interagency agreement , the National 
Geodetic Survey ( NGS) , NOS/NOAA, is responsible fer establishing 
a National Crustal Motion Network (NCMN) . The ne twork wil l 
consist of 40 to 50 stations located throughout the United' 
States, and will support future NGS requirements for maintenance 
and extension of the National Networks of Geodeti c C ontrol . 
Measurements at the NCMN stations will also support monitoring 
of crustal motion in the United States by the Crustal Dynamics 
Project of the National Aeronautics and Space Administration 
(NASA) and by tIlS. Initial measurements at some of the stations 
of the NCMN were initated in 1 981 by the NASA Crustal Dynamics 
Project . 

Transfer of complete responsiblity for monitoring the National 
Crustal Motion Network from NASA to NGS is occurring in phases. 
At present � NGS � s  r e s po ns�bl e f or the �mplementat�on of 

stati ons , including site monumentation and ground survey 
measurements .  NGS is currently training personnel to operate 
mobile Very Long Baseline Interferometry ( VLBI)  equipment and 
use existing VIBI reduction software fer reducing and evaluating 
MARK III mobil e VLB I data gathered under the NASA Crustal 
Dynam ics Proj ect . Current pl ans call for NGS to assume 
operational responsibility for one mobile VLBI syst em and a 
fixed VLBI base station in California in January 1 984 and two 
additional mobile VLBI systems in January 1 985 .  NGS plans to 
operate the three mobile VLBI systems to meet  NGS geodeti C 
control network and crus'tal motion requirements and , under 
NASA funding, to meet the requirements of the NASA Crustal 
Dynamics Project . 

INTRODUCTION 

The National Geodetic Survey ( NGS) , a component of the National Ocean 
Survey of the National Oceanic and Atmospheric Administration (NOAA) , is 
responsible for the establishment and maintenance of the National Networks of 
Geodetic Control in the United States . The decade of the 1 980 's wil l se e a 
dramatic transformation in the way in which NGS fulfills this responsibility. 
This transformation will result from the replacement of conventional ground 
based measurement systems (theodolites, geod1meters , etc . ) with space measurement 
systems. The primary space measurement systems that wil l be use d are Very ' 
Long Baseline Interferometry ( VLBI)  and geodetiC receivers which make use of 
the Global Positioning System (GPS) satelli tes bei ng launche d  by the U . S . 
Department of Defense . 
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The networks , established using VLBI and GPS syst ems ,  wil l have three 
basic components . First , there will be a network of three or four fixed VLBI 
stations. Second , there will be a network of 40 to 50 stations, distributed 
throughout the United States , which will be positioned relative to the fixed 
VLBI stations using mobile VLBI equipment . These stations wil l const i tute 
the National Crustal Motion Network (NCMN) . Finally , there will be ten s  of 
thousands of stations whose positions will have been established relative to 
the stations of the NCMN using geodetiC GPS receivers. 

CONCEPT OF THE NATIONAL CRUSTAL MOTION NETWORK 

The National Crustal Motion Network' is expected to serve three important 
purposes. First , by using mobile VLBI the NCMN wil l extend and monitor a 
basic terrestrial coordinate system throughout the United States , whIch has 
been referenced to the inertial system defined by the fixed VLBI sta tions . 
The NCMN stations will serve as base stations for mOni toring the remai ning 
sta ti ons of the National Networks of Geodetic Control using GPS geodetic 
receivers in a differential positioning mode. Second, these NCMN stations, 
which wil l be monitored by mobil e VLB I ,  wil l serve as a check on and an 
intercomparison of the accuracy of the GPS geodetic receiver results. Fimlly, 
the NCMN will accurately monitor the crustal motions between pOi nts i n  the 
United States. For reasons discussed in the follaling paragraphs, the "monitoring 
of the NCHN 1s expectea to be carried out with both mobile VLSI systems and 
GPS equipment . About 30 stations will be monitoried with mobile VLBI systems 
and an additional 1 0  to 20 stations monitored using GPS geodetic receivers.  

A prerequisite for any geodetic control ne twork is that it  be  referred 
to a well defined terrestrial reference system. The terrestrial reference 
system to which NCHN station positions will be referred wil l be define d  by 
making use of the l2.lar motion by Analysis of .Radio l,nterferometric ,S,urveying 
(POLARIS) network. This network, consisting of fixed VLBI  stations at  Ft . 
Davis ,  Texas, Westford, Massachusetts , and Richmond , Fl orida , is  described 
elsewhere in this volume ( Robertson and Carter , 1 982 ) .  A new adj ustment of 
conventional geodetic data will be completed within the next few years. This 
control ne twork will be deSignated the North American Datiun of 1 983 (NAD 1983) . 
The NAD 1 9 83 wil l also derive its orientation from the POLARIS stations. 
Thus , the N,CMN stations wil l serve to mai ntai n the NAD 1 983 terrestrial 
coordinate system throughout the National Networks or Geodetic Control . 

The POLARIS stations wil l continuously monitor the orientation of the 
Earth in inertial space . This will provide the polar motion and earth rotation 
information required to separate motions of the earth in inertial space from 
motions of the stations when mobile VLBI and GPS geodetic receivers are used 
to monitor crustal motion. Because the POLARIS stations are all situated on 
the Nerth American plate, the rotations of this plate wil l initially be absorbed 
in the solutions for polar motion and earth rotation. For this reason,  the 
initial terrestrial coordinate system will be a coordinate system fixed with 
respeot to the North American plate . However , through observations between 
the POLARIS stations and fixed VLBI antennas located on other continents, it 
will be possible to establish the differential movements of co nti nents and 
ul timately to obtain a terrestri�l coordinate system that is mere nearly fixed 
with respect to the lower mantle. 
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Beoause the NCMN stations will be referenoed to the POLARIS stations each 
time they are determine d ,  the differential motion of the stations can be 
determined relative to the POLARIS ooordinate system. Thus , the NCMN wil l 
provide a means of mOnitoring differential orustal motions th roughout the 
United states with high aoouraoy . 

The reference system used for GPS geodetio positioning is established by 
the orbits ot the GPS satellites . Since the user is interested in accuracies 
at the few centimeter level , it is important that the VLBI stations aocount 
for ohanges in the GPS referenoe frame due to replaoement of satellites or 
due to ohanges in the parameters (e.g. , gravity fj,eld ,  polar motion) used wilen 
oomputing orbits . 

STATUS OF NATIONAL CRUSTAL MOTION NETWORK 

Mobile VLBI equipment has been developed by the Jet Propulsion Laboratory 
( JPL) of the California Institute of Teohnology for the NASA Crustal n,Damios 
Program. There are two mobile VLBI systems now operational: a 9-meter antenna 
system, des1gnated MV-1 ,  and a 4-meter antenna system, deSignated MV-2. JPL 
is currently oonstructing a second-generation mobile VLBI system ,  deSignated 
as MV-3 , which is soheduled for oompletion late this year, and is modifying 
the , MV-1 and MV-2 systems to operate with dual frequenoy for higher accuracy. 
Current plans call for placing MV-1 more or less permanently at Vandenberg 
Air Force Base in California and using MV-2 and MV-3 as mobil e syst ems to 
oarry out measurements at a number of stations in the western United States 
(primarily California ) in support of the NASA Crustal Dynamics Program. 

The United States has an integrated Federal program for the use of space 
systems for geodynamics and geodesy ( ICCG,  1 982) , which involves NOAA, NASA, 
U.S.  Geological Survey , National Scienoe Foundation, and the Department of 
Defense (Defense Mapping Agency and U . S. Naval Observatory) . Thi s Federal 
program calls for transfer of the MV- 1 ;  MV-2,  and MV-3 mobile VLBI syst em s ,  
as well as a fixed VLBI antenna (the Mojave antenna l ooated at Goldst one , 
California ) from NASA to the NGS. Current pl ans call for the MV-3 mobil e 
system and the Mojave fixed antenna to be transferred in January 1 9 84 , and 
MY-1 and MV-2 to be transferred in January 1 985 .  

