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Introduction

The contents of this report cover a range of very-long-
baseline-interferometry experiments applied to Earth physics.
The research for these articles was conducted between 1974 and

1982, in part under the auspices of NASA Grant No. NGR

22-009-839,
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The error budgetl for determination of baselines for the PPME is shown on
Fig. 5. The cross-hatched bars indicate the error budget for the 1972—-1973
series of four measurements described earlier in the paper. The open bars
repi il the eiror budget for the new VLBI system for PPME.

Note that we are showing a current error budget of 25 ¢cm even though the
experimental data shown on Fig. 2 has a formal error of about half that
value. We have purposely been conservative in the error budget in order to

MEASURFMENT ACCURACY GOALS

FOR 24 HOUR VLBI OBSERVATION

EQUATORIAL BASELINE -OMPONENTS S o
POLAR BASELINE CMPONENT Eom
POLAR MOTION 10 om
VARIATIONS IN UT,1 0,15 ms

Fig. 4. PPME measurement accuracy goals,
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Fig. 5. PPME error budget.

cover the possibility of small systematic biases which may not be apparent
when viewing the data output.

The changes required in the VLBI system in order to achieve the 5-cm
PPME goal are shown at the right hand of Fig. 5. An improvement in the
signal/noise ratio of the VLBI system of a factor of 20 will be achieved by a
new wideband recording system entitled ‘Mark 11I'. The present ‘Mark I’
system records al a data rate of 720 kB/sec, while the new ‘Mark 11" system
will record at a data rate of about 112 MB/scc.

The addition of real-time calibration of all of the cable lengths will pro-
duce a significant reduction in the system error. When the system is used to
measure at centimeter accuracies, great care must be taken to accurately ,
monitor the length of the cables going up to the antenna which can vary in
length as the antenna moves across the sky.

Significant corrections are required to account for the propagation
through the atmosphere and the ionosphere. At the present time these pa-
rameters are modeled. However when one desires centimeter level accuracy, .
the generalized models ace nol accurale enough for determining the propa- |
ation correction for the wet atmosphere and the ionosphere. More direct

neasurements are required, Recent work at the Goddard Space Flight Center

as demonstrated that the dry atmosphere can be accurately modeled such
that one can determine that correction very accurately utilizing real-time '
sensors for temperature and pressure at the antenna, The wet atmosphere is a
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different question. We plan to mount a microwave radiometer on the VLBI
antenna boresighted with the v LBI antenna. This microwave radiometer will
operate at frequencies on and off the 22-GHz water vapor line in order to
directly measure the water vap oo content along the path to the radio source.
Field tests of microwave radiometers have shown that it is feasible to deter-
mine the correction for the wet atmosphere to within 2 em. The PPM e VLBI
system will operate simultaneously at 2300 MHz and 8400 MHz in order to
measure the difference in path length at the two frequencies caused by the
ionosphere. By utilizing the known f{requency dependence of path length in
the ionosphere, it will be possible to compute the ionospheric correction to
an accuracy of less than a centimeter..

The geophysical effects listed are such items as diurnai polar motion,
UT.1, earth tides, and ocean loading. These are parameters that are solved
for in the VLBI determination of baselines. Improvements in this area come
from improvements in the modeling of these various parameters and the ex-
perimental determination of their characteristics to greater precision.

Another scientific output of this VLB! program will be a better determi-
nation of source structure. Although the quasars used for sources in VLBI
are extremely small, they still have a finite angular size and a source struc-
ture. This must be taken into consideration in the sophisticated processing
for centimeter level accuracies. The arrangement of these stations for PPME
provides a radio astronomy array which will have very high resolving power
for determinations of the source structure.

A block diagram of the new PPME VLBI station is shown on Fig. 6. The
key features are as follows. There are two receivers, simultancously rocciving
signals at the S-band (2300 MHz) and X-band (8400 MHz) for the determina-
tion of ionospheric propagation. These two receiver outputs go to the ‘Mark
11" backend system where each 1F channel is converted to 14 video chan-
nels, each 2 MHz wide, and spanning a total RF bandwidth of 100 MHz.
With the two receivers there is a total of 28 such video channels. Each video
channel is digitized at a 4 MB/sec rate and recorded on a 28 track tape record-
er. The ‘Mark 111" system is computer-controlled for reliable automated
operation, The computer also operates the calibration system which mea-
sures the lengths of cables going up Lo the receiver and also provides the
phase calibration signals al the input of the receiver. As mentioned earlier,
each station has a microwave radioineler system for measuring the water
vapor content. Likewise they have a meteorological recording system. The
frequency standard for the station will be a hydrogen maser frequency stan
dard that was developed by Harry Peters at Goddard.

Figure 7 is a diagram of the PPME data flow after the data are recorded at
the station and sent back to a central processing facility. A key [eature of
this system 1s that the correlator will be able to process tapes from as many
as four different stations simultaneously. This simultancous fringe prn( essing
permits closure solutions to be determined around the varions trinn
formed by the baselines. This high capability correlator will be implemented

IR
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in hardware in order to achieve very high speed processing.

The following functions of fringe fitting, editing, and parameter estima-
tion will all be performed on general purpose digital computers.

The Pacific Plate Motion Experiment is just in its beginning stages. The
engineering and implementation of this system will take several years. 1t is
expected that the PPME overations will start carly in 1978 and will be con-
tinucd for at least three years. This should result in the direct measurement

. of th - motion of the island of Kauai relative to the North American Plate
with an accuracy of about 2 em/yr.
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ARSTRACT
Between 1972 April and 1973 May, 25 extragalactic
7.8 GHz (A > 3.8 cm) with five pairings of antennas
from very simple to complex. Although the structure and the total power of some of these sources have remained
unchanged within the sensitivity of our measurements during the year of observations, both the total flux and
the correlated flux of others have undergone large changes in a few wecks.,
Subject heading: quasi-stella sources or objects
. 1. INTRODUCTION

The small-scale structure of extragalactic radio
sources, particularly QSOs, provides an important
clue for the understanding of the physical processes
occurring in these objects and their origin and evolu-
tion. With  :ry-long-baseline interferometry (VLBD.
we have probed such sources down to a scale of tenths

of a milliar. cond and discovered a wide variety of
behavior: the structure may vary on a tme scale of

days or months or virtually not at all: the correlated
flux data may be cump.mblc with simple models, such
as those composed of one or two Compunchily, Ui &
exhibit very complicated patterns,

In this paper we present, for 25 sources, data ob-
tained from VLBI observations carried out between
1972 April and 1973 May. Section Il contains a brief
description of the observations, some aspects of the
data processing, and a discussion ol errors. Section 111
is devoted 1o in explanation of the figures. Individual
sources are discussed in § 1V,

I, OBSERVATIONS

The four radio antennas used in these observations

and their locations and diameters are: Haystack,
Massachuse - 120-foot (36.6 m); Goldstone, Cali-
fornia 210-foot (64 m); Onsala, Swe'en 84-foor

* NASA-N"" Resident Research Associate.

(25.6 m); and Fairbanks, Alaska 85-foot (26 m).'
Table 1| shows which antennas were used on each
observation day. All observations reported here weie
made near 7.8 GHz with left-circular polarization
(LE.E.E. convention). A wide-band synthesis techniqu
(Rogers 1970; Hinteregger ef al. 1972) was emplore!
on all observation days except 1972 July 3 und 1V

' Hereafter H = Haystack, G = Goldstone, O = Onsa!
and F = Fawbanks,

TABLE )
LAST OF Larinivenes
Symbaol Date Antennas
o.... o 19 1972 April 14, 15 H, G
" PR s m* May 9, 10 H, <, F
A " 1972 May ..». (¥ H G, F
1972 June 3 M, F
1972 June 6, 7 M, G,
| — 1972 June 27, 28 H, G
12 duly 5, '
X 1972 August 29, 30 H, G
ST . 1972 November 7 H, G
& . i 1973 February 4, § H, O
X 1973 March 30, 3] .o
- 1973 May 17, 18 M G O
1973 May 15, 1V i, 0
1973 May 22, 23 H O

Nort, —H = Haystack, G = (mld-mm. ) = bairbanks,
0 = Onsala.
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TABLE 2

CONTRIBUTIONS OF INTERFEROMETIR HARDW ARE AND SOTTW AR
10 ERRORs IN FRINGE=AMPLITUDE D TERMINATIONS

—— —

Method of Determination

Source of Lrror Eflect on Amplitude
Antenna pointing. ........... e Variable-—conceivably up to When source temperature is measured, point.
. 106 percent

Difference in polarization
between antennas. . ........... e

< | percent (cross-polarization

ing error iy determined from radiometry
data and removed in normalization. When
SOurce temperature is not measured, point-
ing error cannot be estimated reliably but
can only Jdecrease fringe amplitude.

Engineering data on feeds.

down by more than 20 dB)

Difference in dispersion (nonlinear phase
versus frequency response) between feed
R e

Difference in dispersion between
low-noisc amplifiers. ............ ‘

Local-oscillator phase noise. .. .. ........

Difference in intermediate frequency
SORBIEEINIIRS 505 55 5t o g O W T b e

Partial nonoverlap of bandpass st high
T T R e e

Diflerence in dispersion between
frequency converters; recording and
ECCORIINR. . = « ix:aiainiiin 8 5 4 Ng ALY 00

Bias in fringe amplitude due 1o estimation
of amphitude rather than intensity
(Whitney 1974). ......... AT

< 0.0 percent (< 25 MHz )

<001 percent (< 258 MHz )
< 0.2 percent (A, < 10)

< 0.01 percent (< 25° MHz )

< O percent in toto

Only important when the

Theoretical estimate,

Theoretical estimate.

Phase noise micasured using phase-calibration
signal,

Manufacturer’s specifications,

< Apercent (< 10kHzin 360kHz)  Theoretical estimate.

Measurements made  with artiicial  noise
sources injected into lrequency converters
(see text).

Theoretical estimate.

amplitude is near zero, Worst
case in this paper has the
estimate of the amplitude too
high by about 0.2 fu

(see note to table X,

May 17-18. Hydrogen-maser frequency standards
were Jsed at all sites on all dates except for 1973 May
17-1 ., when a rubidium standard had to be used at
Goldstone.

The Mark I system was used to record the data on
magnetic tape. The accuracy of this system and of our
data-processing programs wasrecentlychecked (Rogers
1973) by simultancously recording two tapes at
Hauystack using separate video converters, The input to
cach converter consisted of an independent noise
source plus « fraction of the same noise source. This
fraction of correlated signal was measured with square-
law detectors that were attached to cach converter
output, and the results were compared with the output
of the processing programs for a set of fringe rates in
the range from 0.5 to 20,000 Hz, which encompassed
the observed fringe rates. The fraction of correlated
noise was also varied to range between 0.03 and 0.28,
The omparison showed that the difference varied but
wits clways within 6 percent—about 3 times the un-
certainty of the square-law detector measurements,

The separate instrumental and data-processor con-
tributions to the degradation of the fringe amplitude,
including those measured in the thove test, are listed
in table 2, The effect of the atmouphere on the fringe
amplitude is negligible except at low elevation angles
where it is still expected to be less than a few percent.

Th unnormalized fringe amplitude from cach pair
of tapes was normalized by use of on-source (7y) and

oFf-source  (Topy) system  temperatures for  each
antenna sile:

Tox Ton

(1'0, ~ "1‘.,.,),....(7.,. - 'l;,,,’.m]m'

where N A. denotes the normahized (ringe amplitude
and U.A. the unnormalized amplitude. The U.A, is
approximately cqual to twice the fraction of correlated
bits minus 1, which formulation takes into account the
effects of system nowse, bor a large signal-to-noise
ratio, the standard deviation of the estimate of each
U.A. is proportional to the inverse square root of the
product of the bandwidih and the integration time;
for Mark 1 this standard deviation® is 2.4 x 1674, in
most experiments the values of U.A were based on
data obtained in a set of channels 360 kHz wide
centered at frequencies 1-50 MH2 from the central
channel at 7850 MHz. 1u some cases the data from
one or more of the separate frequency channels were
not used; in these cases the standard deviation was
increased by the square root of the ratio of the total
number of channels to the number actually used.

The uncertainties in the o imates of U.A,, for the
observations reported here, were negligible compared
with the radiometry errors (i.c., compared with the
errors in the estimates of 7, wnd Tg,,), except for

NA. = UA.

* All errors quoted in this o ror are estimates of | o,
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sources with correlated fluxes less than 3 fu. These
measurements of 7oy and 7ope were always wide-band
measurements encompassing the entire synthesized
bandw iith. No attempt was made to measure the
variation of system gain over the individual frequency
channels (see table 2).

The methods of measurement of 7,y and Topp
yaried: Initially a chart recording, and later a noise-
adding radiometer, was used at G; at H and O a
calibrated noise tube and a chart recording were used.
As wi'' be explained below, no usable radiometry data
were o lained at F.

At O, the system temperature, (7)o, Of about
60" K. the antenna efficiency of about 12 percent, and
the radiometer bandwidth of 2 MHz yielded a system
sensitivity insufficient to determine source temperature
reliah" Therefore, source temperatures ( 1oy — Topp)o
were alvays estimated by uvsing those measured during
the same experiment at another site and multiplying
by the 1..1io of the effective areas (A4,) of the antennas.
For example,

(“lr)ll

(Tox — Topr)o = (‘I): (Tox — Torr)a

and
(Tox)o - (Tu.\' -

The values used for (A4.)s and (Tox — Topp)s Were
those tor the elevation angle corresponding to the
maximum effective area; the elfective areas of all other
antennas were assumed not to vary with elevation
anel

Al F, a system temperature of 300" K, previously
measured, was used. No sources could be seen above
this background so that here also source temperatures
were ¢ culated as above.

Each Tox, Tors, OF (Tox — Torpr) that was based on
direct icasurements was taken as the mean ol the
values « Etained during, or immediately before or after,
each «Hservation. Since the statistical sample was
alway . small, the standard error for each such tem-
perature estimate was assigned the value [(Ty; — 7,,)/2],
wher: ., and T,, were the maximum and minimum of
the relevant measured values, respectively.

When the source temperature was calculated, the
error * 15 taken as the square root of the summed
squares of the errors in the quantities used in the
calculation. These errors do not include uncertainties
due to the assumption that A, is independent of
elevati- 1. In addition, they do not include two other
sources of systematic uncertainty: (1) an clevation-
dependent error due to atmospheric absorption that,
at low « vation angles, is larger than the uncertainty
due to the variation of A,; (2) an antenna pointing
error di e to the inability to detect the sources in total

TOI l')O = 2 (T.()l'}')() L]

power  Fand O. Both of these effects, when uncor-
rected, ~ausc the fringe amplitude to be under-
estime* 1. Some of these problems were so severe at F
that i are presented here only for 3C 84, the strong-

est sou ¢; for other sources, even the ratios of the
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fringe amplitudes for the two independent baselines
involving F were unusable.

The resultant error in N.A. was taken as the square
root of the summed squares of the relevant errors,
including that for U.A. The largest contribution to
this error came from the measurement of the source
temperature, (Fox — Topr)-

The correlated flux was obtained from the N.A. by
multiplying thz latter by the total flux of the source.”
Total flux (T.F.) was calculated from the same radiom-
etry data used in the normalization:

Flux of Calibrator |

g (7(“ TOF*) (70h - TOl‘l-')(fulﬂm.mr
where (T, — Toey) was the maximum value obtained
for the source during the given day of observation.
The error in total flux was estimated by taking the
square root of the summed squares of the errors in
(T.s — Tope) of the source and the calibrator, and the
error in the estimate of the flux of the calibrator.