Once the mobile VLBI systems are transferred to NGS, they will be operated 
by NOAA to meet the requirements of all Federal agencies . In particular, NGS 
will carry out observations required by the NASA Crustal Dynam ics Proj ect 
through 1 988 , the duration of the project . The NASA Crustal Dynamics Project 
is monitoring movement of stations in the western United States and Alaska to 
support earthquake and plate tectonic studies (Flinn, 1 9 81 ) .  As  a part of 
the NMCN, a number of these stations will continue to be monitoried by NGS 
after the NASA Crustal Dynamics Project , is completed. In addition, NGS will 
establish additional regional coverage throughout the United States . 

Because NGS will assume complete responsibility for NCM� obse rvations 
beginning in 1 985 and will continue to make observations at these stations 
after completion of the NASA Crustal Dynamics Project in 1988, NaS has already 
assumed responsibility for implementing the sites . Impl emention includes 
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performing site reconnaissance, obtaining l egal permisSion for use of the 
site , placing ground monumentation at the sites , and carrying out ground 
survey� to interconnect the monuments .  

Future Plans 

Currently the NCHN is expected to include 40 to 50 stations. The locations 
ot 3 1  stations in the oontiguous 48 States that KGS expects to mon1tor by 
means o� mobile and �ixed VLBI equipment are shown in figure 1 .  Shown here 
are six fixed stations and 25 stations that ·will be established using mobile 
VLBI equipment . Positions of these 3 1  stations , and a fixed antenna at 
Fai rbanks , Al aska , are currently planned for continued mOnitoring by NGS 
following completion of the NASA Crustal Dynamics Project . All of the fixed 
stations except Mojave and Richmond are currently operational . Moj ave and 
Richmond are expected to become operational in 1 983 . Eight of the 211 stations 
that will be monitored using mobile VLBI will initially be positioned by NASA 
as a part of their Crustal Dynamics Project during the period 1 982-1985 . The 
remaining 16 stations are planned for init1al positioning by NGS using mobile 
VLBI during the period 1 9811-1987 .  

An additional 1 0  to 20 stations will be established in California , Arizona , 
and Alaska as part of the NASA Crustal Dynamics Project using mobil e VLBI . 
Positions of these stations will be monitored using Mobile VLBI systems until 
completion of the Crustal Dynamics Project in 1 988 . NGS expects to continue 
monitoring those stations o� this group which are felt to provide valuabl e 
crustal motion information based on the resul ts obtained during the lifetime 
of the NASA Crustal Dynamics Project. However, current plans ball far NGS to 
monitor movement of these stations, as part of the NCMN, using differential 
GPS techniques , since these stations will be used enti rely for purpo se s of 
crustal motion mOnitoring and not for coordinate system maintenance . Also , 
in the case of California , the stations are cl ose ly spaced, making them 
espeCially amenable to positioning using GPS geodetiC receivers . 

The National Crustal Motion Network will provide a continuing means of 
monitoring crustal motion and regional strain in the United States whil e at 
the same time maintaining the terrestrial ·coordinate system required by the 
National Networks of Geodetic Control . 
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ABSTRACT . In 1 98 1 , the GRGS (Research Group in Spatial Geodesy) , 
including CNES (Nat ional S p a c e  Center) , IGN (Nat ional Geo�raph
ical Inst itut ) , CERGA (Astronomy and Geodesy Research Center) , and 
Observatory of  Paris-Meudon, has worked · out a VLBI program . The .  
firs t step in that project would be to  operate at the end o f  1 982 
with ElSeAT dishes in Kiruna ( Sweden) and Sodankyla (Finland) at 
935 MHz . The available VLBI recording system wi l l  be 2 MK II 
block, and a French H-Maser version should be operational at the 
end o f  1 983 . 

Scientific goal would be , later than 1 98 3 ,  to tend towards a 
sIx band and a MK III sys tem working either in Kiruna or at other 
s ites equipped with a new dish aod its use for astrometric and 
geodetic experiments .  

Presented at lAG Symposium No . 5 · : Geodetic appl ications of  Radio 
Interferometry , Tokyo , May 7-8 , 1982 



1 )  INTRODUCTION 

Since 1 9R 1 ,  the GRGS ( Groupe de Recherches de G�od�s ie Spa t iale ) has 
s tarted a VLBI program . The princ ipal s c ient i fic orient at ion is  given 
towards globa l Geodynamics and As trometry . In fac t , the GRGS i s  
coordinat ing a l l  the Fre nch s pace geode t ic programs s ince 1 9 7 1 , date o f  
i t s  creation . M�nber organizat ions are : 

- The Bureau des Long i t udes ( BdL ) 
- The Centre Nat iona l d ' C t ude� Spa t iales ( CNES)  
- The Ins t itut G�ograph ique Nat iona l ( IGN ) 
- The Observato ire de Par is ( includ ing CERGA and BIH ) 

The rad ioas t ronomy group o f  the Observatory o f  �eudon has been invo lved 
s inc e th e beginning of the VLBI proj ect in bu i l d ing the technical 
equipment s .  In the near future , this nat ional program shou ld be extended 
to the Observa tory of Bordeaux (radioa s t ronomy "group) and to Nan�ay 
s ta t i on .  

The centimetric VLBr project ,  in i t s  early s t age , wi l l  e s tabl i sh a 
c lose relat ionsh ip wi th rad ioastronomers interested by mm-VL BI , 
part icu l arly IRAM ( Ins t itut de Rad io-As tronomie Mi l l imptrique ) . 

2 ) TrlE ERIC PROJECT 

In 1 981 . with techn ical col labora t ion of the rad ioa s t ronomy group of  
Meudon Observat ory , GRGS has s t arted the ERIC proj ect (EI �CAT Rad io 
Inter ferometric �ampaign ) .  The primary goa l  o f  th i s  proTect i s-to 
be come famil iar wi th the VLBI technique , and part i cularly to e s t ima t e  
the nece s sary resou rces . The next s tep i s  devoted to s tudy data 
reduc t ion me thods and to inve s t igate some pre l iminary plans concerning 
the choice of a new VLBI dedicated antenna . 

2 . 1 )  Pre sent technical deve l opments 

The ERIC technical deve lopment cons i s t s  in the manu facturing of two 
�� II record ing systems . They wi l l  be runn ing by the end of  1 982 . 

Video converters are those of  the Mk III  sys tem ,  provided by Phoenix 
Corporat ion . A format ter has been bu i l t  from the JPL drawings and has 
been adapted to the new video recorder VFT 250 ( RCA) . 

Each termina l wi l l  work with two video converters and wi l l  there fore 
a l low bandwid th synthes is observat ions ( BWS ) . BWS is used to provide 
higher accura te resu l t s  with VLBI o bservat ions . 

At the same t ime , a techn ical co l l aboration was defined wi th the 
Laborato ire de l ' Horloge Atomique (LHA) to rea l i ze a compact vers ion o f  
the H-maser running a t  the Univers ity of  Orsay . s ince 1 97 2 .  Bas i c  
s pe c i ficat ions are given be low : 
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slZe (m) 0 . 5 x O . R  x 1 . 2  
we igh t ( k g )  250 
0"[' ( a fter one month )  2 . 2  10 -1 5 

2 . 2 ) EISCAT antennae 

The fir s t  s tep of French VLBI program , ERIC , is characterized in 
using two o f  the three EISCAT (European Incoherent SCATtering Scienti fic 
Association )  dishes , primarily ins tal led in Scand inavia for ionospheric 
s tud ies . An tennae of interest ( becaus e working in recept ion mode ) are 
32 met re paraboloids located at approx imntely  70°  o f  latitude , in Kiruna 
( Sweden) and Sodanky lii ( F inland ) . }tounting sy s tem is an a l t/az one . 
A rece iver work ing at 935 �z i s  presen t ly equipp ing th is network . 