Whenever possible, the data from the G site, where
the system temperature was lowest and the effective
antcnna area largest, were used to obtain (7o — Topp).
Either PKS 2134400 (Dent 1974), 3C 274 (Baars and
Hartsurjker 1972), DR 21 (Dent 1972b), or some com-
bination of these sources was used for calibration. The
total flux for each source on cach day is given in tablc
3, with the calibrator sources for each day being
marked.

Table 4 contains estimates of the individual contri-
butions to the errors in the correlated flux, as well as a
decomposition of these errors into systematic and
rundom con PONCHILS,

On 1973 May 17-18 the measurements had an added
source of error: the phase noise introduced by the
rubidium standard used at G. This phase noise usually
had a negligible effect on the correlated flux, but at
times reduced it by as much as 30-40 percent: for these
times we reduced the effect of these phase fluctunio
by processing coherently over segments of data shorter
than the 180-second tape, and then averaging the
segments incoherently.

1. FIGURES

Results from these observations are presented in
figures 1-32, along with the w-v track traced out by
each source from rise to set on cach interferometer
baseline for which data are plotted. Note that data
were not always taken during the entire period of
mutual visibility shown by the track. Results for
sources observed fewer than about 10 times on a eiven
baseline are listed in table 5. Figures 15, 16, and 22 are
somew hat unconventional as they show correlated fux
as a function of w and v. These plots are useful for
visualizine the variations of correlated flux with
changes 10 baseline projection,

"In thes paper the term “Nux™ refers to the power incident

per anit area per unit frequency interval (ie., the modifier
“density ™ s consistently omitted).
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TABLE 4
A, CONTRIBUTIONS TO ERRORS IN CORRELATID-FLUX DETERMINATIONS
Source of Error Effect on Correlated Flux {(CF)

Unnormalized fringe-amplitude estimates (R)*. . . Fractional error depends on the unnormalized amplitude, the number of
short records, and the number of usable frequency channels; however,

typically:
b CF (fu) HG HO GO HF Gi
10.0 «1% <1% < 1'% 1% =
4.0 <1 2 1 3 e
2.0 1 3 2 s 3%
1.0 2 5 3 5
0.5 3 8 4 7
System-temperature measurements. ... ......... Gand H, <17, (R)
0, 5%, (R)
! F, €107, (R and S)
Source-temperature measurements (R).......... Depends on total flux (TF). We consider [our categories:
TF: 04 u 4-12 fu 12-20 fu >201u
G:10-207, ~5%, ~37, ~ 17
H: (not mcasured) 5-107, ~5% <3%
Antenna efliciencies used to calculate source
T TS A e e e e H =39, G 22%, O 53%; F reS7t
Total-flux measurements (S).................. See table 3
* R indicates error contribution is random; S indicates error contribution is systematic,
¥ These errors do not include any systematic effects duc Lo possible variation of efficiency with antenna orieatatios roh-
lem at H and O but may be a problem at F where it was not measurcd lue to atmospheric effects at low elevation.

B. S.PARATION INTO SYSTEMATIC AND RANDOM CONTRIBUTIONS TO THE EriOr IN CORRELATED-FLUX DETERMINATIONS

100 % 100%
80% 80 %
60%1 60%
40% 40%
20% ‘, 20%
0% 0%
& Rondom Error
[ systematic Error
== Depends on Source
* 1C 274 is included with sources between 0 and 4 fy he it pact component containe only 2-3 fu.—

| Al LICEC 15 VN ULC SOULCC 10 @ calcgory, Oiny i suuree name 1s lhisted,

B
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respetively, The w — v track extends from the first to the last point, Curves a, b, . d, ¢, and [ are sketches through the data points
and ¢ no theoretical basis. The « and ¢ axes have units of fringes per arcsecond, T o symbols are the same as in fie 13




24

ORIGINAL PACE IS
OF POOR QUALITY

i e T i . e S A S

o e €
- g 8
- g: F! S
- 4 v . A ol —N y W—N A L - g ~ é 8 9
2{*’ 4C39. 25 [ o8 5 22
- e re .
H-G [“ E% ©
- | | !
g Q F! Eg { Ld (&)
- 8 ‘ }’Gﬁ Bn o
1 - l“r o rt) o |m
= }r; L Fo ru
jr ‘ " b O ¢ -~
s 10~ 'O e o
E) s b s e fe |- P
‘@ : | O b -
L ~{\ | @ | @ n | o
&N & © rc r ro n;:
Eg - \\\\ e : Fo ? | a.
&
Lfg q | ‘,, . L,; = !ﬂ | (T
u;-< o o l b " [(J Om
: FPlERITE
- ’_, re ) R =
< B te |3 |2 [® |= o tog
e, [ [? to o =
o L - g%
%J: | ™ Lg] J: re - P: t'.7
5 G 1S [0 [ 4 e
| ‘ 1": -]
(‘: ‘N rn . i3y o
" R il O ) S b
o 3 .
f\;1 B | re B |
- |- | -|= ]
f‘; AP TR oo
2 |
o ‘
S e e 1 15 [9 [q LECEL N
8 ———— T
Sl 2. 13 W 15, 16, 17. 18, 18, 20, 2. 2 g 9 4 %+ % & %
GST (HOURS)

F1G. 17.—As in fig. 1, but for the QSO 4C 39.25

R G T | = | T
=] - \
] =i | uc3s. 25 | !
R 0 | \
200.0
e — e —
L 4

Fia. | As in the inset of fig. 1, but for 4C 39.25. The maxima and minima, labeled M and m, respectively, with numbes
indicating the order, are for a two-point-source model with a position angle of about 100° and a point separation of about 271
10=9,

24




25
' ORIGINAL PAGE s
OF POOR QUALITY
8r - A 4 A e y - i A 1 A 1 > -
/ 3C345 !
o1 H-G
8 !—‘g
! 2'1 I i <
' -8 &
r!v -~
IV.. Q
8 8
o © »:): [
~ ~ GD‘
_3'8 L e o [
-
w . b
w ; |
)5 Lo TL |
P
Lo = w f
.o a® = Ln‘
g =
a
e | Vi
o W o
(vt e
&= ™
o -
e |
3 |
8.‘\ " r” g
m o
N
re | o
- r() [
7 e
- | o w
g*"" — T ™ r .7 T = e T — 'l LG L(' L
17. 18, 19, 20. 21. 22. 23 0 |5 2. 3 W 8. 6. 1. o a
GST (HOURS)
b 19

Fios. 19 and 20, —Correlated flux versus GST for the QSO 3C 345 observed, respectively, with the H-G and 11-0 int

e

0.6

m
(& ]

The curves through the data are for a two-point-source model with a position angle of 100, a point separal

10°
data

!
dscussed in the text, The arrow marks interferometer hour angle equal to zero,

IR et v w——

“~

rony

atotal strength of 7.4 (dor-dashed curve), 7.0 (solid curve), and 9.3 fu (dashed curve), respectively, for llu three l.n--ms of

03/31/73

ol

_._<___?_,.A
~
)

0.6

3.5

NOPMAL 1ZED AMPL 1 TUDE

T
~

0.3




S oo

PAGE 15
OF POOR QUALITY

4
.}
8 A ks A " - Dl d A A i . ' .E)m 8@
o IS 8 =
1\ '"'. !';
| o fo
Q / |
- c_‘ / \ !’ Iq o
: / \ ol =] " Lé’
w , \ o w2
?ﬁ -l T ‘ Lorepeg
=" \ / > \ / \ ’§
b= »
e \ 2Z o te
3 / 2 z \ / \ 8
= ry z ~
a2 24 l\ \ .‘- % s =
ol - / ° 7%
:: : \ s
88 1\ / z" \ r::: P';fz
(‘\:- &z / A F 4 \ / ;. -
ur AN - % [e =
8 J !lo (=}
P gy .| -T T — 7 T — = A e = — T . ) | om o o
13. 14, 1S, 6. 17. 18. 18. 20. 21, 22. 23. 0. be 2. 3. 2 2
GST (HOURS)
" o, 20
!—-'-‘ MR R © )\ e cmiasaniaemian e g \ v 4
. r
5
\
|‘ /
L \»
) {,/// N\ 1
‘/°/ \ Y
\ \
/ \\ \\!\5 1
\ H‘O“
' \
I 800.0 -600,0 \ -400.0 -200.0 600,v 800.0
e ' l " il ¥ DRSNS —-— SR - y ——
| o =X
S
o
- : \
%
g
\ |
\, i ]
s EEIESRSS—S TSI m—_—_—— i - | ESEIEIIIR TIIIRIm—— - - i din

Fici. 21, —The u — v tracks for 3C 345 from rise (0 set for the H-G and H-O basclines. Tick marks are on the (GST) hour,
The lines of maxima and minima, labeled M and m, respectively, correspond to the two-point-source model described in figs. 19
and 20 ¢ boxes enclose those regions of the v — ¢ curves where the data permit maxima and minina to b located. The w and
v oaxes ¢ units of iringes per arcsecond.

26




27

ORIGINAL FAGL IS
! OF POOR QUALITY

CORRELATED
FLUX b

Fia. 22.—Correlated flux as a function of w and ¢ for 3C 145 observed with the H-G and H-O interferometers. The w — v tracks
extend irom the first to the last data point on cach bascline, The locations of the maxima and minima correspond to the two-point-
source model described in figs. 19 and 20, but the curves through the data are sketches and have no theorctical basis. The symbols

i are the same as used in fig. 19, The » and ¢ axes have units of Iringes per arcsecond.
o ™
Cf oo R
g &N © ¢ N N
v v 4 ——r A A ™ ~ ¥ = 3 =
” &, - Q R, o 4 ;’
L 8 4 . 28 8 8 = B ©
1%l co0 -300 -s00 | PKS2134+00 d =5,8 = S e
r;-‘»——%)——o-*-'&-_- H-G 5 [() ’u' 4 2 o («]
ke 0 o (&)
Q Q. [
. e |™ "r "~ o
: " ~ le B ek
(@16 bo bs @ [©
w ! .
e |4 ! ® o |w |% Lm
rh 6 o te [ [Pw
2
lg i ) lm w |2 Wi~
e te ta te [¢ 93
. r &
| | s
' = |_- - | = r =0
(© e e }a r(,‘ R
| X TV
= | | | ] ~
? - ” 1 " los Loa I { ™ | e
i'& r(: o o T,‘J' - t;‘
| | &
T (™M IN Iy v [N NS
e ro pe ve to e o’
!
- | l.. = |-
’ ra e ¢ F b ro ro
| | | B |
| |
, e o o llv ll) | © “©
i — P - M B . ol Yo T o s g s .
»\ 1. . i i g, b. 7 m) (‘l o © o [&]
351 (HOURLI tx ¥y ¢+
FiG. 23.—As in fig. 1, but for the QSO PKS 2134 + 00
27




intericron
cter hour angle equal to zero,

28

ters, respectively, Curves through the data are sketches only and have no theoretical basis. 11

I
g o
g 2 »
Rg [ S
re I "
-~
s | o
| &,
~N
| (8 e
| |2
L2 I
) (V2 ]
~N
‘Ln'
! | -
| 1T
i~ |
Pe g | !
| | ’ ("¥]
‘ e | .8
el
| 0=
12 1a | &
fe |7 | >
| = [m &
: te | B
z ] P
e
= |a S
o -d 2 5._:
[CS
| l
' 8
f., 3 lnn [
o n !

28
AL PAGE.::
- * r s e " A - A —— T — " T— . v —— e s
J 3C L
> H-G
[ 4
ool
= '
; z
P t |
1
- | |
. '
| | |
e | [
91 N L f
- ' ’/‘ // c v\
< b /
3 | | \
-d
LLHJ b
a®| 5
8 | }
T » i i
o |
s * ' \ \ L
&. |
o \ / . A A
| \ | %/, ‘
Z
8 , \ / .
FE ¢
A
\ -
( \ f 5
&, \
o f l.
\ i
. \ /
f{ 8 [+ ] o Q
) ISR, T SRS ,i/ SE— S 1S 18 1S
4, S5 B, 7 TR L | DR E A E N U O TR | A
GST (HOURS) ¢ > 3
Fia, 24
Fras. 21, 28, 26, and 27 — Correlated Mux versus GST for the Seyfert galaxy 3C 84 observed with the H-G, H-F, H-0, and G-0O

w arrow marks interleroms-

e T ———



29
OF POOR QUALITY

ORIGINAL Toio

<. "ED/ 8 h[.

¥
JCNLET G
m.o L! QLJ num~
- -~
sSi‘g 1°0
S ————— /'\Il\[

Si0

2

C8Y

3

HiWeON

Sc°'e

Fie

——

'llll4llyll!|
N4 xnis QMB R .

8,

v
8,
3T (MOURS)

s
7,
G5

1?

29



30

o " - & i 1 e
(=]
o 3C8Y ; .
- G-0 :
| 3
| o
! v
81 l e
E [
- \
=) 1
L
»‘:‘3 ad
& 6] L 1.5
- -_)_()m L'-"
&5
Fia. 27 - e
o \ 2z ’ &
W -
= \ 2 =
1 - :
e \/ :
< ‘ i
(5] | s
O
o ‘ r
=3 , F S
o 4 -
i N
!
£ -
(=] ' | o5
o |8
d 1' f‘ i Y s o i i w2 I'
y, S. &1 7. 8. 9. R R S LT L P

GST (H™R

e i

o
1 8 B 1
W
i il siatiissamillinnis  bnansummprusanilin TSNS TS S S SN T —— ———— o

Fi, 28.-~The u — v tracks of 3C 84 from rise to set for the H-G, H-F, H-0, and G-O baselines. Tick marks are on the (GST)
hour. Lines of maxima and minima, labeled M and i, respectively, and numbered by order, correspond to the two most widely
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indicates that the minimum in the data did not appear to fall at the expected positior, The w and ¢ axes have units of fonges per
arcsec




ORIGINvAIL

Y

i
H

QUAL

.

OF POUK

31

eL/6e/80

mey

L/RI/MD -

umg: ;:..c 032

L0
A

s
==l

90

n'

r
=
w

N
U
n

S0

50

I
h*

I
L
- -

>__n52

e

A0

|.|r|||lr ) AN

h'0

12

-

£

'3

S'D

h*

"

£°¢

—eeeee e L

o

c'n

S

200

VRO42.22.01
H-G

l

6.

(HOURS)

T B R 3
1y, 5
GST

s

R e 2

o]

L )

1
le

23. 0.

2.

n0°9 05"+
I DMHUJmmmOU

n 4} XN

0s°1

e e X =

00°n

u..Jb,r IdWd

— L N SIS M—

EL/L1/S0

€L/0E/E0
0'1 6°C 8°0 L°

€L/h0/20 ¢ e 4 el i U

2L/LO/NT —— 1

2L/62/80 A &

3437 HJ:_L r/

"y §'¢ 80 40 g S°C

™

Fe
[ o
re
)
™

-

o

;27‘

+

\\
A\
49

S .

VROY2,
H-G
T

—, e A A

Fias. 29 (top) and 30 (hottom).—As in fig. 1, but for the center of an eliiptical galaxy, VRO 42.22.01




ORIGINAL PAGE 18
OF POOR QUALITY

i 1

3Cusy. 3
H-G

06/27/72
0.8
11/07/72
— 02/0u/73
1.0
03/31/73

1

.
-~ 08/29/72

ou/15/72

1
;'0.805/30/72
9
.B
.8

0
s |
A
u

-

_,,
0.7

7.50

0.6

T

T

0.5

6.00
NORMALIZED AMPLITUDE

4.50
0.4

-
Lo
=
x
-
-
('
a
L
—
ew
. |
8
o o
108
o
o

0.3

T

A

3.00

-

M N S N B S
1% 2. . J° 4. S

4 6.
GST (HOURS)
F1G. 31.—As in fig. 1, but for the QSO 3C 454.3

———
9.




FiG. 32.—As in the insct of fig. 1, but for 3C 454.3. The solid-lines of maxima and minima, labeled M and m, respectively, and
numbered by order, correspond to a two-point-source model with a position angle of 53° and a point separation of 375 x 10 *;

33

ORIGINAL PACE 1S
OF POOR QUALITY

S
MO nﬂg/
b
1
ks

1

the dashed lines correspond to a two-point-source model with a position angle of about 3° and a point separation of § » 10"
Boxes enclose regions of the # — v track where the data permit maxima and minima.

TABLE §
CORRELATED FLUXES FROM SHORT SERIES OF OBSERVATIONS
iNormalized Correlated u v
Source Date GST Amplitude Flux (fu) Baseline  (fringes per arcsecond)
Data for Sources Not Shown in Figures

1055+01..... 1972 May 9, 10 17"33™56* 0.433 + 0.044 1.62 + 0.23 H-G —478.2 - 81.7
17 36 56 0.448 + 0.045 1.68 + 0.23 —476.8 £1.9

18 34 06 0.218 + 0.028 0.82 + 0.13 ~4355s 85.3

. 19 34 16 0.481 + 0.050 1.80 + 0.25 —363.0 4
20 32 26 0.050 £ 0.019 0.19 £ 0.07 -269.3 — 908

1116+12..... 1972 May 9, 10 16 14 43 0.114 + 0.046 0.17 + 0.07 H-G —-476.3 - 52
18 15 03 0.362 + 0.098 0.54 + 0.16 —-467.1 - 108 4

i N¥T=14,.... 1972 May 9, 10 15 40 38 0.167 + 0.017 0.95 + 0.13 H-G —445.5 —-127.1
16 41 48 0.135 + 0.015 0.77 + 0.11 *—482.8 ~ 955

16 45 49 0.150 + 0.015 0.86 + 0.12 —484.0 - 933

17 41 58 0.142 + 0.015 0.81 + 0.11 —486.1 - 63.1

18 42 08 0.218 + 0.017 1.24 + 0.15 —456.1 - 31.6

19 42 17 0.392 + 0.028 223 + 0.26 —394.8 - 31

1148 -00.. ... 1972 May 9, 10 17 18 54 0.099 + 0.048 0.14 + 0.07 H-G —487.0 - 789
1915 13 0.238 + 0.080 0.33 + 0.12 —445.8 - 71.8

OR103...... 1972 July 3, 4 0015 22 0.661 + 0.164 1.52 + 043 H-G —308.9 —147.0
00 35 25 0.673 + 0.167 1.55 + 0.43 —274.6 - 1517

00 55 29 0.636 + 0.168 1.46 + 0.43 -238.2 - 1559

01 15 32 0.674 + 0.178 1.55 + 0.46 —200.0 -1594

01 30 35 0.623 + 0.164 1.43 + 042 -170.3 ~161.,

A 93 .. .5 1972 July 3, 4 02 35 45 0.197 + 0.096 0.26 + 0.13 H-G ~170.0 -276.6
02 40 46 0.134 + 0.064 0.17 + 0.09 ~159.9 -278.2

ovoso ..... 1972 July 3, 4 02 55 48 0.347 + 0.185 0.38 + 0.21 H-G ~460.8 - 100.7
03 00 49 0.425 + 0.226 0.47 + 0.26 -457.1 —102 1

. OX 161 1972 July 3, 4 03 15 52 0.333 + 0.144 0.40 + 0.18 H-G —488.2 - 70.5
03 20 53 0.398 + 0.17! 0.48 + 0.22 —488.6 - 732

Additional Data for Sources Shown in Figures

3C 84.. 1972 May 9, 10 06 25 07 0.030 + 0.004 1.54 + 0.23 G-F +283.7 <~ 189.0
07 10 14 0.019 + 0.003 0.99 + 0.19 +221.8 122.0

10 10 44 0.016 + 0.004 0.80 + 0.19 -~ 834 “+400.0

12 26 06 0.045 + 0.005 2.28 £+ 0.33 ~289.9 + 3849

13 56 21 0.054 + 0.005 2.75 + 0.36 -1376.1 42970

1972 May 29, 30 13 39 50 0.014 4 0.003 0.68 + 0.15 G-F —~364.4 + 114.6

13 49 57 0.012 + 0.003 0.61 + 0.15 ~371.8 + 3039

OJ287....... 1973 May 17, 18 14 37 59 0.893 + 0.110 6.34 + 0.86 H-O +281.8 + 346.1
14 37 59 0.754 £ 0.069 535+ 0.5 G-0 + 770.5 +416.7

14 48 00 0.708 + 0.069 5.03 + 0.59 +742.2 +428.1

3C 274 1973 May 17, 18 17 45 29 0.014 + 0.005 0.67 + 0.24 H-O 43594 +260.4
17 55 31 0.022 + 0.004 1.03 + 0.21 +332.8 +263.6

17 45 29 0.011 £ 0.002 0.53 + 0.11 G-0 +843.1 + 3210

17 55 31 0.010 £ 0.002 049 + 0.10 +819.2 + 329.%
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D: ‘a2 from a given observation day are plotted with
the sume symbol in all figures; in each figure the
symb | for each day is hsted beneath the corre-
spot. - ing normalized amplitude axis, and all the sym-
bols are listed in table 1. Observations spaced only a
few - uys apart are plotted with the same symbol, even
thouch there is a separate normalized-amplitude axis
ontl - right side of the figure for each observation day.
Note that 1.0 on the normalized-amplitude axis
corresponds to the total flux on the correlated-flux
axis.

1V. DISCUSSION OF RESULTS

I this paper we discuss only the milliarcsecond
struciure of the sources as our measurements have
little sensitivity to any larger-scale components. The
sou: s are divided into groups according to the
minimum number of point components apparently
requiied for a model to yield results compatible with
all the data herein presented. More complex models,
including extended components, are always possible
10 construct, but our arrangement is designed to point
out a minimum possible level of complexity., Within
each group, sources are listed in order of increasing
right ascension; the type of object is given in parcen-
theses after the radio name. as is the redshift when
available. Table 6 gives the right ascension and
declination of each of the sources observed for con-
venience.

For the sources listed in table 5, but not shown in
figures, there are insufficient data to classify them by
number of components. However, it should be noted
that 1055401, 1116 +12, 1127—14, and 1148 -00
seem to show variations in the correlated flux with
baseline projection, whereas OR 103 does not.

a) Sources with a Minimum of One
Point Component

Scurces considered to contain a single. point com-
pui at have correlated fluxes independent ol projected
bascine (1.e., *“flat,” horizontal curves). This group
inclides NRAO 140 (QSO, z = 1.258), figure 1; CTA
26 ()80, z = 0.852), figure 2; OJ 287 (BSO), figure 3;
OK 290 (BSO), figure 4; 3C 274 (elliptical galaxy, z =
0.00-), figure 5; OQ 208 (Seyfert galaxy, z = 0.077),
figur: 6; NRAO 512 (unidentified), figure 7: 3C 418
(no optical object identified), figure 8; and CTA 102
(Qr ', z = 1.037), figure 9. For most of these sources,
our measurements lack the sensitivity to determine
wheiier or not the curves of correlated flux have
sianilicant structure. For OJ 287, however, we can
conclude that its correlated-flux curve is flat within
abe it 10 percent, about twice the uncertainty of each
dat: point. For NRAO 140, the deviations ITom hori-
zont1l may be significant. The measurements of cor-
reloed flux presented by Cohen er al. (1971) agree well
with our corresponding measurements obtained at
about 9:15 and 13:30 GST, thus tending to confirm
the significance of the difference in the values of
corrlated fluxes we obtained for these times. For OQ
208, the slightly negative slope of the correlated flux
in i ure 6 may also be significant. It should also be

Vol. 196
TABLL 6
Sourcr Positions (1950 0}

Source Right Ascension Declination

e o SR S e I*16™29:8 +41°19'52°
NRAO 140........ 333 224 +120837
ey 336 9.2 -01 56 19
NRADED ..o - 335 474 + 50 49 38
ol 1 TR 4 30 36 +05 1459
0 2BY. sveciiniis 8 51 §57.2 +20 1759
e YBSciiiiinne 923 553 +39 1524
953 594 425 2940

10 55 55.3 +01 5003

1116 206 +12 5107

11 27 35.7 —-14 3255

11 48 10.2 —00 0713

12 2% 18.0 +123943

14 04 45.6 +28 4129

1501 525 +10 41 19

16 07 089 +26 4913

16 38 48.1 +39 52131

16 41 17.6 +39 54 11

19 47 392 +07 59 16

20 37 074 + 51 08 36

20 37 143 +42 08 56

21 34 05.2 +00 28 25

¢, @ IO 21 36 360 + 14 1000
VRO 42.22.01 22 00 394 +42 0208
EXANOR i onivn 22 30 07.8 +11 28 23
3C 454.3 22 51 29.5 +15 5254

noted that the total fAlux of OQ 208 changed signifi-
cantly between late 1972 and carly 1973,

For each of the sources considered in this section the
point component does not contain all of the flux since
the normalized amplitudes are all jess than unity. In
addition, some of the souices ! tiue variability
in their N.A.’s. For OJ 287, for example, the normal-
ized amplitude ranges between 0.75 ard 0.95; the flux
in the point component is (inie-varieol> as well, as
indicated in figure 3 by the change in the correlated flux
from one date to another. For NRAO 512 (see fig. 7)
the significant change in corre (ed fiux “tween the
two observing days may be duc to a de.rease in the
flux from the point component. since the normalized
amplitude remained about constant. Ti» possibility
that the change in correlated Lux may be duc to a
systematic difference in the calibration for these two
days may be discounted since C 343, otuerved con-
currently, showed the same correlated flux on the two
days: it is unlikely that any © ot naoc o1 that made
NRAO 512 appear to change would have nad exactly
the right sign and magnitud: to make 3C 345 appear
not to change.

Finally, we note that for 3C 274 at Jeast 95 percent
of the flux is resolved on all baselines veed in our
experiments, with the remaining 5 peree o (< 2.5 fu)
being contained in a small unresolved component (fig.
5 and table 5). As with the weak soure s discussed
above, our measurements lack the sensitiv ity to deter-
mine conclusively whether or not this sma!l component
is partially resolved with our in oofrome s By con-
trast, Cohen etal. (1971) and Kedermani < i al. (1973a)
interpret their data as showing this compact component
to be just resolved with the H-G interfero moter,

e — - ——
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h) Sources with a Minimum of Two stationary but time-variable components, or a single
Point Components spherically or circularly symmetric expanding com-
Sourcus in this category are those for which a two- Klloncnl. The !?73 du}.: from Febr - March, a'_'d
: . ¥ . P ay are consistent with the first possibility, but may
point model was the simplest one consistent with the B0t be consistent with the other two (see figs. 13, 14
measured correlated fluxes. In the following discussion 15. and ‘16 Wl i i il ‘h - lg'""' hich

errors are quoted only for those model parameters o dinto thi)§ cmﬁcl‘:ls i“:“w s e
;.alm;‘l 8 ldby v lcast&s%uarcs fitting procedure, and not All of the correlated-flux data for 3C 120 obtained
or those determined by graphical means. between 1972 November and 1973 May can be fitted
i) NRAO 150 (no optical object identified) well with a two-point component model characterized
: by four variable parameters: separation ol the point
We have very few data for NRAO 150 (see figs. 10 components, the position angle of the line connecting
and 17), and the observation days are widely spaced. the two point components, the total correlated flux
Unfortunately we cannot test the significance of the (S; + S.). and the fractional difference in strengths,
change in level of the correlated-flux data by compari- (S; — S.)/(S, + S.), where S, and S, are the contri-
) son with another source since the only source observed butions to the correlated flux from the individual point
simultancously on both observation days, 3C 120, is components. Solving for all four parameters from cach
itself luzhily variable. The large error bars and the large set of data separately, using the weighted least-squares,
gaps in the u-v plane coverage for NRAO 150, especially or maximum-likelihood, estimator, we find that the
for the H-O bascline, make the determination of the 1973 March data yield the smallest uncertainty in
locations of the maxima and minima for each day’s position angle (10 percent). We therefore fixed the
data uncertain. Nevertheless, the curves indicate that a position angle at 65°, as given by the March data, and
time-independent two-component model may provide re-solved for the three remamming parameters from
a reasonable description and allow an estimate of a each set of data separately. The results, with the ac-
maximum size for the source to be made. We do this companying standard errors, are given in table 7 and
by ignoring the differences in correlated-flux level the corresponding curves for the model are plotted as
between 1972 July and May, combining all of the data, solid lines ¢, d, e, and [ in figure 13. The point separa-
and assuming a pair of minima occur as close to the tion given by this model remains at about 0299 x 102
maxima as the data will allow (see fig. 11). This assump- between 1972 November and 1973 February and there-
" tion corresponds to minimizing the spacing in the u-v

plane between the principal maximum and the first
minimum, corresponding to the largest possible source
spacing. Then from a graphical solution (see fig. 12)
we find that the line joining the (assunicd) two comi-
ponents has a position angle of about 65 and that the
components can have a max‘mum separation of about
078 x 107 This graphical solution does not yieid a
useful result for the relative strengths of the com-
ponent: since the minimum value of the correlated
flux is «cry uncertain.

i) 3C 120 (Seyfert galaxy, = = 0.033)

The 1772 data for 3C 120 have been discussed
previously by Shapiro ef al. (1973) and Kellermann
et al. ('973b): these data were consistent with a model
with either two separating components, one or two

after increases nearly linearly to 172 x 1072 by 1973
May. This rate corresponds to an apparent velocity of
diameter expansion of 1.5-2 ¢ by 1973 May, if we
take z = 0.033, H = 75 kms~' Mpc~', and ¢, = |
il the separation and relative orientation of the
point components in this model are held fixed at
the 1972 November values (table 7), butthe fluxes of the
components are allowed to vary, we find that to match
the remaining data the flux from one component must
increase and the other decrease until by 1973 March the
two are almost equal. As could be mferred from the
results for the three-parameter models above, this
stationary-point model does not agree well with the
1973 May data because between March and May the
minima in the correlated-flux curves move toward
the origin in the u-v plane. To circumvent this problem
one could postulate that an additional outburst began

TABLE 7
3C 120 MopiL PARAMETERS
et - —— ———— = — =
Two-Point MobiL
(Position Angle = 65) RinG Mobrt

Dm0 (S; + Sa)* Separation St Diameter
OBsi + \TIONS (fu) (S; — S2)/(S; + S2) (units 02001) (1) (units 07001)
1972 November. . . 11.97 + 0.68¢% 0.594 + 0.024 0,988 + 0.010 10.06 4 0.19 0.740 + 0 0‘4
1973 | By 1042 < 0.19 0.326 + 0.008 1.004 + 0,003 v 0.19 1.1o6 + 0.014
1973 March, o 5.0 10.22 + 0.14 0.017 + 0.008 1.112 + 0.002 10.87 £ 0.19 1.648 + 0.007
1973 May........ 778 + 043 0.239 + 0.012 1.230 + 0.002 11.73 + 0.65 1.926 4+ 0.010

* S, and S, are the correlated Muxes for the individual components.