A de tai led s tudy h as been s t arted and iR further ing actua l ly to define 
techn ical improvements that we h ave to e ffec t  to observe at  a frequency 
close to 10 GHz ( � X ba nd ) . Probl ems encountered are : 

- Determinc:lt ion of the accuracy of the a c t ua l  sur face 
- Pos s ibil ity to improve the parabo loid shape 
- Tes t s  on point ing and t rack ing systems 
- Definit ion and real iza t ion o f  new feeders and receivers 
- Control o f  l ocal osc i l l ators ' stabil ity 

We a lready have an idea of the e ffic iency o f  the Kiruna antenna . 
Technic ians from Onsala Observatory have found a 1 2% e f fic iency at 
86 Hz ( 1 9R1 ) .  Th i s  va

'
lue is very low and could be explained by 

uncertaint ies on the e ffec t ive temperature o f  the no i s e  tube , source 
flux dens i t ies , angular size of the observed sources , and also on 
misal ignment of the secondary mirror , and finally by the ac tua l  
misalignment of  pane l s  o f  the parabo loid ( as it was seen during our 
last  techn ica l  mi s s ion ) . However ,  i t  seems poss i b le , to improve the 
sur face qua l i ty and l ine up the ax is o f  the secondary mirror DJ . 

The pres ent po inting and tracking systems are not su fficiently 
accurate to work at 1 0  GHz . TIll , manu facturer of these antennae , has 
been con t ac t e d  to improve this ac curacy even tua l ly .  

We a l so p lan to study iono s pheric sc int i l l a t i on e f fe c t s  quant itat
ive ly on VLBI expe riments . At these lat i tude s . the scin t i l lat ions may 
be s t rong ann may d i sturb the pha se stabi l i ty of the recorded s ignal . 

2 . 3 } ERIC exper iment s 
I 

ERIC pro j ec t  may be divided into three ma in phases 

ERIC 0 is  concerning electronic tes ts  on the two Mk I I  record ing 
sys tems . The Nan�ay rad i o t e l e scopp. wi l l  be used at a lR cent imetre 
wave length . The two independent tracks o f  this rece iver wi l l  provide 
a zero base l ine VLBI observat ion . Two rubid ium c locks wi l l  be u t i l ised . 
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ERIC 1 wi l l  a l l ow VLRI obs ervat ions be tween the two E ISCAT d i shes at 
935 MHz . The goal  o f  th ese experiments wi l l  be techn ical essen t i a l ly .  
and shou l d  probe the compl ete e f ficiency o f  our equipment and our 
capabi l i t ie s  to run such expe rimen ts . 

ERIC 2 shou l d  be the actual improvement o f  one or two an tennae to 
al low 10 GHz observat ions ( sIx band ) . Thi s  s t age o f  ERIC should be 
cons idered only if a l l  the te s t s  de fined above were pos i t ive and i f  
expec ted s c ient i fic re sul t s  are s u f f i c ient wi th r e s pe c t  t o  our fu t ure 
pt'ogram . 

3) FUTURE PLANS 

At the s ame time when we are preparing ERIC 2 ,  we are a l s o  work ing 
on new inve s t igat ion s , wh ich seem of a ma jor intere s t  for fu ture 
p lanning . 

3 . 1 )  30 metre antenna 

Such an antenna wou l d  be ded icated to VLRI . It wou l d  be an al t/az 
moun t ing and would work be tween 1 and 22 GHz . Pr iority would be given 
t� sIx band ob servat ions . 

Th i s  antenna . o f  a diameter c lose to 10 me tres , would be located 
e i t h er i n  Franc e  or in an ove r s e a s  c oun t ry ( for examp l e  : Reun i on , 
Guyane . .  , ) . Th is geograph ic a l  locat ion has not yet be de fined . 

3 . 2 )  1 5  metre transportab le antenna 

Such a proj ect is obviously o f  a great intere s t  for geode tic s tudies . 
The ma in goa l o f  th is  kind o f  equipment i s  to cover unsurveyed areas . 

French manufac turer s have capabi l i t ies to bu i ld such a sys tem with 
a diameter o f  approxima t e l y  1 5  me tre s . Th is antenna should be a l s o  
equipped with feeders and receivers going from 1 GHz t o  22 GHz ( or a t  
least  sIx) . For this purpose . our l abora tories are mak ing a particu lar 
e f fort in order to increase the portabi l i ty of the VLBI equipment s .  
inc lud ing H-masers . 

3 . 3 ) Scient i f ic cooperat ion 

French commun i ty has expres sed a strong suppor t towards geodynamical 
and as trome tric ac t ivi t ies . Earth rotat ion s tudy ( po l ar mo t ion . UT I ) .  
geodesy ( regional ·and global tec tonic s ). have a l ready been put in high 
priority by GRGS with partic i pa t ion to MERIT and Crus tal  Dynamic s  
Proj ec t s . 

Cooperat ion with ne tworks dedicated to geode t i c  VLBI p such as 
POLARIS [2J . is  of pr ime intere s t  to us . 
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Anyway , the French VLBI group has a wi l l  to coopera t e  with any o ther 
ne twork , a t  sIx band or o thers . O the r fre quenc i es on our ant e nna wou ld 
b e  u t i l i zed to s tudy sourc e  s t ruc tures and the ir evo l u t i on in t ime . 

These in forma t i on are neces s a ry to de fine and ma i n t a in a c a t a l ogue o f  
rad iosource s .  

4 )  CONr.LUSION 

The group intend s  to a s s e r t  i t se l f  towards Geodynam i c s  and As t rome t ry 
us ing sIx bands , but a l so d is p l ays a great e f fort for the mi l l imet r ic 
VLBI , invo l ving h i gh fre quenc y observa t ions ( 226 Hz ) .  

By approx ima t e l y  1 9R � , with the 10 me tre rarl iot e l e s cope in Spa in and 
the in ter fe rome ter o f  Pl a tea u de Bure s , ne�r Grenob l e , IRAM , w i th 
mi l l ime t re observat ions , wi l l  bring a large comp lementa r i t y  to the 
cen t ime t r i c  VLBI group . 

Re ference s  

[IJ BI RAUn ( F . ) . CHA.'IPION 01 . ) , HILL ( P . ) .  ROSOLEN ( C . ) - ( I  9R2 ) 
Pro j e t  ERIC - E t ud� de l ' antenne de K iruna 
Notes Techn iques NT/G n° 25 - IGN/SGNN/OTIG J Saint-�Iande 

[2] ROBERTSON ( n . s . ) ,  CARTER ( V . F. . ) - ( l q� 2 )  
Opera t ion o f  the Na t ion a l  Geode t i c  Survey POLARIS network 
Pre sen ted a t  lAG Sympos ium nO 5 : Geod e t ic App l icat ions o f  Rad io
Inter fe rome try , Tokyo 
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DEVELOPMENT OF , VLBI SYSTEM AND FUTURE EXPERIMENTAL PLAN 
IN THE RADIO RESEARCH LABORATORIES 

Yoshikazu SABURI , Kazuyuki YOSHIMURA and Seij i KATO 
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Koganei , Tokyo 184 , Japan 

Kenich TSUKAMOTO, Fuj io YAMASHITA, Nobuhiro KAWAJIRI and 
Nobuyuki KAWANO 

Kashima Branch , Radio Research Laboratories 
Kashima , Ibaraki 314 , Japan 

ABSTRACT . The VLBI sys tems have been developed in Radio Research 
Laboratories (RRL) since 1974 . The domestic experiments were 
made in 1977 and 1979 by using the first one (K-l) and the second 
one (K-2) , respectively . The third system (K-3) has been devel
oped since 1979 according to the five-year plan, which is com
patible with Mark-III system in the U. S .A. The j oint experiments 
between NASA and RRL will start at the beginning of 1984 and be 
continued at least for five years . In addition, RRL will make 
the domestic observations in cooperation with the Geographical 
Survey Institute (GSI) after 1984 . The data analysis software in 
K-3 system will be completed in 1982 by RRL in cooperation with 
the International Latitude Observatory of Mizusawa (ILOM) . 

1 .  INTRODUCTION 

Very Long Baseline Interferometer System makes use of many precise and 
modern techniques . Radio Research Laboratories (RRL) has experiemces in some 
of such techniques in its own research programs , such as those in the fields 
of Frequency standard , Space communications , Space and Atomospheric Sciences , 
Information processing and others . Putting these experiences together , high 
precision VLBI system (K-3) has been developed since 1979 under the five-year 
plan.  This paper briefly summarizes the past and present developments of VLBI 
system in RRL ,  and some future observation plans both for intercontinental and 
domestic baselines . 

2 .  HISTORY OF THE DEVELOPMENT OF VLBI SYSTEMS AT RRL 

In 1974 , a research group of radio astronomy in RRL started working on the 
first VLBI system (K-l) consisting of one-channel digital recording of 2 MHz 
bandwidth . After preparation for about two years , the first VLBI experiment 
was conducted in Japan with a baseline of 121 km. 

From 197 7 ,  the second system (K-2) was developed for the purpose of meas
uring of phase scintillation in the received signal from the Experimental Com
munication Satellite (ECS) and from celestial radio sources .  In this system,  
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the digital data sampled at the sub-stat-ion (Hiraiso Branch of RRL) was trans
mitted to the main station (Kashima Branch of RRL) via a microwave link . In 
19 79 , the experiment using K-2 system proved itself to be a success in estab
lishing techniques of real-time data processing and of five-.channe1 bandwidth 
synthesis . 

As the third stage , a five-year plan for the development of high precision 
VLBI system for geodesy (K-3) started in 1979 in relation to the Japanese 
national proj ect of earthquake prediction techniques . At that time, VLBI j oint 
experiment was proposed by NASA as one of the items of items of US-Japan tech
nical cooperation. After the mutual agreement made between NASA and RRL in 
1980 , the original plan was revised to be compatible with Mark III system. The 
development of K-3 system has been conducted according to the revised plan, and 
the back-end part of the system and the most part of software will be completed 
in 1982 . The first experiment between the U . S .A. and Japan is scheduled to be 
made early in 1984 . Table 1 lists the history of VLBI developments in RRL .  

Year 

19 74 Sep . 

19 1 7  Jan. 

Oc t .  

1978 Dec . 

1979 Apr .  

Sep . 

1980 Feb . 

1981 Apr .  

1982 
1984 Jan. 

Item 

Start of the first VLBI system (K-l) development 

First VLBI experiment in Japan with a baseline of 121 km 
Start of the second VLBI system (K-2) development 

Beginning of consultat ion about U . S . -Japan joint 
experiment 

Start of five-year plan- of high precision system 
development (K-3) 

K-2 system experiment in real- time data processing mode 
with a baseline of 47 km 
Formal agreement between U . S . A .  and Japan on joint 
experiment in 198 3  
Revised K-3 system development plan to be compatible with 
Mark-III 

Back-end· and sof tware will be completed 

First U. S . -Japan j oint experiment scheduled 

Table 1 .  History of VLBI development in RRL 

3 .  BRIEF DESCRIPTION OF K-l AND K-2 SYSTEMS AND THEIR RESULTS 

3 . 1  K-l System 

The K-l system was designed referring to Mark II system in order to esta
blish the basic VLBI techniques in RRL .  I t  consisted o f  one-channel IF ampli
fier of 2 MHz bandwidth� 4 Mb/s  sampler , digital diphase-modulation coding, VTR 
recorder , Cesium beam standard and correlation processor . The first VLBI ex
periment was made in Japan in January 1977 by using K-l system with a baseline 
of about 121 Ian between RRL Kashima antenna (26 m in diameter) and NTT Yokosuka 
antenna (12 . 8  m in diameter) . The signals at 4180 MHz from the geostationary 
satellite ATS-l and those from 3C273B were observed . By reducing of ATS-l 
data , a resolution of 5 ns in determining delay time with r .m. s .  error of about 
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4 degrees for relative phase was attained . For the celestial obj ect ,  3C27B , 
the cross-correlation peak was detected by using the fringe rotation technique . 

The main characteristics of K-l system are summarized in Table 2 together 
with those of K-2 and K-3 systems . The details of K-l system and the experi
mental results were reported in the references [VLBI special issue , Review of 
RRL , 1978 ] and [Kawaj iri et aI , 1979 ] .  

I tems K- I K-2 K- 3 

Rea 1 - t i me da ta P rec i s i on VLB I  

Pu rpose Ba s i c  techn i ques proces s i ng and system compa t i b l e  
of VLB I Bandw i d th wi th Ma rk III 

synthes i s  

Rece i v i ng 2200-2320 MHz 
4 1 80-4 1 82 MHz 4030 - 4 1 32 MHz and f requency 8 1 80-8600 MHz 

Channe l s  I 5 ( a l terna t i ve)  28 (maxi mum) 

Samp l i ng 4 Hb/s 4 Mb/s 8 ,  4 ,  2 ,  I ,  0 . 5  
ra te and 0 . 25 Hb/s 

Recorder Toamco VR489 ( Rea l - t i me)  Honeywe I I  H-96 (v i deo) 

A tom i c  C s  c l ocks w i th C s  w i th h i gh 
s tanda rd reg u l a r  tube pe rformance Hyd rogen Hasers 

tube and Rb 

HP- I OOO : 
Computer NEAC 3 1 00 NEAC 3200 1 0  L ( Sys tem con t ro l ) 

45 F (Data ana l ys i s ) 

Ca l  i bra t ion Wa ter vapor rad i o-
- - me ter and sys tem 

dev i ce de l a y  ca l ! bra to r  

Prec i s i on 5 ns 0 . 1 n s  be t ter than O .  I ns 

Table 2 .  Main characteristics o f  K-l ,  K-2 and K-3 system 

3 . 2  K-2 system 

The second VLBI system,  K-2 ,  was developed as a phase scintillation meas
uring system . in Japanese Experimental Communications Satellite (ECS) Proj ect .  
The technical emphasis was put mainly on a real-time data processing system 
and a bandwidth synthesis method . The block diagram of K-2 system is. shown in 
Fig . 1 and the characteristics are listed in Table 2 .  

The bandwidth synthesis is performed by five channels of 2 MHz bandwidth 
each , which are separated by 0 ,  10 , 30 , 60 and 100 MHz at 4 GHz and can be 
switched sequentially every 10 MS . The distance of the baseline between the 
main station at Kashima Branch of RRL and the sub-station at Hiraiso Branch of 
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Zero beat 

m I xer 
C J  Jpper 

5ch 
(a I ternat i ve) 

Samp l er 
, 

Formatter 

a l t  rate 
converter 

Modulator · 
, 

Demodu lator 

Computer 
for 

antenna con tro l  

r- 47 km --..,f Kashima Branch 

generator 

M I crowave 
l ink 

GH, ---& Parametr Ic  
amp I i f i er 4 

26m Antenna 

Frequency � 1 s t mixer 
mu l t i p l  ier 

f 
Mul t i - loca l � 2nd m i xer osc i l l ator Zero beat 

m i xer 
CI ipper 

5 ch 

Cs Freq . 
(al  terna t l ve )  

standard 
l-

I 
Time code � Samp ler 

, 
generator 

Formatter 

} 
Modulator Rea l t Ime , � corre l a tor Demodul ator 

I 
Computer for 

Data acqu i s i t i on , 
�n tenna cont ro l , 

Da ta a'na l ys l s  

Fig . 1 .  Block diagram o f  K-2 system 

RRL is 47  km. Digital data sampled at the sub-station were transmitted via a 
microwave link in order to make a real-time data processing at the main station. 

Using this real-time VLBI system, three kinds of experiments were carried 
out . The first is the determination of the difference in time of arrival 
(delay time) by receiving wide-band noise from the geostationary satellite CS 
and QSO 3C273 . In the case of C S ,  the estimation error of delay time was about 
0 . 1  ns with the integration time of 0 . 1  sec for each channel ,  because of a 
strong flux density . In the case of QSO 3C273 ,  the estimation error resulted 
in about 0 . 17 ns with the integration time of 2 sec . High precision of K-2 
system was proved by these results , but the long-term observation was limited 
mainly due to the frequency instability of the atomic standards ,  Cs beam and 
Rb clocks . 
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The second is the measurement of phase scintillations in a signal frore a 
satellite which occurs along the path through the atomosphere . As a result 
of the measurements on the signals from the satellites CS and Intelsat , it is 
shown that the Allan variance of the phase scintillations in the averaging time 
of 10 sec is about 16 deg . and it obeys the 1 .  4 - 1 .  8th power law of the av
eraging time . 