81 e correlated flux of the ring.

+ Fo ol standard error for the weighted rms of the postfit residuals = 1.
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betw en 1973 March and May. However the presence
of this outburst should have become apparent in the
total flux of the source within a few months; our total-
flux measurements for 1973 August (12.1 + 0.6 fu)
and October (11.0 + 0.6) indicate that if there were
such an outburst, it would have had to have been just
lare  enough to cause the correlated flux to change,
but uot large enough to affect the total flux signifi-
cantlv, We have not yet tried to determine, howgver,
wheaer an additional outburst, under this restriction,
can adequately model the 1973 May data.

W also compared the data with a uniform expand-
ing-ring model; the estimates for the two parameters,
source size and strength, from cach separate set of data
are given in table 7, with the corresponding curves for
this model being plotted in figure 13 as the dashed lines
¢, d. e, and I (see also fig. 14). The experiments con-
ducted between 1972 August and 1973 March each
show good agreement between data and mode!, but
for 1973 May the model 1s in poor agreement with the
data. Thus, on balance, the ring model does not repre-
sent the data nearly as well as the three-parameter
model discussed above. Part of the difficulty is caused
by the 1973 May data having smooth, nonzero minima
in contrast to the null present in March. By increasing
the complexity of the uniform ring, or disk, model
and postulating non-uniform distributions, this difli-
culty can be alleviated. Greater complexity must be
incorporated into this model for it to be consistent as
well with the increases and decreases observed in the
total flux of the source. Phase-closure data from 1973
May. to be published separately, also indicate that
a unitorm circulardistribution of radiationistoosimple
a model to describe 3C 120 adequately. Finally, we
note that the implied expansion velocities for the ring
mode! (see table 7) are quite different from those for
the 1wwo-point model. and that the estimated correlated
flux s especially different for 1973 May.

iii) 4C 39.25 (QSO, z = 0.699)

Although the total flux of 4C 39.25 and the level of
the orrelated flux have both undergone large frac-
tionul changes, the shape of the correlated-flux curve
did not change substantially with time (see fig. 17). A
two-point-source model with a position angle of about
100 .und a point separation of about 23 » 1077 (see
fig. 19) is consistent with the main features of the cor-
relo - I-flux curve. The major discrepancy is that in
the 1972 June and July data there does not appear to be
a broad maximum between 13-17 hours GST, as
requied by this model. As with NRAO 150 we cannot
determine a useful value for the relative source strength
with the simple graphical technique employed here.

1) 3C 345 (QSO, = = 0.595)

Si e the total flux of 3C 345 varied substantially
duriiz these observations, three groups of H-G data
with e total flux nearly constant in cach group—1972
May 710, 1972 June 27,28 and July 3/4, and 1973
February 4/5 and March 31 —were cach modeled
sepat itely by a two-point-component model oi the

same form as that described in the discussion of 3C
120. In the three cases, the two points were found to
have a separation of (1705 + 0705) x 10 * and a
position angle of 100" + 17 (figs. 19, 20, 21, and 22).
Figure 19 shows the curves for this model obtained
from each of these groups of data.

The only significant difference among the three sets
of parameters was in the total correlated flux for the
two components, which was (S, + S,) = 7.4 + 0.1,
7.0 + 0.1, and 9.3 + 0.3 fu, respectively, for the three
groups of data, reflecting the changes in total flux for
the source. The fractional difference in strengths of the
points remained at about (S; — 8,) (S, + S.) =
0.72 + 0.02; one might not expect independent com-
ponents to change in a coordinated manner, but
mechanisms consistent with such an observation are
casy to fabricate.

It should be noted that when Cohen ef al. (1971)
observed 3C 345 with the H-G interferometer in 1971
February, the data also exhibited the same minimum
and maximum but the entire correlated flux curve was
about 3 fu higher than in 1972 and 1973. This difference
cannot be explained by an overall scaling difference
because the ratios of maximum to minimum correlated
flux were not the same for the two sets of data.

In 1973 May, 3C 345 was also observed with the
H-O interferometer (figs. 20 and 22). The minima and
maxima of the correlated-flux curve confirm the
separation and position angle deduced from the H-G
data. However, the overall level of the correlated flux
curve for the model based on the 1973 H-G data, and
shown as a dashed line in figure 20, is too high, especi-
ally since the total flux rose slightly between March and
May. The fact that the model curve agrees better at low
than high correlated flux indicates that the discrepancy
may be at least partially due to an overall scale error,
such as could result if the efficiency of the Onsala
antenna had been lower than assumed, since all source
temperatures were calculated for Onsala using this
efficiency. This possibility could not be tested since
there were no other sources observed simultancously
on both baselines for which useful comparisons could
casily be made.

V) PKS 2134+ 00 (QSO, =z = 1.936)

The total flux of this source remained essentially
constant at about 12 fu between 1972 April and 1973
March (Dent 1972a). The correlated flux, howcver,
appears to have undergone minor changes, jus: larger
than the measio < aent uncertainty. For example, as
seen in figure 23, at the maximum resolution ol the
interferometer (03:25 GST), the correlated flux seems
to oscillate with time between about 6 and 7 fu. Further,
the location of the minimum at about 7 hours GST
may have moved slightly {-o.m one obscrvation day to
the next, but the spacing between data points on any
given day 1s too large to define accuraiely the location
of the minimumn

The 1971 data of Cohen et al. (1971) show the same
general trends as the data presented here; however,
the overall level of the former set is higher by about a
factor of 1.5. Since the ratio of the maximum to
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minimum measured correlated flux is about 1.4 for
their data and 1.5 for our early 1972 data, the higher
level of the Cohen et al. correlated fluxes may well be
duc mainly to a scale difference of about a factor of
1.5 in normalization.

We have not attempted detailed model fitting with
PKS 2134+ 00 because the sensitivities of the measure-

¢ to position angle and separation for a two-point-
coivponent model are very poor due to the near
constancy of the ¢ component of the u-v track for any
sit . baseline. Data taken by us in 1973 August and
October on six independent baselines simultancously,
which are still being analyzed, should reduce this
*declination™ problem and help to determine whether
there are small variations with time of the correlated
flux for this source.

¢) Sources with a Minimum of Three
Point Components

Attempts to develop useful models with more than
two points are hampered by the rapid increase in the
number of free parameters. Therefore, sources that are
more complex than two components cannot yet be
modeled adequately, unless their structure is linear.
Such lincarity may be present in the cases of some of
the sources discussed below.

i) 3C &4 (Seyfert galaxy, z = 0.017)

The correlated flux of 3C 84 varies faster with
changing baseline orientation than that of any other
source yet observed. It is also clear from figure 24
that the correlated flux of this source is time variable.
This conclusion is supported by the 1971 February
data of Cohen er al. (1971), which show the maximum
at (o hours GST higher than the maximum at 09 hours
GS 1 locations of maxima and minima are compatible
wit figure 24.

I s evident from figure 24 that no two-point model
can be consistent with this rapidly varying curve, If
one sketches the locations of the maxima and minima
for ol four baselines (sce figs. 24-27) on the u-v tracks
(sec hig. 28), it is possible to draw a set of lines corre-
sponding to the two most widely spaced components
of the source, which fall at a position angle between
-6 und —8” and are separated by about 5" x 10-°
[Note that only the minimum near 16 hours GST (see
fig. 2%) of the H-F baseline, coming from by far the
most unreliable data and based on only a few points,
does not seem to fall close to the **proper™ position.]

Phase-closure data from the H-G-O three-site inter-
feroeter (Rogers er al. 1974) for 1973 May are con-
sistor 1 with a hinear model for the source that contains
at least three components oriented at a position angle
between —8 and —10 with the widest spacing
ber en components being just under 570 x 10°¢
Ley o cral. (1973) interpreted their interferometry data
as sugeesting a model consisting of four aligned com-
poncuts with a position angle of about —6" and a
ma  oum separation between components of aboul

675 x 1079 which is greater than we obtained either
by graphical methods (sce fig. 26) or by use vl puasc-
closure data (Rogers er al. 1974). We did not. however,
make a detailed comparison between this mode! and
our data.

ii) VRO 42.22.01 (BL Lacertac—center of a gian elliptical
galaxy, = = 0.07, Oke and Gunn 1974)

The emissions from this source have been obscrved
at a variety of frequencies (Epstein er ai. 1972
fluctuations at each have been observed at a variety ol
time scales. As can be seen from figures 29 and 30, t .
small-scale radio structure exhibited at 7.8 GHz
changes considerably over a period of about 2 months,
the time between days of observation.

The data of Cohen et al. (1971) show the same
general trends as our data from late May and carly
June of 1972. In particular, the ratio of the maximum
flux to that at about 4 hours before the maximum is
about the same for both sets of data, whereas the level
of the Cohen et al. data is higher by a factor of about
1.5 than that of our data from early 1972, This ratio
is virtually identical to the corresponding ratis ©nd
for PKS 2134400 thus lending support to the pos-
sibility of a normalization difference between the data
sels.

Clark er al. (1973) suggest that, although VRO
42.22.01 is highly variable, it maintains an clongation
ot a position angle of 180° and Andrew (1971) has
aitempted to explain their data in terms of a double-
outburst model. The w-v plane coverage of our
measurements does not permit us either to confirm or
contradict this position anglet However, data taken by
us in late 1973 on six independent baselines should pro-
vide a better test for both the elongationand the model.

i) 3C 454.3 (QSO, = = 0.859)

Although the characteristic shape of the correlired-
flux versus GST curve for 3C 454.3 (i.e., peaks i Lie
ends and a valley in the middle) has been present
throughout these observations. there are secondury
features of the curve, which are also time-variable. that
may indicate the presence of at least one more com-
ponent. Such features are responsible for our plicing
the source in this category. We may obtlain some

‘information about the two main components of the

source by studying the gross features of the correlated
flux curve.

If we assume that the two peaks of figure 31 both
lic on the first subsidiary maximum (the soli! line M1
in fig. 32), then the solid lines of maxima and minima
in this figure would correspond to two point com-
ponents oriented at a position .m,_l-: of Jhuul 53 and
separated by about 375 x 10-% A le: T
based on the two-component model dumhd in |h(
discussion of 3C 120—to the 1973 February dun.
which shows both peaks, gives a position angle of
52° + 2" and a point separation of (3758
1077, It is also possible that the first peak may lic on
the principal maximum with the sccond peak lying «
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the first subsidiary maximum. This possibility corre-
sponds to two point components separated by about
5" x 107" and oriented at an angle of about 3" as
shown by the dashed lines in figure 32. For both
modcl., the fractional difference in strengths of the
components, (S, — 8,)(S, + S.), can be estimated
graphically. This ratio was about 0.77 in 1972 April,
rose (o ctween 0.85 and 0.90 by 1972 May, and de-
creased back down again to about 0.7 by 1973 March.
The sce nd model is much less likely to be vahid than
the first, since the angles of intersection between the
lines ' extrema and the w-v track require that the
maxir. « be very broad and the minimum naiiow (see
fig. 32). The data in figure 31 show the opposite trend
and thus agree better with the first model.

The 1971 data of Cohen er al. (1971) show trends
very dillerent from our 1972 data but reasonably
similar to those for our data from ecarly 1973, thus
indicat g that 3C 454.3 has undergone large variations
in correlated ux during these 2 years.

The above discussion represents only a minimal
attempt to fabricate models consistent with the data.
Many interesting questions such as ** Are sources with
more than two components linear?™ **Do sources
exhibit symmetry of any Kind 2" ** Does this symmetry
change with time?™ ** Does the tendency of sources to
have milliarcsecond structure, independent of redshift,
signify more than a bascline-resolution effect?”" have
yet to be explored; new techniques for analyzing the
data are required to obtain meaningful answers for
some. Comparison of the w-v plane coverage of the
existing data with that possible on the baschnes used
suggests that future experiments should be carefully
scheduled to fill in gaps. Use of moi < than one baseline
simultancously is necessary to remove ambiguities in
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models for sources at low declination and to allow use
of the phase-closure technique. Clearly, much remains
to be done with VLBI in the exploration of the fine
structure of extragalactic radio sources.
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A very-long-baseline interferometer system was designed and biglt for geodetic applications.
Each interferometer terminal records a 360-kHz spectral band of noise from a compact extragalactic
radio source. The center frequency of the speciral bunc can be selected (o sample sequentially

bands covering a much wider frequency range to obtain “ubnanosecond accurac s i group-delay
measurements. A tunnel-diode pulse generator is used 10 calibrate ihe delays in the receiver, The
necessary sets of algorithms and compuier programs have been developed to analyze the dala

and have allowed the system (0 be employed to make accurate determinations of vector baselines,
radio-source positions, polar motion, and universal time.

1. INTRODUCTION to sample signals over a wide band. More recently,
the bandwidth-synthesis method has been adapted
by a group at the Jet Propulsion Laboratory [ Tho-
mas et al., 1974; Ong et al., 1975].

In this paper we describe our geodetic VLBI
system in some detail. In section 2 we discuss the
design philosophy that underlies the system and
describe the major subunits of the equipment.
Section 3 contains a description of the special device
designed to calibrate the delays suffered by the
radio signals in passing through the receiver system,
Section 4 1s devoted to a brief outline of the
dependence of the primary *“‘observables™ on the
geodetic quantities of interest, whercas section §
is concerned with the extraction of estimates of
these observables from the recorded signals, and
section 6 with the errurs associated with these !
estimates, Finally, in section 7 we present some
typical results from observations made with this
system and discuss the prospects for future im-

L In carly 1967, three groups of radio astronomers,
tvo in the United States [ Bare et al., 1967; Moran
et al., 1967} and one in Canada [ Broten et al.,
1967], demonstrated that radio interferometric ob-
servations of compact extragalactic radio sources
could be made with widely separated antennas,

ilizing an atomic clock at each site to control
the heterodyning and recording of the signals.
Initially, this technique of very-long-baseline inter-
ferometry (VLBI) was used to study only the
siructure of radio sources. Our group undertook
a program of instrumentation improvement primari-

to allow accurate measurement of group delays
to make possible precise determinations of vector
kaselines [ Hinteregger et al., 1972]. radio-source
positions [ Rogers et al., 1973], polar motion, uni-
versal time, and earth tides [ Shapiro et al., 1974].
i order to measure the group delays with an
accuracy greatly exceeding the inverse of the re-

: ) o provements,
corded bandwidth, a method of bandwidth sy hesis

was developed [ Rogers, 1970: Hinteregger et al., 2. DESCRIPTION OF THE INTERFEROMETFR
a . . . R .
172] in which the receiver passhand is switched TERMINAL j

The major goal of the geodetic VLBI svstem

Copyright T 1976 by the American Geophysical Union is the measurement of the difference in the tine !
{
a2 |
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of arrival of radio signals at each pair of stations
of an interferometric array. Unfortunately, in prac-
tice, this difference in arrival times cannot be
extracted from measurements of the fringe phase
because of the **2m-ambiguity’ problem, as dis-
cusd in section 4. To circumvent this difficulty,
wo designed the VLBI system to measure the
difference in the group delays of the signals as
distinct from the difference in the phase delays
w uch is ambiguously related 1o the fringe phase.
The difference in group delays (hereinalter “group
delay™) is, by definition, the derivative of fringe
phase with respect to frequency; this relation is,
in principle, free from ambiguity problems.
However, the accuracy with h the group delay
can be extracted from the measurements is directly
proportional to the bandwidth of the recorded signal.
The available recording equipment places a severe
constraint on this bandwidth and therefore we
developed a bandwidth-synthesis system in which
the receiver passband is switched, cychcally, over
a set of up to sixteen different frequencies en-
compassing a band up to several hundred times
wider than that of the 360-kHz recorded signal.
(This wider band is limited fundamentally by the
bandwidth of the feed and front-end receiver.)
Because the wider band is sampled so sparsely,
the increased resolution in group-delay measure
ments is, in practice, accompanied by ambiguities.
These group-delay ambiguities can easily be re-
solved as they are far more widely spaced than
are the 27 ambiguities in the corresponding phase-
delay measurements. This technique of bandwidth

OF POCR QUALITY

synthesis in frequency space for the determination
of accurate group delays is closcly anaiogous to
the more familiar use of antenna arravs to synthesize
beam patterns with high angular resolution [ Rogers,
1970].

The need for accurate measurements of group
delay to determine parameters of geodelic inices
also imposes other requirements ona VLBl system.
Thus a very stable time and frequency standard
is required at each site as is a correspondingly stable,
or well calibrated, local-oscillator system. For the
former we have employed primarily hydrogen-
maser standards.

The choice of a center frequency (tor the ob-
servations) is dictated ‘urgely by the deswre U
minimize ionospheric eliccts, If two scis of men
suremcnts at very widely separated center freguen-
cies (say, a ratio of three to four between them)
could be made simultancously with equivalent o
curacy, then these plasma influences could I
climinated. However, the coustruction of such
dual-band equipment was not economically feasible
and, instead. we chose a relatively high center
frequency. near 8 GHz, for which the ionospheric
effects would be small and for which both the
necessary instrumentation and the radio sources
to observe would be available

We now describe the particular instrumentation
developed for use in geodetic VLBI expeniments,
Each antenna site (Table 1) participating in ~uch
an experiment is equipped with a receiving terminal
to amplify, format, and record the radio-source
signals for later processing. The recer ng term inu!

TABLE 1. Antenna system parameters.,

Haystack Goldstone Fairbinks Onsala
Location Westford, Mass. Goldstone, Gilmore Creek, Onsala,
Calf Alaska Sweden
Corganization Northeast Radio Jet Propulsion National Oceanic & Chalmers Uiy
Observatory Corp L aboratory Atmospheric Admin. of Technology
Antenna diameter 120 210 8l f
Prrox antenna
efficiency a0 S0re v 12%
t Xeband (A~ 38
)
Flrststige low-noise Cooled paramp Maser Uncooled paramp Maser
$iv {r juency
amplifier
ppro- . receiver
band width 200 MHz 40 MH/ 150 MH 2z 25 MH

Approx. system

00 K SOK
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Fig 1. Block diagram of a VLBI terminal

(Iigure 1) consists of the basic units listed in Table
2. ltems | through 6 are located in the “front end™
hox on the antenna whereas the remaining equip-
ment is located at ground level. The frequency
« andard provides a 5-MHz reference signal which
controls the clock, the phase-calibration pulses, the
« mple pulses, and the frequencies of the local-
o<cillator signals, The second and third local-

cillator signals. generated with the aid of a fre-
quency synthesizer (Figure 1), are digitally con-

lled to select various pre-programmed received-
frequency bands. or “‘channels.” (It would also
! ve been possible 1o switch the first local oscillator
| finteregger et al., 1972], bul this option was

avoided to simplify the instrumentati n. No loss
in spanned bandwidth was entailed, because the
bandwidth of the intermediate-frequency equipment
was greater than that of the receiver,)

The selection of channd's is alicrec in a cyelic
fashion synchronously at a!' st=tione Tyaicdly, five
of the sixteen possible frequency chann s are used
und sampled every second with each being sampled
for 0.2 sec. For each frequency in the scquonce,
the second and third local-oscillator signals always
return to the same phases that they would have
had if not interrupted, provided that none of the
frequency dividers in the synthesizer is terrus ted.
This condition is met on the Hewlett Pac ard SI00A
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__»TABLE 2. Basic components of Vl.BLlcfmmd.

Component Comment
1. Low-noise RF Parametnic amplifier or maser,
amplifier depending on site (see Table 1)
2. Mixer and IF X-band conversion to a broadband
anplifiers IF (spanning approximately 100 to
250 MH2)

3. First local oscillator  Phose-locked oscillator with lock
points from 7.3 10 8.3 GHz in
200-MHz steps

Derived from digitally-controlled
Hewlett- Packard 5100A frequency
synthesizer (see section 2)

4. Second and third
local oscillators

S. Phase calibrator See section ! for detal!

6. IF-to-video Conversion from broadband 1F 10
converter video (360 kHz video bandwidth)

7. Recorder Ampex TM-16 with digital

controller | Bare et al., 1967]
8. Frequency standard  Hydrogen muser (stability = 1 in
10" over 10’ seconds)

synthesizer if frequencies are switched only by
multiples of 100 kHz. The second local-oscillator
signal is derived by multiplving the frequency of
the synthesizer output signal by four in a broadband
multiplier. This multiplier consists of two quadra-
ture-phased doublers whose outputs are summed
in a 180° hybrid; the hybrid output is then doubled
infrequency. Such a quadrupler produces very little
harmonic owput lower than the fourth (40 db
suppression) and good rejection of higher harmonics
(>>20 db suppression). The allowable frequency
range of the input signal to the quadrupler is limited
by the hybrid to a range from 10 to 50 MHz. The
third local-oscillator signal is derived directly from
the synthesizer,

A single coaxial cable carries the 5-MHz reference
signal for the local oscillator, the phase calibrator,
and the control signals. This same cable is used
to return the intermediate-frequency (IF) signal and
the system-monitoring information to the ground
level equipment. The IF signal 1s converted to a
3o0-kHz bandwidth signal at video through two
stages of image-rejection mixing. The final image-
re cction mixer uses a wideband video hybnid
[Rogers, 1971] followed by a 360-kHz low-pass
filter,

After amphfication, the video signal is clipped
ar | sampled, quantized to one bit (see section 5),
and recorded on digital magnetic tape. The data
recording system is similar to that employed in the
fir + VLBI experiments [ Bare et al., 1967: Moran
et il 1967). and uses a 7-track digital recorder

running at 150 inches /sec with a density of 800
characters /inch, yielding a data rate of 720 kilo-
bits /sec. One track is used for a parity bit; the
epoch is recorded in the first 8 characters at the
beginning of each 23.000-character record. A new
record begins every 0.2 sec and there is a gap of
approximately 5§ msec between records. The tape
recorder can be started at any preset time by the
digital controller (Table 2). The epoch for ihe first
recorded data bit and for every data bit recorded
thereafter is known unless there 1s a bad spot on
the tape which may cause the data to go “out of
synchronization.”” Since each record is individually
time-tagged, however, synchronization will be reac
quired as soon as a recognizable time tag is encoun-
tered.

3. PHASE DELAY CALIBRATION

The measurements of group delay are, of course,
influenced by any dispersive effects of the instru-
mentation. Primarily to reduce such cffects, we
incorporated a phase-calibration system into cach
VLBI terminal. Thus, the phase-delay variations
in the receiver for each sampled frequency channel
are calibrated by injecting pulses into the low-noise
amplifier through a directiogal coupler as shown
in Figure 2. These pulses are generated by a tunnel
diode driven by the 5-MHz signal from the fre-
quency standard. The pulses from the tunnel diode
are gated so that only every fifth positive pulse
is passed through the coupler. The gating process
serves to eliminate negative pulses and 1o reduce
the pulse repetition rate (o 1 pulse / psec. This pulse
train produces one calib 1. on spectral line every
MHz, which determines the minimum possible
spacing for the calibrated frequency channels. The
frequency of the total local-oscillator signal is cho-
sen to be 1 kHz lower than the nearest integral
MH2Z so that the calibration signal emerges at |
KHz in the video band. The phase-calibration signal
is present continuously and is extracted from each
data record through multiplication of the signal by
the quadrature components of a 1-kHz sine wave.
The calibration phase can be determined to within
3 deg rms for cach record even when the power
in the calibration signal is as low as 1% of the
video power. The phase calibrator has a temperature
coefficient of § psec/°C and no known sensitivity
to other environmenta! conditions. A system to
correct for the cable-do uy changes in the calibrator

.
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Fig. 2. Block diagram of the phase-calibration system.

uas recently been completed but not yet used in
a VLBI experiment.

4. VLBI OBSERVABLES

The interferometer can be used to determine,
as a function of time and frequency. the fringe
phase and the fringe amplitude of the signals from
compact extragalactic radio sources. For geodetic
applications, the fringe phase is of primary interest:
its derivative with respect to (angular) frequency
yields the group delay. In the absence of noise,
and after instrumental calibration, the fringe phase,
&. for observations with circularly polarized feeds,
may be expressed as

&t,)=w,[(1 =R )7, +(E, -~ E)+ R,(t, +E,)
“R,(,+E)] =W, - )+, -D

+0,+2nq (n

ArVIALE W i e . - pe—
here the sub cripts x and yieler to the reference

aad remote sites, respectively: ¢, and 1, are the
tines as given on the reference and remote site
clocks, respectively; 7, is the difference in the
delays of a signal propagating in vacuum from the
source to the two sites (hercinafter ‘‘geometric
delay’); o, is the angular frequency of the algebra-
ic sum of the frequencies of the local-oscillator
signals: E, and E are the epoch errors and R,
and R, the drift-rate errors of the refererce and
remote clocks, respectively; &, and W are the

corresponding position angles of the antenna [eeds
(positive sign for left-hand circular polarization—
IEEE definition); @ , and @ are the propagation-
medium phase shifts due to the atmosphere and
ionosphere over the reference and remcic siws,
respectively; 0, is the phase of the so-called source
visibility function and represents, in effect. the
modification of the fringe phase due to the source
being partially resoived by the interferometer; and
qis aninteger that indicates the ambiguity . discussed
earlier, in the relation of fringe phase to 7.
The approximate expression for 7 is

1,=—(1/c)B.é 2

where ¢ is the speed of light, é is a unit vector
in the direction of the radio source. and B is the
baseline vector that extends from the reference site
at the time of arrival of a wavefront to the remote
site at the time of arrival there of the same wave-
front, on the assumption that the propagation is
1 vacuugil.

The group delay, 7, being the derivative of the
fringe phase with respect to the angular frequency
w,, is given by

) =1 =R +(E,~B)+R.(F,+ E)
= RAL = E s o (3)

xy

where 7, is the propagation-medium contribution
to the group delay and 0 denotes the contribution
of the source visibility function to 7. The *“‘fringe

i il

po——————"




46

ORIGINAL PAGE IS
OF POOR QUALITY

<6 WHITNEY ET AL.

r e is the derivative of & with respect to t . The
fringe rate divided by w, is the *‘phase-delay rate.”
T e latter quantity is also free from 27 ambiguities
and is used to estimate the geodetic parameters
ol interest, but has a much less important effect
o these estimates than does the corresponding
group delay.

5. DATA CORRELATION AND FRINGE ROTATION

The signals recorded at each of a pair of sites
must be cross correlated to obtain the estimates
of fringe phase, group delay, and fringe rate or
phase-delay rate. These estimates, in turn, are used
in a subsequent stage of processing to determine
the geodetic parameters of interest. This last stage
of processing involves a rather standard application
of least-squares parameter estimation and is not
described here in detail. The first stage of process-
ing, on the other hand, being both novel and crucial
to the interferometer system, is described in some
detail.

The video signal, V(t), at cach site is infinitely
clipped and sampled so that the sample value, V(n),
is given by

a1, if V(=0
V(n) = (4)
-1, fVin<o

where n represents the sample number corre-
sponding to the time t. The recorded data tapes
¢ ntaining these samples are processed on a general
purpose compuier (CDC 3300) with the aid of a
i rripheral processor interfaced to the comiputer via
¢irect memory access. The peripheral processor

otates the fringes" (i.e.. corrects for the dif-
ference in the Doppler shift of the signal at the
two sites) and cross correlates the data streams.
‘Ihe correlation, along with the fringe rotation, is
performed on a record-by-record basis. For each
1 ‘cord, the a priori value assumed for the group
delay, quantized in units of the sample period, is
I 'ld constant. This value is termed the “*bit offset™
b tween the two data streams. The rate of fringe
r tation, i.c., the fringe rate, is also held constant
for each record. The bit offset can be as large
as 20 msec, but even for the highest possible fringe
rte (=20 kHz at our X-band radio frequency). the
change in offset during one record would be less
t an 0.5 psec which is about one third of the interval
between samples. The quantities calculated for the
r i record, the so-called cosine and sine parts of

the complex correlation function, R!" and R,
respectively, are thus approximated by

R (Ir,) = sin[(w/2)p!" ]
R (Ir,) = sin[(w/2)p"]:

=-3 -2,-1,0,1,2,3 (5)
where the familiar Van Vleck clipping correction
[ Van Vieck and Middleton, 1966] has “cer 1pp. :d
to the corresponding parts of the *‘clipped signal™

correlation functions, p{” and p!"’, which arc given
by
N
p""(h.)=—\'-;)- V,(n) Cl(n - 1)1 ]
: ne=\

. \’)(n* m-1)

g No
pP Ur,) =— N V. (n)S[(n - 1NOQ"7,]
Nlli 'fl
. \)(n+m—l) (6)

where 7, is the (constant) time interval between
samples; Q' is the a priori value assumed for 112
fringe rate; V,and Varc the video samples (see
(4)) at the reference and remotc sites, respectively;
n is the sample index, or bit number, within the
rth record; N'” is the number of samples, or bits,
on the rth record in each stream which may e
correlated with those in the other; m is the bit
offset, i.e., the integer nearest the ''n _-ne: |
nonintegral) number of bits that correspond« to te
a priori value assumed for 7; and ! is the iie; 1
index for the offsets in the evaluation of the
correlation function. The number of bits ‘n oue
record is thus equal to N + m. The functions
S(nQ'" = )and C(nQ " 1 )are three-level a; pro -
mations to sine and cosine functions. For the
interval (—=m,m), we use

+1, 0=|x|=3n/8
C(x) = 0. 3n/8<|x|=5n/8 «7)
-1, Sw/8<|x|=w ; x=ull"

with the sine function approximation being identic )
except for a 90° phase shift. The factor 5 in ()
accounts for the average reduction inthe correlation
caused by the differences between S(n€)’ 1 ) and
C(nf2'" 7 ,) and the true sine and cosine function.;
it is easily shown that

Db s <
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B=mn/[4cos(n/8)] = I.I8 (8)

This three-level representation is especially efficient
to use since multiplication by minus one is accom-
phished by forming the (binary) complement of the

* d:ota sample and multiplication by zero is accom-

shed by omitting the term in the summution
process.