The last one concerned with the phase scintillation by the solar wind . 
The measurements were made on the radio waves from QSO 3C273 at 4 GHz when its 
propagation path approached the sun· at a distance of 0 . 08 AU . The intense 
visibility fluctuations were d�tected for 10 days and the maximum fluctuation 
exceeded 10 % of the total flux. The fluctuation obeys approximately the 3rd 
power law of the distance between the path and the sun. It was also confirmed 
that the scintillations decreased when the averaging time exceeds 0 . 5  sec . 
From these results ,  it is suggested that the effects of the phase scintilla
tions at 4 GHz produced by the solar wind may disappear for the VLBI baseline 
distance of several tens km when the solar elongation angle exceeds 5 - 7  deg . 
The details of K-2 system and the results are reported in the references ,  
[Kawano et aI , 1980 ] and [Kawano e t  aI , 1982 ] .  

4 .  K-3 SYSTEM DEVELOPMENT 

As the third stage , a five-year plan for the development of a high preci
sion VLBI system (K-3) for geodesy started in 1979 . After the conclusion of 
the agreement between NASA and RRL in 1980 as to JS-Japan joint VLBI experi
ment , the plan was revised thoroughly both in hardware and software in order 
to use K-3 system for intercontinental observation and to be compatible with 
the Mark III system . 

The K-3 system includes not only hardware but also software for deriving 
physical quantities such as baseline vectors ,  time synchronization error , polar 
motion , earth rotation and others from the measured delay time and fringe 
rates . On the design and construction of the K-3 system, the following items 
are considered . 

(1) The precision of delay time measurement is 1 ns for S-band and 0 . 1 ns 
for X-band , 

(2)  Compatibility with the Mark III system in software as well 
as hardware ,  

(3) IEEE 488 buses are used to control and monitor each module 
of the system with a computer , 

(4) The measurement of relative instrumental delay using calib
ration signals can be made in r�al time by the correlator . 

The block diagram of K-3 system is shown in Fig . 2 and its main charac
teristics are summarized in Table 2 .  The detail of K-3 hardware and that of 
K-3 software are reported in this issue , [Kawaguchi et aI , 1982 ] and [Takahashi 
et aI , 1982 ] ,  respectively . 

As to hardware system, the manufacture of the back-end part including 
hydrogen maser , water vapor radiometer , system delay calibrator and correla
tion pro�essor will. be completed. in 1982 . The overall system check and 
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Fig . 2 Block diagram of K-3 system 
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evaluation will be made in 1983 immediately after the installation of S and 
X-band front-end . The software includes Automatic operation , corre1ator con
trol , Bandwidth synthesis , Baseline analysis , Data-base management and Antenna 
tracking . The automatic operation software (KAOS) compatible with "Field sys
tem" of Mark III has been already developed and the others will be completed 
in 1983 . 

5 .  FUTURE EXPERIMENT PLAN 

According to the mutual agreement between NASA and RRL mentioned in Sec
tion 2 ,  RRL will undertake VLBI j oint observations by using the 26-meter an
tenna at Kashima Branch with one or more of the antennas operated by the U . S .A. 
The objective is to demonstrate the capability and to contribute to establish
ing a global network of VLBI observations for the study of plate motion , polar 
motion and earth rotation . 

The system level experiment , as the first one of U . S . -Japan j oint experi
ments will be made at the beginning of 1984 as previously scheduled . The 
mutual agreement to continue the observations at least for five years begin
ning in late 1984 has been made . The data proceSSing and analysis for those 
observations will be made by NASA and RRL by using their own software , which 
may give very useful information to the MERIT and the DELP programs . In 
future , RRL intends to make international cooperations with as many stations 
as possible for various studies including time synchronization . 

In parallel with the U . S . -Japan j oint experiment ,  the domestic experi
ments are also being planned by RRL and the Geographical survey Institute (GSI) . 
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The GSI started in 1981 to prepare a system with a transportable 5-meter 
antenna , the design of which is based on the techniques developed by RRL for 
K-3 system.  For the purpose of system checking by both parties , such as pre
cision , accuracy and reliability , the first experiment is expected to be made 
in 1984 on a baseline of about 52 km between the RRL Kashima 26-meter antenna 
and the GSI Tsukuba 5-meter antenna , [Kawaguchi ,  et aI , 1982 ] . The result will 
be compared with those measured by the traditional means . The follow-on ex
periments will be continued by transporting the GSI 5-meter antenna to some 
places within a country for the readj ustment of Japanese geodetic network esta
blished by the GS I ,  [Nishi , et aI , 1982 ] , and for monitoring the local crustual 
movements .  These experiments will be performed as a part of the domestic 
program corresponding to DELP proj ect .  

Along with the observation plan , RRL will continue the development of the 
system in improvement of precision , in establishment of a transportable system 
suited to the physical features of Japan , in realization of real-time VLBI 
network, and in applications to satellite tracking and others . The RRL will 
continued further cooperations with the Japanese organizations concerned , such 
as the International Latitude Observatory of Mizusawa (ILOM) in software de
velopment ,  the Tokyo Astronomical Observatory (TAO) in Joint observation and 
the Maritime Safety Agency (MSA) in coordination with laser ranging obser
vation. The future experiment plan is summarized in Table 3 .  

1 982 Comp l e t ion of Back-end and Software of K-3 System 

I 
J, 

Data Acqu i s i t ion and Comp l et ion of Front-end 
Contro l , S i mu l a t ion System 
Test 

1 983  

! 
Overa l l  Tes t ,  Compa t i b i l i ty Test wi th Hark I I I  System 

U . S . -Japan Exper i ments Domes t i c  Exper i ments 

I 
1 984 

System Leve l Experiment System Leve l Exper i men t 
(NASA-RRL) (RRL-GSI  : 52 kin) 

! 
Fol low-on Experiments 

for Fol low-on Exper i men ts 
1 985 P l ate Mot ion, Pol ar Mot ion, for 

to Earth Rotat ion , 
Readjustment of Geodet i c  

Network, Loca l Crusta l 
1 988 Time Synchron i zat ion Movement , Coord i na t ion 

wi th Laser Sta t i on 

Table 3 .  Experiment Plan 
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6 .  CONCLUDING REMARKS 

In this paper , the outline of the past and present VLBI system develop
ment and some future experiment plan is given. We are confident that our K-3 
system may contribute to the international and domestic studies in many fields . 
We would like to express our sincere thanks to many persons concerned in RRL 
and the organizations in the U . S .A.  and Japan during the stage of K-3 system 
development , especially to the members of geodynamics proj ect in NASA Head
quarter and GSFC for their close cooperation and assistance . 
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INVESTIGATION OF GEOPHYSICAL CONDIT�ONS AT KASHIMA VLBI STATION 

T . YOSHINO AND F . TAKAHASHI 
Kashima Branch , Radio Research Laboratories 
Ministry of Posts and Telecommunications 

Kashima-Machi , Ibaraki-Ken 3 1 4 ,  Japan 

ABSTRACT 

New Measurement of intercontinental baseline length between 
Kashima in Japan and US-operated observatories in North America , 
Alaska and Hawaii for geodesy , will be performed with use of the K-3 
(being developed in Japan , and compatible with Mark III) and Mark III 
(developed in U . S .A. ) ,  starting late in 1983. And this experiment 
will provide us the information of plate motion between the stations , 
which is very useful to Japan because it is relevant to the study of 
generation mechanism of big earthquakes . 

Before starting this experiment , various geophysical 
environmental data around VLBI stations should be inves tigated . 
First of all , Japan is surrounded by three plates , which are Eurasian 
Plate , Pacific Plate and Phillipine Sea Plate .  Boundary surfaces of 
these p lates manifest important geophysical characters . Therefore we 
examined the relative position of Kashima Station , Japan Trench and 
other plate boundaries . 

Secondly , geological features at Kashima VLBI station are 
examined by the boring s.amples which were got ten at the time of 
antenna construction. 

Thirdly the characteristics of the climate and ionosphere at 
Kashima are clarified . Other conditions , such as radio interference 
is also reported . 