After the correlation and rotation are performed
tor each record, the sine and cosine parts of the
complex correlation function are transformed to
the (video) frequency domain. In addition, the
phases of the complex correlation functions formed
from R (l7,)and R\ (l7,) are rotated to counter-
act the operations of (6) that cause each record
to be started with zero phase. The resultant expres-
sion for the one-record complex correlation function
in the frequency domain is therefore:

3

“T5} ¢ S T N [l

5 “‘-’.): CXpl—iw 'y ')\ KV
[‘d’

-exp(=ilt o )iv=12,..,7 %

where r, as before, is the record index; w, is an
(angular) video frequency with 7,0, =2wv/16;
" is the (angular) radio frequency translated to
zero frequency for the rth record (o'’ takes on
for successive records the different values included
in the frequency-switching sequence: see section
2); and 7' is the a priori value assumed for the
group delay for the epoch of the first bit correlated
(1 = 1) on the rth record. A simple correction for
the “fractional-bit delay is now applied to each
value of $ (w, ), followed by summation over the
video band for seven different trial delays separated
by 7., yielding

RO() =Y §7w,) explilt,w,)

vl

-expf-iw (" -mz}]: 1= -3,-2,...23 (10)

w here the last factor represents the phase correction
for the difference between the bit offset and the
value of 77, Equations (9) and (10) apply for upper
sifeband frequency conversion. For lower sideband
conversion, the sign of w, should be changed in
hath (9) and (10).

Finally, a delay /delay-rate resolution function,
D(A7,A7). is defined as a two-dimensional trans-
form of the complex correlation function, summed

er all records:
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D@7, A7) = Y R7exp [=iw"(A7 + Azt/)] (1)
where, as shown previously [Rogers. 1970], the
values of At and At for which |D(A7. A7) is a
maximum are the maximum-likelihood estinates of
the residual group delay and phase-delay rate.
respectively. Here ‘“‘residual” refers o the dif-
ference between the true value and the a priori
value assumed in the data processing. In (11, the
values of At and At are appropriate for e start
of the three-minute observation with t'” being the
time elapsed from this epoch to the start of the
rthrecord as measured on the clock at the reference
site. There has been no need to consider higher-
order terms in the expansion of the difference
between the true and the a priori value for the
group delay. Further, it is acceptable to use as
the argument of R that value of [7 (/ an integer)
which is closest to Az, ¢ven though this argument
changes discontinuously.

To achieve computationa! efficiency with ade-
quate accuracy, the maximnizauon of | D(A7,A7)|
is carried out in successive stages. First. we obtain
the values of At and A7 which maximize the sum
of the magnitudes of the “‘single channel™ (coarse)
delay /delay-rate resolution functions:

K
z |D, (A1,A%)| (12)
k=1

where D, (A1,A7) is defined : DA+, A7) in (11)
except that only the records corresporting to the
kth frequency channel contiibuie to / . [he ap-
proximate maximization of expression (12) is carried
out by evaluating it for each point in a  o-dimen-
sional array of 7 trial values for Ar, spaced by
the sampling interval 7, (=1.4 psec), ar 256 trial
values for A7, spaced by approximaiely 0.4
psec/sec for a radio frequency of ab.. * & GHz,
Both sets of trial values are centerce on zero,
corresponding to the a priori estimates 7 A+ and

A7. Next, a two-dimensional Fourier t orm s
utilized for the maximization of (11) wit ‘he grid
containing 256 delay values, spaced by ., 256 of
the inverse of the smallest separation ir ~ uency

between any two of the K channels (usually about
2 nsec), and 5 delay-rate value-, spaced by ipproxi-
mately 0.1 psec /sec. These trial values are centered

on the ‘‘coarse’’ estimates obtained abo « 1 the
approximate maxim’~ation of expression (12). In
the vicinity of the * iine’ estimates obta ! from
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Fig. 3. Delay/delay-rate resolution function from a three-minute observation of the extragalactic radio source VRO 42.22.01

started at 13:48 UT on 6 March 1974 with the Goldstone-Haystack interferometer. The letters D show, on an arbitrary linear

scale, the coarse, single-channel delay-resolution function. The numerals 4 display the coarse fringe-rate spectrum, and t'.-
stars display the fine, multichannel delay-resolution function. See text for further explanation.

the second maximization procedure, a further factor
o four decrease in the grid spacing in delay is
uulized before a two-dimensional (nonquantized)
parabolic interpolation is performed to determine
the final estimates of the residual group delay and
p..ase-delay rate.

Figure 3 shows a sample output from the fringe
processor for an observation involving five fre-
qrency channels (K = 5). The relative separations
vere 0, 14, 16, 22, and 26 MHz, yielding a set
¢ pairwise differences of 1, 2, 3. 4, 5, 6, 7, 8,
1i.and 13inunitsof 2 MHz, the minimum frequency
< paration. This approximate maximization of the
noumber of differences with a minimization of the

redundancy of differences tends to minimize the
magnitudes of the *‘side obes™ in | D(A7,A7)| as
illustrated in the figure and described further below.
The letters D display expression (12) as a function
of At for seven values spaced by 7,: the common
value of At is the one that yielded the maximum
in the first maximization procedure. The numerals
4 display the coarse ‘‘fringe-rate spectrum,” i.e.,
expression (12) plotted as o function of A1, convert-
ed toresidual fringe rate, tor that value of At which
yielded the maximuni. The spacing of the At values,
approximately 0.5 pscc/sec, corresponds to an
incremental fringe rate of shoutd mHz ot the X-band
frequencies used. Because of computer “*overplot-
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ting,"” not all points are shown.

The stars in Figure 3 depict | D(A7,A7)| as a
function of At with the common value of At being
the final estimate of the residual phase-delay rate.

* The function is evaluated at 256 points, spaced at

intervals of approximately 2 nsec, to cover the full
500-nsec range that constitutes the basic periodicity
of | D(A7,A7)|, viewed as a function of Ar. Apart
from the effects of errors, this “*fine"" delay-resolu-
tion function is invariant under reflection about that
value of A7 for which the function is a maximum.
(We ignore here the “‘envelope’ effect of the
nonzero (360 kHz) width of each frequency chan-
nel which serves to alter slightly the values of
|D(A7,A7)| for neighboring “*periods™ of its argu-
ment.)

Figure 4 shows the fringe amplitudes (letters A)
and phases (numerals) for each frequency channcel
in the sequence of five; these values correspond
to the amplitudes and phases of the coherent
averages of the appropriate sets of values of R,
after removal of the effects of the estimated residual
group delay and phase-delay rate. Both ordinate
scales are linear and the abscissa scale depicts time
from 0 to 3 min, separately for each channel. The

VLBI SYSTEM 429

points shown are spaced 10 sec apart in time and
represent these averages over ten records for each
of the five frequency channels. The same systematic
trend that can be seen in the phases for each channel
probably results from some combination of atmo-
spheric-induced and frequency-standard phase
fluctuations. The scgment of Figure 4 farthest to
the right shows the phase calibrator phases for the
reference station, with the numerals 1 through 5
denoting the frequency channel, and for the remote
station, with the letters A through E denoting the
frequency channel. These points are spaced 20 sec
apart in time wilh each representing a coherent
average over that period. (Quantization in the
computer-produced graphs is responsible for the
discontinuous appearance of all of the curve: S
the same reason, there are missing E's and a missing
Dwhich coincide, respectively, with the appropriate
4's and B.)

6. ERROR ANALYSIS

It is of obvious importance to determine the
uncertainties in the estimates of the group delays
and the phase-delay rates. These uncertainties can
be derived in a straightforward manner | Rogers,
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Fig. 4. Fringe phases (numerals) and fringe amplitudes (letters A) displayed for each frequency channel separately
for the observation described in Figure 3. Shown at the right are the cuiitbrator phases. See text for further details.



ORIGINAL PAGE IS
OF POCR QUALITY

430 WHITNEY ET AL.

1970: Moran, 1973] in terms of the system charac-
e istics, and only the results are given here.
The standard deviation, o (), in the estimate of
th fringe phase for a single frequency channel is
en by

[TT'*TT"PT'T
od)=—

T T N ] radians (13)
a a

where T, and T are the system temperatures at
the two sites; T, and T are the corresponding
contributions of the correlated portions of the flux
to the antenna temperatures: and N“"”1s the number
of bits correlated for the given frequency channel
(the sum of N over all records r that correspond
to this channel on the data tape). The ndard
deviation, o(7), in the estimate of the phase-delay
1ate for a single frequency channel is

ol(7) = [12'20(d)] /o, 1, sec/sec (14)

where t, is the total time of integration and o,
is defined in section 4. The corresponding standard
deviation for the estimate of the fringe rate is
w,o(7). The standard deviation, o(7), in the esti-
mate of the group delay is

o(7) = ald)/2mwAf sec (15)

ems)
where Af,,.. is the root-mean-square deviation about
the mean of the frequencies of the local-oscillator
<ignals used in the programmed frequency-switching
sequence, and where now o (&) is computed using
the total number N of bits correlated for all fre-
auency channels for the entire time of integration
(sum of N over all records rthat were correlated
on the data tape). The rms error o(d_,) in the
e~timate of each of the calibration phases is approx-
imately

()= (P/2NM P Y2 radians (16)

where P_,/P is the fraction of the total power
d 1o the calibration signal.

quation (15) shows that, even for the relatively
st M rms frequency spread of 10 MHz, the error
in the estimate of group delay can be under 0.2
no cwhenaid) isless than 0.01, which corresponds
o signal-to-noise ratios greater than 100,

7. RESULTS AND FUTURE IMPROVEMENTS

“leasirementerrors have, in fact, been well under
b asee for group delays determined from observa-
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Fig. 5. Postiit residuals from observations of the extragalactic
radio sources VRO 42.22.01 and 3C 454.3, See text for discussion

tions of strong sources when sufficiently sensitive
interferometer systems have been used. This accu-
racy is illustrated in Figure 5 by the sample of
postfit residuals from the Goldstone-Haystack
VLBI experiment of 29-30 August 1972. These
residuals represent the observed delays minus the
theoretical delays with the latter being based on
the weighted-least-squares analysis of the totil of
196 observations. By this analysis. estimates were
obtained simultaneously for the radio-source posi-
tions, the three components of the interferomet i
baseline, the clock epoch and rate differences a-d
the parameters that describe the excess elecirical
path length in the zenith direction over each site
due to the atmosphere. A modified cosecant I
was used to represent the atmospheric delay and
simple models were used to attempt to correct for
the small (=1 nsec) effects of the ionosphere and
the solid-earth tides. The rms of the postfit residuc s
for all 196 observations from this experiment was
slightly under 0.25 nsec.

Table 3 compares the current level of expected
measurement accuracy with the accuracy actually
achicved, as estimated, where possible, from t.e
consistency of results from separate experiments.
Further development will include radiomeiers 1o
correct for the effects of the neutral atmosphere
through observations [ Schaper et al.. 1970} w0
the line of sight near and at the 22-GH7 freqr n
of the water-vapor spectral-line emissicn. tor
spheric delays can be corrected more accurately
by observing simultaneously at two v i)
ed frequency bands, as mentioned carlier, anu we
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TABLE 3. Measurement accuracies.
Theoretical
Measured standard Typical rms
quantity deviation' error Comments

Fringe phase 0.5 deg - Very difficult guantity to usc except in
differential experiments®

Phase-delay rate 0.1 psec/sec 0.2 psec/sec Typical errors based on postint
residuals’

Group delay 0.2 nsec 0.3 nsec Typical errors based on postfit
residuals®

Source positions — 0.05 arcsec rms spread in 4 separate experiments
[ Rogers et al., 1973]

Baseline length —_ 20 cm rms spread in 9 separate experiments
[ Shapiro et al., 1974)

Polar motion - 50 cm formal standard error [ Shoovo ral,
1974

Universal time (UT.1) - 1 msec formal standard error [ Shapiro et al.,
1 .‘.,‘

Clock synchronization — 1 nsec formal standard error

I Based on 180-second coherent integration and signal-(o-noise ratio of 100, approximately that achieved on the Haystack-Goldstone
baseline with an unresolved source with flux density about § x 10 2 wm * Hz ' Estimate of phase-delay rate standard deviation
also includes effects of instability of the frequency standard (see Table 2).

Differential VLLBI [Counselman et al., 1972] experiments have made use of fringe phase by reducing the effect of ambiguity

through maintenance of continuous phase tracking.

The rms residuals are larger than the theoretical uncertainty owing to systematic effects not adequately included in the

model, such as variations in the atmosphere and ionosphere.

hepe to add an S-band receiver to our X-band
system for this purpose. Since the phase calibrator
is a broadband device, its signal can be split to
calibrate both receivers simultaneously. Major re-
Juctions in group-delay measurement errors can
be achieved through use of substantially wider
t indwidth receivers and/or VLBI recording sys-
- ms: both are technically feasible. the former now
poing available commercially and the latter being
under development by our group.
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5.6. Estimation of Astrometric and Geodetic Parameters*

5.6.1. Introduction

The technique of very long baseline interferometry (VLBI) has enormous
potential for important applications in astrometry and geodesy. Consider-
able progress has already been made in the exploitation of this technique for
these applications, but the ultimate accuracy inherent in the method las not
even been approached: VLBI is in o stuoc of rapid improvement = nd prob-
ably will not achieve a mature status for some years (0 come. In this chapter,
we confine discussion to the information content of the VLBI observible
and to the deduction of the relevant astrometric and geodetic quantities
from this content. References to results already obtained are included.

5.6.2. VLBI Observables

Interferometric observations of a point source of continuum radio radia-
tion can yield fringe phase and fringe amplitude as functions of time and
frequency. Because the observations, for practical reasons, are usually
broken up into relatively short time intervals and relatively narrow frequency
intervals, it is convenient to consider two additional (** derived ™) quartities:
the time derivative of the fringe phase, the so-called [ringe rate. and the
angular frequency derivative of the fringe phase, the so-called differenced
group delays or, simply. group delay. In similar language. the fringe phase
and the fringe rate. after division by the angular frequency, are the differ-
enced phase delays and the differenced phase delay rates, respectively.
Despite the obvious lack of parallelism, we adopt the currently used terms:
fringe amplitude, fringe phase, fringe rate, and group delay.

The manner in which the fringe phase ¢, the fringe rate ¢, and the group
delay 1 are determined from the true obscrvables—the recorded signals -is
discussed elsewhere in this volume, as are the expressions for the uncertainties
in these determinations (see Chapter 5.5). A discussion of the problems
associated with the extraction of fringe amplitude from the recorded signals
can also be found in Chapier 5.5 and elsewhere,'"? Since our principal

" A. R. Whitney, Ph.D. Thesis, Dept. Elec. Eng., Massachusetts Inst. of Technol. (1974),
21,0, Wittels er al., Astrophys. J. 196, 13 (1975)

* Chapter 5.6 is by Irwin |. Shapiro
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concern here is with geodetic and astrometric measurements, we shall con-
centrate mainly on ¢, ¢, and 1. We may express these ** second-generation ™
observables theoretically. To do so, we chouse a coordinate system with
origin at the solar-system barycenter, and we assume the validity of general
relativity. The reason for this seemingly bizarre choice for a system to
describe quantities inferred from earth-based observations is simple: In
order to combine in a comprehensive analysis diverse astronomical observa-
tions, such as of interplanetary time delays and of pulsar signals, and to
determine quantities which are cach sensitive to more than one of the obsery-
ables, it is lar easier to do all the computations in one coordinate system than
to do cach in a system convenient for one particular observable and then to
convert cach to a common system. The opportunitics for error in the laiter
procedure are plentiful because of the importance of relativistic effects in
modern observations.