INTRODUCTION 

Starting late . in 1983 , Kashima station in Japan will take part 
in the global VLBI network. And the experiments will be performed to 
get the precise baseline length , clock error parameters , earth 
rotation parameters etc . Generally , VLBI data includes many 
contributions caused by geophysical and electrical factors , such as 
clock error , excess path in propagation , polar motion , crustal motion 
etc . Among these factors , some of them can be predicted correctly D 
but some can not . In particular , if we do not know the lo�al 
surrounding conditions in VLBI stations , we may be lead to incorrect 
understanding of VLBI data. Therefore we inves tigated the 
surrounding conditions which may c�use much contributions . 

As Japan locates on the circum-Pacific seismic belt , the 
relative pOSition between Kashima station and plate boundaries , where 
earthquakes originate , were examined , and also investigated the 
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geological condition at Kashima station. And we also examined the 
climate and ionosphere . And as Kashima locates near Tokyo which is a 
great source of radiation , the radio interferences in S and X band 
were investigated . We hope the investigations of each VLBI stations 
in the world will be reported about those things in this way . 

THE LOCATION OF KASHIMA VLBI S.TATION 

In the beginning , Fig . l (  Head 1981 ; Ref ( l )  ) shows the world wide 
plates map . And this figure also shows the location of VLBI stations 
and the baseline including Kashima station on its end . There are very 
long baselines between Kashima and other VLBI stations ; Haystack Radio 
Observatory , Owens Valley Radio Observatory , and so on. And · Kashima 
VLBI station locates on almost  the same latitude as those in USA.  And 
we can realize that Kashima locates on near the plate boundary • . By 
looking this picture , you can realize that the position of Kashima 
station is very useful to investigate the plate motion. If Kashima 
station is rej ected in this figure , the information taken by VLBI 
experiment will decrease considerably . 

The magnified map of Fig . l is shown in Fig . 2 .  This "map shows 
Japan main islands . And Kashima locates at the center of those 
islands . Although this is a small area , we can see three plates 
together in this map . Pacific . Plate , Phillipine Sea Plate , and 
Eurasian Plate . Kashima station looks to lie on the Eu�asian Plate , 
but we can not entirely say that 
Japan islands and Eurasian Plate are connected completely . By using 
more VLBI stations in Asia , it will be determined in the future.  And 
Kashima is only 150 · km apart from Japan Trench. Japan Trench means 
the subduction of Pacific Plate.  And it is believed that this motion 
triggers the big earthquakes . 

To see the land and the sea together , bathymetric chart is used 
in Fig . 3 .  Kashima is about 90 km east frOm Tokyo . And one more 
characteristic thing is that Kashima station is very near the 
seashore , only 1 . 5  km apart.  As the ocean loading effects are 
expected in Kashima , we intend to use the tide data ·of the tide 
station at the port of Kashima to correct the VLBI data.  The expected 
value of ocean loading effect is a few centi-meters . Instead of 
theoretical estimation of tide data,  we will use this real data in 
Kashima station . Because the development of industrial area near our 
laboratory has been going on , and the shape of the sea-bottom changes 
slowly , some serious error between theoretical tide data and real data 
will always exist . 

THE FOUNDATION OF KASHIMA VLBI STATION 

In the geodesy in the near future , the position of VLBI station 
will become a important reference point.  This means that the antenna 
reference point should correctly reflect the crustal motion of that 
area. It is a problem of coupling between the foundation of antenna 
and the lithosphere . The lithosphere has about 100 km thickness in 
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case of land . and it is almos t composed of rock. 'Then it is important 
to investigate the connection with the foundation of antenna and the 
rock or the hard stratum. 

Fig . 4 shows a 26m antenna structure in Kashima. In the case of 
26m antenna, about 5m of the portion of foundation is put into the 
ground . And thirty PC-piles are driven in. The piles are 26m long . 
So the piles reaches to 30m depth .  As the top of 26m antenna in this 
figure is 31m high from the ground , the height of the antenna is 
almost the same as the depth of piles . The bottom view of the antenna 
is shown in lower side. And the weight of 26m antenna over 
the ground is about 1221 ton ,  and the one under the ground is about 
1278 ton. 

The soil profile under the 26m antennae Fig . 5 ) is shown in 
Fig . S .  and it was surveyed by boring before antenna construction . 
This map shows the history of crust .  Because the seashore is near 
here , the surface is covered with sand . But sandy and very loose 
stratum is not thick. 
Then we can see from the top . sand soil , loam, silt clay etc . They 
are mainly composed of sedimentary soils . Though the ground surface 
is , sandy , 26m antenna is built on the Diluvium which is said 
relatively rigid for structures . And the N-values . which mean the 
hardness of soils , immediately increases at about 30m depth . That 
means hard stratum. As the piles reach to 30m depth , we can 
understand that the piles reach to this hard stratum. And the weight 
of antenna is dispersed to this stratum. 

Japan lies on the circum-Pacific seismic belt . And about 10% 
earthquakes in the world has been occurred near Japan.  Fig . 6 (a) shows 
the vertical cross section of earthquake distribution , and Fig . 6 (b )  
shows the earthquakes map . We can understand from these maps that the 
Pacific Plate reaches to 50-100 km under the ground of Kashima . And 
as the rocks in Japan has generally many clefts caused by the pressure 
of plates , relative movement inside Japan had better be also monitored 
to confirm the data of plate motion. We are now planning to measure 
the baseline length between Kashima and GSI (  Geographical Survey 
Ins titute ) in Tsukuba( see Fig . 3  ) by Laser Ranging. It is 50km 
apart.  And it will be also measured by the VLBI method ( antenna 
diameter ; Kashima : 26m ,  Tsukuba:  5m ) And we think that the finite 
element method is useful to analyze the coupling of the structures and 
the base because we can simulate the complicated response of base with 
use of real data by this method . 

OTHER CONDITIONS SURROUNDING KASHIMA 

VLBI observation affects many geophysical conditions . Next we 
. consider about the ionosphere . Fig . 7  shows the geomagnetic latitude 

in the northern hemisphere. Geomagnetic pole is slightly different 
from geographic pole . Though Kashima ' s  geographic latitude is 35 
deg . , the geomagnetic latitude is 25 deg . Because the geomagnetic 
storm occurs in' high geomagnetic latitudes , the ionosphere over 
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Kashima station is relatively expected calm. So we may say that if 
the effect of the ionospheric disturbances of delay and delay rate are 
detected , it is mainly caused by another station. When Kashima is the 
one end of baseline , we may be able to separate this ionospheric 
disturbances . This means that Kashima can act as a reference station 
of the ionospheric effect. 

Then we show the Kashima' s  climate .  The climograph is shown in 
Fig . 8(a) . It is a mean value of 5 years . And it is a typical pattern 
of the east  side of Japan. And Fig . 8(b)  is the relative humidity 
variation in a year . Mean value at each months exceeds 50% . 
And the weather is relatively moderate here. 

In Fig . 9  we show the radio interference in Kashima. These graphs 
plot the number of times radio interferences were detected in S and X 
band . This measurement was done by the small horn antenna . And we 
scanned it in all azimuth direction at low elevation angle in several 
hours . Radio interferences are seen more ·in S-band than in X-band . 
But we can probably avoid them in K-3 VLBI system by tuning the 
receiving frequency . As we must coincide the receiving frequency at 
all the VLBI stations , the state about the radio interferences should 
be informed to the scheduler before experiments . 

Now, we show the features of Kashima station. 

1 )  Location Longitude 140°39 ' 45" . 634 E 
Latitude 35 °5 7 ' 15" . 1 32 N 
height 77 . 1 3 m 

2) Geomagnetic Latitude about 25° 
3) Climate Mean Temperature 1 5 ° C  

Precipitation 1248 mm/yr 
4) Crust Eurasian Plate 

Diluvium Platform 
5) 1 . 5  km apart from seashore 

150 km apart from Japan Trench 
90 km apart from Tokyo 

For correct understanding of the high precision VLBI data,  we 
think all the VLBI stations had better report these local geophysical 
conditions . 
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Fig . 1 World Plates Map ( some of baselines are drawn ) 

Fig . 2  Japan Islands and the Plate Boundary 
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Fig . 3 Bathymetric Chart 



Fig . 4  26m antenna structure in Kashima 
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A BASELINE DETERMINATION BETWEEN KASHIMA 26 M AND TSUKUBA 
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ABSTRACT . Joint VLBI experiments of RRL and GSI are planned 
on a baseline between Kashima and Tsukuba in 1984 . The 
baseline of about 54 km in length will be determined in the 
accuracy of 2 em or better , and compared with the data 
obtained seperate1y by laser ranging . A 26 meter antenna 
and a 5 meter antenna will be used in this experiment . 
After the establishment of the baseline between Tsukuba and 
Kashima, the 5 meter antenna will be transported to some 
principal points in Japanese islands and efficiently used 
for monitoring of crustal movement and adjustment of 
Japanese geodetic network. 

INTRODUCTION 

Joint VLBI e.xperiments of RRL (The Radio Research Laboratories ) and 
GSI (Geographical Survey Institute) are planned on a baseline length of 
about 54 Km between Kashima 26 m and Tsukuba 5 m antennas . This will 
become the first domestic VLBI experiment for geodetic application . and 
both institutes are preparing for their K-3 equivalent system,  leading to 
commencement of the experiment in ·1984 . In this experiment . both 2 GHz and 
8 GHz bands will be used for the correction against the ionospheric 
effects . Moreover , with use of water vapor radiometers at two frequency 
bands arranged at respective antenna sites . a high accuracy determination 
of three dimensional baseline vector will become possible , compensating for 
tropospheric effect . Accuracy and repeatability of the VLBI results will 
be confirmed , by comparison with the data obtained seperate1y by GSI in 
other means (e . g .  laser ranging) . After the experiments the 5 m antenna 
will be transported to domestic principal points for monitoring crustal 
movements , and adj ustment of the Japanese geodetic network. 

As the receiving system of 26 m antenna , including K-3 data acquisi
tion terminal will be described in the other paper (Kawaguchi 1982) , system 
design of 5 m antenna and the error estimation in j oint VLBI experiment 
between RRL and GSI are mainly presented here . 
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BASELINE BETWEEN KASHIMA AND TSUKUBA 

A geographical position of a baseline between the 26 m antenna of RRL ,  
Kashima and the 5 m antenna of GSI ,  Tsukuba is shown in the Figure 1 .  This 
baseline is in Kanto district near Tokyo and is almost at the center of 
Japanese main island . Estimated values of the baseline components in a 
fixed coordinate 
system located on the earth are shown in Figure 2 .  

In the coordinate system ,  the z-axis is defined by an instantaneous 
rotation axis of the earth , the x-axis is on a equatorial plane and 
perpendicular to a local meridian surface and y-axis completes the right
handed Cartesian coordinate system. In Figure 2 ,  .ll is lateral orientation 
angle of the baseline from due eas t ,  � complementaly angle of latitude , A 0 
longitude of middle point of the baseline , and '! 0 latitude of the middle 
point . 

The baseline has about 54 km in length and almost east-west direction , 
and these values in Figure 2 will be refined by conventional surveys before 
and after VIBI experiments going on for one year in 1984 . The surveys will 
be conducted by GSI and have the accuracy of about 5 cm by using a Laser 
Ranging method . The VLBI experiments wiil be conducted by RRL in coopora
tion with GSI ,  and the accuracy and repeatability of the VLBI experiments 
will be confirmed by comparison with the convensional survey results . 

After a series of the VLBI experiments , the 5 m antenna will be trans
ported to some domestic principal points for monitoring crustal movement 
and adj ustment of the Japanese geodetic network. The control of Japanese 
geodetic network ' by VLBI is discussed in detai, bv Nishi (Nishi , et a1 . 
1982) in this issue . 

. ,,, 
KAStIMAJIAL 

N + 

D .a za la .a .-
I , , ' , , 

, Figure 1 .  The geographical position of the RRL-GSI baseline 
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5M ANTENNA AT TSUKUBA 

Geographical Survey Institute is responsible for the geodetic survey 
on whole land area in Japan .  VLBI is considered to be able to contribute 
to improvement of the geodetic network of Japan and also be able to 
contribute to detection of tectonic plate motion in and around Japan. 

As the first step of geodetic application of VLBI in Japan , j oint VLBI 
experiment between GSI and RRL is planned . For geodetic application , it is 
desirable that the system has transportable receiving station. GSI has 
been developing transportable receiving station in three yea·rs program. In 
1981 , the first year of the program, GSI has designed and completed 
mechanical part of the antenna. The specifications of this antenna are 
lis ted in Table 1. Bandwidth , polarization and number of channels are 
selected considering compatibility with K-3 system. 

To achieve high efficiency , there used shaped beam cassegrain antenna. 
As for transportability , the antenna can be devided into 3 parts , Antenna , 
Mount s tructure and Pedestal . The antenna (main dish) can be devided into 
3 parts , so as to reduce the width of all the parts less than 3m. The side 
view of the antenna is illustrated in Figure 3 .  Three days at maximum are 
required to disassemble the antenna and three vehicles including 10-ton 
lolly and 10-ton crane will be used for transportation. At the next 
station , ten days at maximum are required to re-assemb1e the antenna and 
start observation. It is required there should not occur any significant 
failure in normal transportation . 

Table 1 .  The specification o f  the 5m antenna 

Items 

Antenna diameter 
Frequency range 

Polarization 
Antenna efficiency 

(Gain) 
Antenna noise temperature 

VSWR 
Axial ratio 
Slew rate 

Angle readout (resolution) 

specification 

5 meter 
X-band : 8180-8600 MHz 
S-band : 2220-2320 MHz 
RHCP X- and S-band 
X-band 61 % (50 . 7 dB at 8390 MHz) 
S-band 32 % ( 36 . 5  dB at 2260 MHz) 
X-band : 45 K (Elevation 45° )  
S-band : 120 K . 
1 . 3 X and S-band 
3 dB X and S-band 
Azimuth 0 to 1 deg/sec 
Elevation 0 to 0 . 5 deg/sec 
0 . 002 degree 
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26 M ANTENNA SYSTEM AT KASHIMA 

A schematic sketch of the 26 m antenna together with the performance 
of the antenna and the SIx receivers are shown in Figure 4 .  For further 
details , refer to another paper (Kawaguchi ,et  al e 19 82) in this issue . 

DATA ACQUISITION 

The VLBI data will be collected by a K-3 data acquisition terminal and 
a wideband data recorder at each station. The K-3 data acquisition 
terminal is mainly composed of an IF distributor , IF to video frequency 
converters (video converters) ,  a formatter and a decoder . By video 
converters , two of seven video signals are frequency- converted from S-band 
and five from X-band . These video signals of 2 MHz bandwidth are sampled 
in one bit at a rate of 4 Mbps and formatted together with a time code and 
a sync word . The formatted data at a rate of 4 . 5  Mbps (a parity bit is 
added to each 8 data bits) are recorded on seven tracks of tapes by a K-3 
wideband data recorder . As a tape has 28 tracks , two round trips recording 
is possible for a reel of tape.  A decoder is always used for monitoring 
the quality of data being obtained during the experiment .  

Cable delay variation will b e  measured seperately by a K-3 delay 
calibrator , and tropospheric delay caused by water vapor will be estimated 
from sky noise measurements .  The sky noise temperature due to water vapor 
along a ray path will be measured by a K-3 water vapor radiometer at two 
frequencies near the water-vapor-emission line of 22 . 2  GHz . 

For a frequency standard in each station , a hydrogen maser oscillator 
will be used , and a cesium oscillator keeps the clock of each station and 
synchronized by a portab le clock . 

The VLBI experiments are fully automated under controls of a Kashima 
Automatic Observing Software (KAOS) and only two or three operators are 
needed at each station. 

The detailed informa�ion about the K-3 hardware system is presented in 
the paper (Kawaguchi , et al . 1982) and the K-3 Automatic Observing Software 
is explained in the other paper (Takahashi , et al: 1982,) . 