In terms of the so-called isotropic Schwarzschild coordinates, one can
show that for two elements 7 and / of an interferometer array:

(1) = wr (1) = 2wrf; + 2nn, (5.6.1)
de(1) dAt o " > <
—’I;—‘— 0 =y R, — i)+ Re(r,—r)) + ol + £, — 1), (5.6.2)

1 |
r,,(l)zAl—F[R-(r,—r,)]-(—;[ﬂ-r,+R-i,)Al + 15,4 1+ 1),

(5.63)
where
1
T(N=t+UTC—-Al =3215- = Rer,
¢
K
+ LPT + ¥ au(r = 1,)"  [sec). (5.6.4)
k=0
I I S ‘
Aty >~ (r, =) & — [~ (R+F)-&|]|-(r, —r,)°6.]
C ¢ o
|
x |1 —;(R SANAL (5.6.5)
K
Y (= 1) = aulr = 1 - AN}, (5.6.6)
k=0

and where 1 is coordinate t:ime, 7, the clock reading at site 7/, @ the angular
(radio) frequency to which the fringe phase is referred, n an integer indicating
the ambiguity in fringe phase, ¢ the speed of light, r (1) the geocentric position
of the interferometer element 7 at coordinate time 1, R(r) the baryeentric
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position of the center of mass of the carth at coordinate time 1. &, the unit
vector in the direction of the observed (point) source of the radio radiston
(we ignore here possible parallax effects), tj; the difference in the devia
tions of the clocks at sites / and j from *true ™" atomic time at the respective
sites. 1}, the delay introduced by the neutral atmosphere, and tf, the deluy
caused by the difference in the integrated charged particle content along
; the paths from the source to the two sites. This last delay has an effect on ¢,
and wr,; of nearly equal magnitude but opposite sign in our weak-magnetic
: field, dilute-plasma case. The main contribution to tf; comes from the earth’
; ionosphere (Chapter 2.1) since nearer the source, presumably, the ch
particle contents along the two paths are very nearly equal. In the expresion
for the coordinate-time dependence of the time, 7, Kept at site i, we note
that UTC denotes coordinated universal time which the site attempts to
maintain. Al denotes atomic time as kept by the United States Naval
Observatory, LP T represents the long-period (3 1 day) terms in the expre
for atorudc time in terms of coordinate time, 32.15 sec represents the epoch
off<et of Al and coordinate time chosen [or convenience in other asti
{ nomical applications, and the Kth order polynomial is a simple model repre
“ senting the deviation of the actual clock performance from the desired,
referenced to 1, which may be the midpoint of a short (=1 day) series of
interferometric observations. The quantity Ar represents the coordinate-time
interval between the arrival of the signal at the two sites.
A superposed dot in the equations signifies differentiation with respeet
‘ to coordinate time. The /- asymmetry in the equations is introduced be-
cause (i) the delay is measured with respect to time as kept at site 7. and
(i) the fringe rate is defined in terms of the derivative of the fringe phase
with respect 1o time as kept at site /. For a clear, elementary discussion of
these observables, see Chapters 5.1 and 5.5,

From the point of view of this chapter, the terms tf, and 1, are sources
of noise. The effect of the former can be virtually elimmated throuph ox-
ploitation of the frequency dependence of the index of refruction of a
plasma (see Chapter 2.1). If the VLBl measurements are made simulta-
neously in two frequency bands centered at f, and f; (f; > /,), then the stan-
dard deviation a(t) in the determination of t freed from charged particle
effects is related to the standard deviations a(r,) of the group delays measurcd
at the frequency bands /, (= 1, 2) by the expression

1 o(ty) > (f;z "‘11’)—'”;‘0:(1|) 1 f;‘ﬂ’(!;)l":. 5.6.7)

For f, = 4f, and a(1,) >~ af1)). we find a(1/) = 1.070(1,). Thus, the degrada- |
tion in the measurement . ccuracy caused by the charged particles will be
about 79, when this procecure is used. A further improvement, by an order
of magnitude or more, we il be possible if the fringe phase could be ¢otor-
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mined unambiguously, for example by sufficient accuracy in the meas e
ments of t at the two frequency bands. For such a circumstance, we find

o(t)) = [2r(/y? = i)'\ 26% (@) + £y e (@ )) (5.6.8)

| SRS

where a(ghy), & =1, 2, is the standard deviation of the measurement of
fringe phasc in the kth frequency band. When converted (o comparable
units, a(¢,) al(r,) is approximately equal o B,/ /f,, where B, is tie ro o

the mean of the synthesized bands used to detecimine the group delay (see [
Section 5.5.5). Since B,//, is usually small, use of fringe phase, il ible,
is advantageous in the determination of 1.

The calibration of the electrical path length of the neutral atmosphere
(Section 2.5.4) presents the main limitation on the accuracy achies able with
VLBI in astrometric and geodetic applications. A new method, not yet wried 1
in a VLBI experiment, shows the most promise for this path length calibra- '
tion. This method® involves monitoring the brightness temperature of the
atmosphere at and near the 22 GHz water-vapor spectral line along the
line-of-sight from each interferometer antenna to the source, The measured
brightness temperatures at cach site are used to infer the electrical uth
length by means of an empirical, hnear algorithm. The algorithm, in turn, s
based on a statistical analysis of large sets of actual radiosonde data from
which both the implied electrical path iengths and the brightness temperatures {
at the various frequencies were calculated. The linear relationships fod ced |
led to errors in the determinations of zenith electrical path lengths of wobout
1 em rms in winter and 1.4 ¢cm rms in summer, both for the Nor 2 tein
United States.

5.6.3. Information Content of Observables

The VLBI observables are affected not only by the propagation mediom
and the relative behavior of the clocks at the two sites, as indicat-4 explicitly
above, but also by the source's structure and motion, the solid-erth id s,
the crustal motions, polar motion, speed of rotation, nutation, and precession
of the earth, and other small physical effects. These eflects due to the soure
and to the cart (see Section 5.6.4) primarily affect Fgs. (5.6.1)(5.63)
through the time dependences of & and r,, respectively Giver siiable
parametrizations for all of these influences, useful estimates of the param-
eters can be obtained from analysis of the VLI observations, ided
the data are of suflicient accuracy, span a sufficienily long intervai ol tune,
and are of such a character as to climinate aegeneracy—the conmplete v ' ng
of the effects of one parameter by those of a combination of other paramicicrs.

To rep wuce the explicit parametrizations cniployed for each i 1l e

L. W, Schaper, D H, Staeli~, and J. W. Waters, Proc 1EZT S8 277 (16 ’
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effects on the VLBI observables would be to proceed well beyord the scope
of this chapter. Instead, we will consider an oversimplified situation which
is nonetheless amenable to a presentation of the most important ideas. Thus,
we consider the earth to be a rigid body rotating with a constant and known
angular velocity vector, and each source to be at infinite distance, of infinites-
imal extent, and with an unvarying output of radio radiation that travels
in vacuum between source and site. U, further, the clocks at the two sites
differ only in their epoch setting and in their rate (2, # 2,. k =0, 1), we
can conclude that for group-delay measurements, for example, the ume
dependence will be a diurnal sinusoid superimposed on a linear term that, in
general, neither intercepts the origin nor has zero slope. The constant, or
intercept of the linear term, represents the additive effects of the clock epoch
offset and the product of the polar, or axial, components of the baseline
vector and the source-position unit vector [see Eq. (5.5.1)). The slope of
the lincar term represents, of course, the clock-rate offset. The amplitude of
the sinusoid measures the product of the equatorial component of the baseiine
and of the source-position unit vector, as also illustrated in Eq. (5.5.1); the
phase of the sinusoid is a measure of the ** ult " of the bascline with respect 1o
the plane normal to &,. In this model, then, any number of group-delay
observations of a single source can provide no more than four quantitics:
the intercept and slope of the straight line, and the phase and amplitude
of the superposed sinusoid. These four quantities constitute the information
content of the group-delay observable, The situation for the fringe-phasc
observable is similar. For the fringe-rate observable, three quantities provide
the total information content; all sensitivity to the time-independent terms in
¢ vanish upon differentiation.

Considering the information content of these observables, how may we
determine the three baseline components, the two source position components,
and the two clock difference characteristics? The unknowns seem to combine
to seven and the knowns to only four for even the group-delay observable -
clearly an untenable situation. Actually, the unknowns total one less since
we are {ree to choose our origin of right ascension. The origin of declination
is provided by the plane normal to the (given) angular velocity vector. To
play a ** winning game,” we try the strategy of observing additional sources:
Each new source for which we obtain group-delay observations can provide
up to three new quantities, since the siope of tic inear term is the only one
independent of the source. But each new source adds only two new unknowns,
Observations of a minimum of three sources are thus required to solve for
all relevant parameters.® Two caveats must be mentioned :

(i) With fringe phase ir tead of group delay uscd as the observable, the

* 1.1, Shapiro and C, A. Knight, in ** Earthqueke Displacement Fields and the Rotation
of the Larth” (A. Beck, ed.), p. 284, Reide! Publ, Dordrec 177
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game can not be won completely if an unknown constant phase is introduced
with each source. In such an event, the number of unknowns added for each
new source just equals the number of knowns. Further, unless the fringe '
phases observed for a source can be followed through a substantial fraction
of the diurnal cycle without introduction of 2z ambiguities, hitle useful
information can be deduced about bascline components or source positions.

(1) With fringe rate alone used as the observable, 1t is not possible. in
principle. to determine either the clock olfset, as mentoned, the polar com-
ponent of the bascline, or the declination of all sources. 1he declination of
one source—a near equatorial one is the best single choice ~may be fixed
in accord with, say, optical observations, or an overall constraint may be
applied to tnsure that, for example, the weighted mean of the source Jeclina-
tions equals a preset constant determined from optical data.

Although omitted here for brevity, it can be shown that for the necessary
number of group-delay observations of three sources, the relations in terms
of the unknowns can, ii: fact, be inverted to vield solutions for all of the
relevant quantities: there are no degeneracies if the observations of each
source span a reasonable fraction of the diuinal cycle.

Analyses similar to those given above are casily carried out for combina-
tions of observables and for interferometer arrays with three or more elements,
In brief, these show that, to be able to solve for all reievant parameters, at
least two sources must be observed no matter how many elements in tl
array.

5.6.4. Astrometric and Geodetic Parameters

Using the principles described in the previous sections, and extensions
thereof, we can utilize VLBI observations to deduce the positions and
structures of extragalactic sources, to test the predictions of general relutivity,
to determine satellite orbits, to estimate the relative positions of radio
transmitters placed on the moon by the Apello astronauts, and to determine
various other quantities of geophysical and astronomical interest. Here we
describe some of these methods and give references Lo the major results so
far obtained.

5.6.4.1. Source Position. Fringe rates and group delays have been used
successfully 1o determine positions of sources of compact continuum radi-
ation since 1969."*7 The accuracy achieved has so far progressed from
uncertainties of several arc seconds down to uncertaintics of about one-
tenth of .1, arc second. In the most recent such determinations.” the authors

* M. H. Cohen and D. B, ShafTer, Astron. J. 76, 91 (1971),
“ H. F. Hinteregger et al., Science 173, 396 (1972).

T M. H. Cohen, Astrophys. Letr, 12, ¥1 (1972)

" A E L Rogers et al., Astroph ). §86, 806 (1973),
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made use of a weighted-least-squares estimator to find the source positions
from sets of redundant data obtained at a radio frequency near 7850 Mtz
(2~ 3.8 cm) with a 3900-km-baseiine interferometer—the so-called ** Gold-
stack " interferometer formed by the 64-m-diameter antenna of the Jet
Propulsion Laboratory in Goldstone, California and the 36.6-m-diameter
antenna of the Haystack Observatory in Westford, Massachusetts.

Fringe phases were first utilized to obtain estimates of the relative positions
of closely spaced, discrete water-vapor masers (4= 1.3 em) in our galaxy.
These emission regions all werc visible in the antenna beam of ecach element
of the interferometer employed. Even though the separate, 3-min VLBI
observations were spaced § h apart, it was possible to determine accurate
relative positions of the distinct regions from the fringe phases. We may
outline the method briefly as follows. The relative fringe phase, A¢(r), between
a pair of the discrete sources, measured al time 1, may be expressed as

Ad(t) = D(Ax, Ad; 1) + & + 2an (5.6.9)

in the strong signal case, where ¢ (<€2n) is the Gaussianly distnbuted error
in the (ambiguous) phase determination, » is an integer, and ® represents
the theoretical value of the relative phase given as a function of the differences,
Az and Ad, in the right ascension and declination coordinates, respectively,
of the pair of sources (other dependences have been omitted for brevity). The
conditional probability density for Az and A9, given the set of independent
relative fringe-phase estimates A¢(#;;) and the assumption that all valves of n
are equally probable, can be written as

{4 Ji o 1

PAz. 85| A9) o o8, 88) x [T 1] 3. —

:l)rln:—r”u

x exp{ - [Ad(r,;) = 2nn — ®(Ax, Ad; 1)) (267}, (5.6.10)

where a; is the standard deviation of the relative fringe phase from the jth
of J; observations on the ith of 7 independent baselines. and where p,(Ax, AS5)
represents the joint @ priori probability density of Ax and Ad determined
from the unambiguous fringe rate data as described in Chapter 5.5. The
relative position is then taken to be that set (Ax, Ad) for which the right sule
of Eq. (56 10) i a maximum. In practice, this sctimate ic pacily ahbtained
by a systematic evaluation of p over successively finer grids in the Ax Ao-
plane. Because of its relatively slow variation with Ax and Ad, p, serves
mainly to delimit the area of search for the maximum of p. Further details
are given by Reisz er al.” who determined the separation of (wo components
0.3 arc sec apart in the radio source W3 (OH). with an error ellipse whose

? A. C. Reisz et al., Astrophys. J. 186, 537 (1973).
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major and minor axes were 0.0003 and 0.0001 arc sec, respectively. A three-
element interferometer with maximum antenna spacing of 845 knu v o used
in this 1971 experiment: Haystack. the Nationa! Radio Astronomy Obser- !
vatory's 42.7-m-diameter antenna in Green Bank, West Virginia, and the
Nava! Research caboratory’s 25.9-m-diameter anienna at Marylar. Point,
Maryland.