ERROR ESTIMATION 

The obtained data will be cross- correlated by a correlation processor 
at Kashima (Kawaguchi , et al • .  1982) and analyzed by both institutes of RRL 
and GSI .  Here , we will discuss a baseline determination error on this VLBI 
experiment . 

The observation error due to system noise,  tropospheric scintillation 
and clock instability , the correction error of cable delay and tropospheric 
delay , and the calculation error of the source position , polar motion and 
earth rotation are estimated as summarized in Figure 5 .  In the error due 
to system noise ,  the coherence loss of 50 percent is taken into account , 
the items of which are tabulated in Table 2 .  In the estimation , it is 
assumed that the integration time is 12 minutes for 12 weak sources and 4 
minutes for 2 strong sources of 3C84 and 3C2 7 3 .  The correlated flux of 
these sources are cited from the reference (Wu 1980) . It is also assumed 
to use a bandwidth synthesis technique on five channels in X-band and two 
channels in S-band spanning 300 MHz and 100 MHz , respectively . 

328 



The tropospheric scintillation is calculated "by using an empirical 
equation derived from observations of two strong satellite noise emission 
by a real-time VLBI (Kawano , et al. 1982) . 

The sensitivity of a sky noise error measured by a water vapor 
lSadiometer to a estimation error on a wet path length and of a surface 
pressure error measured by a pressure gauge to a estimation error on a dry 
path length are referred to the papers (Wu 1979) and (Moran , et al. 1976) , 
and each estimation error is calculated on the assumption of 1 K and 0 . 2  
mbar measurement error for each device . 

As for other error sources , tne errors listed in Table 3 are assumed . 
"The total O-C error averaged" over one-day observations will be about 62 
picoseconds and the resultant baseline determination errors on X, Y and Z 
components are estimated as shown in Figure 6 .  Each point in the figure 
represents the error when the three dimensional baseline componen"ts 
together with 12 clock offset parameters are determined from 32 
observations . From the figure , it will be assured that the accuracy of 
about 2 cm or better may be attainable in the VLBI experiment on the 
baseline between Kashima and Tsukuba .  " 

CONCLUSION 

The VLBI results and the surveys by a Laser Ranging Method , each 
having the accuracy of about 2 cm and 5 em ,  will be compared with each 
other and the geodetic referece baseline will be established between 
Kashima and Tsukuba in 1984 . The repeatability of the VLBI experiments and 
the reliability of the K-3 VLBI system will also be confirmed on this 
baseline , and then the S m antenna will be transported to principal points 
in Japan and become a powerful tool for monitoring of crustal movement and 
adjustment of Japanese geodetic network. 

ACKNOWLEDGMENT 

We would like to thank many VLBI researchers in Jet Propulsion 
Laboratory , Haystack Observatory , Goddard Space Flight Center and NASA for 
their kind helps and encouragements in various fields of VLBI . 

References 

Kawaguchi ,N . , Sugimoto ,Y . ,Kuroiwa,H . ,Kondo , T . ,Hama, S . ,Amagai ,J . ,Morikawa , T .  
and Imae ,M. , 1982 : The K-3 hardware system being developed in Japan and its 
capability , in this issue . 

Kawano , N . ,Yoshino ,T . ,Takahashi ,F . ,Koike ,K.  and Kumagai ,H . , 1982 : Observation 
of scintillation and correlated flux using the real-time VLBI system,  in 
this issue. 

Moran,J .M. ,Penfield ,H . , 1979 : Test and Evaluation of Water Vapor Radiometers 
and Determination of their Capability to Measure Tropospheric Propagation 
Path Length , NASA Technical Report , NASS-2097S . 

329  



Nishi , S . ,Yoshimura ,Y.  and Komaki ,K. , 1982 :  Control of Japanese geodetic 
network by VLBI , in this issue . 

Takahashi , F . ,Yoshino ,T . ,Murakami ,H. ,Koike ,K.  and Kunimori ,H. , 1982 : K-3 VLBI 
software development for international · experiment , in this issue . 

Wu , S . C .  , 1979 : Optimum Frequencies of a Passive Microwave Radiometer for 
Tropospheric Path-Length Correction , IEEE transaction ,AP-27 , No . 2 .  

Wu, S . C . , 1980:  Error Estimation for ORION Baseline Vector Determination ,TDA 
Progress Report , 42-5 7 ,Page 16 . 

I 

I 
I 

I 
I 

I 
I 

, , , 
I , 

, , 

, , , , 
",,' · z  

,'MERIDIAN , 
I SURFACE 

, I S. r:*;Jt------� 
I '" 0 

- y  

, 
I , , 

I { 
I 
f. 

X( E-W) 

8 • •  SI. S'1 3Q IC .. 

B, .. -q. S'q 22 K ... 
8, • - 1 3 .  f o lq 1<-

IIBI - 54-.0 1 42 1<", 
.n. .. - I ' " 30' 4-� 'T 
� = 53"41' 1(' 2 

? . ..  '4-0" lZ ' 3":'4-
� . .  as· so' 4G�'6 

Figure 2 ,  Predicted values of three dimensional 
baseline components 

330 



5000 

-t-
, 

MOUNT STRUCTURE / � I 

PEDESTAL 

q, 2000 

Figure 3 .  The schematic sketch of the Sm antenna 

331 

o 
10 
,.... 
<0 



I 'j 
.. E 
III ' N 

S-band � Item 2 2 2 0-23 20MH2 

Reference Point 

,-

, � .H m "'�"'br T"""'� • , . ., "1 

Antenna Gain 

( e f f ic iency , 

( £eed los s )  

Antenna noise 

Pre-amp noi se 

( NF ) 
( WG loss ) 

To t'a 1 G/T 

5 2 . B  dB 

( 5 3 . 6  % ,  
( 0 . 5  dB 

temp . 7 0  K 

temp . 100 K 

( FET ) 

( 1 . 2  dB) 

( 6 K , 

3 0 . 5  dBK 

Figure 4 .  The s chematic sketch of the 2 6  m antenna and performance of 
the antenna and Six receivers 

) 

X-band 

B l B O - B 6 0 0MH 

6 3 . 2' dB 

( 4 5 . 2  % ,  
( 0 . 4  dB) 

60 K 

1 0 0  K 

( parametric 

( 1 . 0  dB) 

( 2 5  K ) 

4 1 . 2  dBK 



2 Cnl 

1 cm 

2 c .. 
e .. CD 
U C 

.
-= 1 cm 
IV 
J2 

1.87 

1.18 
0.94 0.79 

0.53 

0.10 0.1 1 0.14 0.12 0.14 

I'ITIM 
NO ... 

T R O P O S P HERE DIU' CLOCK ,ounCI POU IAn", 
O il Y  

F ig u r e  5 .  

Oh 

ICIN"
W I '  LLATION 

CAL INITA- POI"ION POS"ION IIO'A"ON 

IIInOll .ILIT, .,,"on InllOn .IIlIOn 

" "  

The estimated O-C error averaged over 
one-day observations 

gh 1 2" 
R. A. 

2 am 

1 cm 

Figure 6 .  Three dimensional . baseline determination error 

333 



Equipment 

Table 2 .  Items of coherence loss 

Loss Factor 

Frequency Converter Frequency ins tability 
Image Rej ection Mixer Imperfect image rej ection 
Low Pass Filter Imperfect filtering 
Formatter Imperfect clipping 

One bit sampling 
Wideband Data Recorder " Bit error 
Correlation Processor Fringe stopping 

Fractional bit correction 

Total Loss 

Table 3 .  Items o f  error sources 

Error sources 

For Calculation Error 

Error 

Loss 

0 . 6 % 
1 % 
3 % 
1 % 

36 % 
1 % 
4 % 

3 . 4  % 

50 % 

Source Position Error 0 . "01/SQRT (2)  
Earth Rotation Error 0 . 6  msec 
Pole Position Error 30 cm 

For Correction �rror 
Pressure Guage Error 0 . 2 mbar 
Water Vapor Radiometer Error 1 K 
Delay Calibrator Error 1 sec at 25 Hz 

For Clock Instability 
10-13 Allan Variance of White Frequency Noise at 1 sec 

Allan Variance of Flicker Frequency Noise 10-14 over 100 sec 
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