For a pair of sources whose angular separation in the sky is not t. real
a two-element interferometer can be used to monitor the fringe phase tor
each source, without the introduction of any 2z ambiguities, by switching
rapidly back and forth from observations of one to observations of the
other. Aside from the obvious conditions on mutual visibility, the linitation

on angular separation is set primarily by the slew rates of the an ~nus form-
ing the interferometer. By subtraction of the [ringe phase | r the
two sources the resultant differenced fringe phase is essentially freed from
the effects of any clock wandering and, for neighboring sources. from almost
all of the effects of the propagation medium. Analysis of this il renced
phase observable can therefore yield a very high accuracy in the « timate of

the relative source positions, approaching that achieved for the discrete
water-vapor maser regions. The diflerence observable, A¢. may be ritten
as

AP(1) = (wBle)|Ax cos D cos 6 sin(A, + Qr — )

- Ad cos D sind cos( A, + Qr — o) + Adsin D ¢
0.11)

where B = |r, — |, 2 and  are the coordinates ¢f the refercn uice,
A, and D, respectively, the right ascension, or hour angle at epoch and the
declination of the baseline, and Q the angular velocity of the earth. V¢ have
omitted terms of higher order in Ax and A0d. as well as others indicated in
Eq. (5.6.1).

For some pairs of sources we find. for example, that A = O(Az*) in such
cases Eq. (5.6.11) for the differenced fringe phasc. accurate to O( . must
be augmented by the term —1 Ax” cos D cos 8 cos(A, + Qr — o) inside the
braces. A similar modification is required for Az - O 17). As mple
illustration, consider the effects on the estimates of Az and Ad ol ai cirorin
baseline direction for the case in which Ad = O(A2%):

dAx~AxdSDtan D, 5.6.12)
(i At) ~ Ax oA cot 1‘_ o1 ‘) :

where 64 and 0D are the baseline direction uncertainties. Thus. for baselines
nearly East West (small D) and high declination sources. the ¢s! s of
Az and Ao are both insensitive to baseline direction errors and to cquivalent
errors in the length of the day and polar motion. discussed in Section 5.6.4.5.
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The pair of compact continuum radio sources 3C345 and NRAO 512 are
separated in the sky by only about 10™* rad, with the separation in declina-
! tion being only 5 x 10™* rad; therefore Ad ~ O(A«?). Four separate sets
of observations that utilized this switching technique with the Goldstack
interferometer (4 >~ 3.8 cm) were carried out on this source pair between
1971 and 1974, and yielded differences in position with an rms scatter about
the mean of under 1.5 and 2.0 milliarc sec in right ascension and declination,
respectively. Theee results obtained by the VLBI Group of the Goddard
Space Flight Center, the Haystack Observatory, and the Massachusetts
Institute of Technology, can be used to set an upper limit of about 0.0005
arc sec/yr on the relative proper motion of this pair and, approximaiely. on
the *“absolute™ proper motion of either source, since it is highly improbable
that their individual proper motions could be coordinated. Continuation of
such measurements, with improvements in accuracy, could lead in the rel:-
tively near future to bounds on, or measurements of, proper motion of | 1
in the determination of the distance scale for extragalactic objects.
If two or more antennas are available at each sitc of an interferometer
array. then the switching described above can be avoided, and any two or
more sources that are mutually visible from every site can be monitored
continuously and the difference fringe phases freed from clock effects if the
' same clock, or frequency standard, is used at a given site to govern the local-
oscillator signals for each of the antennas at that site. The only combination
of this type so far utilized successfully for precision astrometry has been a

: four-antenna combination: two antennas at cach end of the 845-km baseline
formed by the Haystack Observatory and the National Radio Astronomy
Observatory in Green Bank, West Virginia. These observations, carried out
in 1972 at a radio frequency of 8105 MHz (X ~ 3.7 cm) by the above-
mentioned VLBI Group, yielded postfit residuals for the difference fringe
phases of about 20 psec rms (6, >~ 50°); because of systematic effects not yet *
completely understood, the uncertainty of the relative source positions is at :
the level of a few hundredths of an arcsecond. Using such data in conjunction
with an a priori covariance matrix, based on other observations, allows the
baselines to be estimated as well as the source positions.

This ** four-antenna ' technique can also be applied to the detection of
changes in relative positions of source pairs due 1o the changing deflection
of radio waves by the sun’s gravitational field as the line of sight to one or
the other of the sources of a given pair passes near the sun, Such a test was

' performed in September-October 1972 with the Haystack-NRAO configura-
tion discussed above'"; observations of the pair of extragalactic continuum
sources 3C273B and 3C279 yielded nearly the predicted change in relative

e i i

0., C. Counselman, 111 er al,, Phys. Rev. Letr. 33, 1621 (1974).
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position for the period surrounding the occultation of the latter by the sun
on October 8. In particular, this change was found to be 0.99 + 0.03 times
that deduced from the theory of general relativity; a significant limitation
was provided by the fluctuations in the solar corona which occasionally
wreaked havoc on the fringe phases for observations made with 3C279 within
a few degrees of the sun.

5.6.42. Source Structure. Almost all of the compact extragalactic radio
sources observed with the VLBI technique have exhibited fine structure:
for many, this structure changes very rapidly with time "*='* One of the main
astrometric challenges posed by these sources is the mapping of their ©
structure and internal Kinematics so as to provide a solid base for the theore:-
ical understanding of their behavi~r. For radio continuum observations,
this mapping, in principle, encompasses the determination of only the
brightness distribution of a source and its changes with time The brightness
distribution for a very distant source whose radiation is spatially incoherent
is related to the interferometer fringe amplitude and phase through the
well-known Fourier transform relation (see Sections 5.1.2 and 5.5.5)

Mu, v)

([ BCx. vye o dx dy, (5.6.14)

D

where V' is the so-called visibility function whose amplitude and phasc are
the fringe amplitude and fringe phase, respectively. The parameters « and ¢
represent the resolution, say in fringes per arcsecond, of the interferometer
in the East-West and North-South directions, respectively (Section 5.1.1).
The parameters x and y, defined along corresponding directions in the sky.
represent the Cartesian coordinates of the source on the plane of the sky
with respect to some defined origin near the center of the source (Section
5.5.5). Since the source is always confined to a small region of the sky, the
above relation can be inverted to infer uniquely the brightness distribution,
provided V(u. ) is sampled in accord with the requirements of the two-
dimensional analog of the Nyquist theorem. For any given two-clement
interferometer, only an ellipse, or arc thereof., in the wr-plane can be sampled.
Further. only the amplitude of V(u, ¢) can be determined usefully at these
sample points; uncorrelated fluctuations in the propagation paths through
the atmosphere over the two sites makes the fringe phase virtually worthless
for the determination of souree structnre For an interferometer array with
three or more eiements, however, the sum of the fringe phases around a
closed “loop ™" of baselines in the array is virtually freed from propagation

' C, A. Knight ef al., Science 172, 52 (1971),
12 A, R. Whitney et al., Science 173, 225 (1971),
'3 M, H Cohen et al., Astrophys. J. 170, 207 (1971).
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effects and clock errors. This ** closure ™ phase ¢ . which contains informaiion
only on source structure, can be written for three baselines as'*

b = Py a(1y) = Pyalt) + ¢aslty) (5.6.1

where ¢, ,(1;) signifies the fringe phase measurcd on the i/ baseline referred
to the time of arrival ¢, of the signul at site 7.

No VLBI array yet available is able, through the earth’s rotation. 1
sample the required parts of the we-plane to produce a unique brightness
distribution for any source. With the limited available fringe-amplitude and
closure-phase data, one usually resorts 10 parametiized models of the bright-
ness distribution using the data to esumalte the parameters via ¢ i
algorithm such as the maximum-likelihood estimator. The models 1000 o
sist of the characteristics of two or niore point sources of radiation. Gaussianly
distributed sources of radiation. truncated one- or two-dimensiona! serics
representations of the brightness distribution, etc.—the limit is set only by
the imaginations of the model makers and the capabilities of the computer!
One may also parametrize the visibility function itself and, after estimation
of the parameters through comparison with the available data, invert Eq.
(5.6.14) to obtain the brightness distribution.'* The difliculty with these types
of approaches is that the results can be no better than the models, and may
in fact, bear little resemblance to the actual brightness distributions. In the
future, larger, better arranged arrays will come into use. and the modeling
problems will be much alleviated.

5.6.4.3. Satellite Orbits. The VLBI technique can also be used to deter-
mine accurately the orbits of earth satellites if they emit radio radiation
For satellites at synchronous altitude. even cffective radiated powers as low
as a milliwatt, spread over a 10-MHz bandwidth, yield signals comparable
in strength to those received from extragalactuce radio sources

The reduction of the recorded VLBI signals to produce the o!

(see Section 5.6.2) is more complicated for satellites than for natural sources.
The motion of the satellite during the recording must be accou:
explicitly and with reasonable accuracy to avoid **washing out™ of the
fringes: In the cross correlation of the signals (see Chapter 5.5). the a prion
model must include a preliminary orbit of the satellite

The final processing of the observables also requires modification. One
must account in the equations of Section 56.2 for the changing parallax
of the source introduced by its orbit. Although it appears that, for this
application, a geocentric frame would be more appropriate, the refercnce
frame we have chosen produces no particular difficultics since the vectors can

' A. E. E. Rogers et al., Astrophys. J. 193, 293 (1974).
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be expanded in such a manner that the appropriate common parts cancel,
The parameters to be estimated must be augmented to a!ov for the <0 n-
dependent orbital clements; the basic estimator may remain unchanged. If
the a priori orbit was not of suflicient accuracy, the cross correlaton and
final processing can be repeated with the original a priori orbit rep! o by
the orbit obtained from the first iteration.

This application of VLBI was first tried in 1969. From only 7 hr 1 o <r-
vations of the TACSAT | communications satellite which was in a svn-
chronous, nearly equatorial orbit, an extremely accurate orbit v ced:
six-place accuracy in both semimajor axis and eccentricity. a< | y the
consistency of the results obtained from the group-delay and liinge-rate
data, separatelyv.'® The observations were made from three sites (Haystack,
Green Bank, and the Owens Valley Radio Observatory, Big Pine, Culifornia
(longest baseline 3500 km)) over a 10 MHz bandwidth centered at about
7.3 GHz.

The VLBI technique for satellite-orbit determination can be compared
with conventional radio tracking methods and with lacr rarving.' Here,
we shall only intercompare the utility for geodetic appheat LB
observations ol satellites and eatiagalactic radio sources. o0 cosuai

sources have one essential advantage. They have negligibly small proper
motions, and hence provide an cxcellent approximation to an inertial refor-
ence frame. Having the radiation sources on the satellite allows the ta-elies
to be located with respect to the center of mass of the earth. Ties o this
center degrade with the decrease in parallax accompanying an increase in
the altitude of the satellite relative to the length of the baseline; obs 15
of extragalactic sources are completely insensitive to any parallel displace-
ment of the bascline. Similarly, observations of satellites provide seasitic ity
to the earth’s gravitational potential. This sensitivity, however, is a double-
edged sword since, for the determination of baselines. deficiencie: e
theoretical model of the potential are a hindrance.

The most promising approach may be to make use simultancously of
both natural and artificial sources. The satellites can then be located accur-
ately with respect to a stellar frame; relative errors might be kept as low as
a milliarcsecond 1f the satellite passes close to, and slowly by, onc .1 2
natural sources that constitute the inertial frame. One can even en' ion 4
hierarchy of ground terminals for geodetic use: The most sensitive 1ol -
tions can be used to observe both satellites and natura! sources, whil> sme'l,
transportable terminals observe only the stronger signals from sociiios.
With the orbits determined precisely, relative to the inertial frames. by "o
large installations, the VLBI observations by the portable ones ¢

'SR, A. Preston ef al., Science 178, 407 (1972).
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to determine geodetic ties directly. For this latter purpose, the satellites
might be equipped with corner reflectors so as to be suitable targets for laser
observations as well. An important role in the geodetic applications might
also be played here by radio emissions from spacecraft in interplanctary
flight and in orbit about, or emplaced on, other planets.

5.6.4.4. Lunar Applications. The Apolio astronzuts left a number of
transmitters on the lunar surface. Five are still operating and may continue
to do so for many years. They provide the opportunity, through differential
interferometry.'® to set up a selenodetic reference system, to measure accu-
rately the moon’s libration, and to relate the moon's orbital position to the
inertial reference frame formed by the extragalactic radio sources

The signals from these so-called ALSEP transmitters are characterized by
a carrier and narrow-band modulation, with the former containing a small
fraction of the power. The presence of a carrier allows a significant simplifi-
cation in the VLBI apparatus: Instead of recording the signals themselves,
one can compare at cach site the reccived signals from any pair of ALSEPs
and record only the cycle count of the suitably multiplied difference fre-
quency. Voice communication or teletype between sites can then be used to
establish immediately whether all systems are operating properly.

Since the ALSEP transmissions are at S-band frequencies (4 =~ 13 cm), the
ionosphere affects noticeably even the differcnce fringe phases. The trans
missions [rom the different ALSEPs span an interval of 4 MHz, and these
separations can be exploited to reduce the sensitivity of the results to the
ionosphere when, for example, all five ALSEPs are observed simultaneously.

Analysis of the potential of such differential VILBI observations of the
ALSEP transmitters for the establishment of a set of selenodetic reference
points indicates that the uncertainties in the determinations of the vectors
between the ALSEPs should be reducible to about one meter. At the
present level of development of the technique, only dekameter accuracy has
been obtained.'” The uncertainties in the determinations of the moon's
position with respect to the extragalactic radio sources might be reducible
to the milliarcsecond level, but no results have yet been obtained. The param-
eters describing the moon’s libration have also not yet been deduced from
the VLBI observations, but should, when the technique is developed, yield
values perhaps comparable in accuracy to those obtainable from laser
observations of the retroreflectors emplaced on the lunar surface by the
astronauts,

5.6.4.5. Geophysical Applications. The various motions of the earth’s
crust can be separated and measured with great accuracy via VLBL We dis-

¢ C. C. Counselman, 111, H. F. Hintercgger, and 1. 1. Shapiro, Science 178, 607 (1972).
'7 C. C. Counselman, 111, H. F. Hinteregger, R. W. King and 1. 1. Shapiro, Science 181,
772 (1973),
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cuss briefly these motions, the methods of measurement, and the levels of
accuracy so far attained.

The precession and nutation of the earth, due primarily to the solar and
lunar torques exerted on the carth’s equatorial bulge, are manifested by a
movement of the earth’s axis of rotation in an inertial frame. The coordi-
nates of the sources (but not the lengths of the arcs hetween them!) will there-
fore appear to change if the equator of date is ulways used to define the
origin of declination. From the pattern of change, the parameters character
1zing the precession and nutation can be estimated. In actual practice, this
parametrization is added to the theoretical model of the observable, and
values for all relevant parameters are determined simultaneously. The period
of the precession is about 26,000 yr, whereas that of the principal nutation
is about 18.7 yr; thus, a number of years of observation are required for an
adequate separation of the contributions of each to the observed paitern.
Similar statements apply to the other periodicities present in the usual series
expansion of the nutation. Except for the relative insensitivity of the VLBI
measurements to the instantaneons oricntation of the ecliptic, the VLBI
determination of the precession would surpass the optical in a few years,
despite the far longer span of the optical observations. VLBI can also be
used to determine the orientation of the ecliptic (the earth's orbital plane)
with respect to the frame formed by the extragalactic sources. The method
requires point sources of radiation on or near other planets such as could
be provided by the radio transponders on spacecraft landers or orbiters.
Sets of differential VLBI observations of such spacecraft and extragalactic
sources that at times lie nearly along the same line of sight can be used to
infer the orientations of the orbital planes of the carth and the other planets.
Observations of pulsars can, in addition, be used to determine the oricntation
of the ccliptic with respect to the carth’s equator.'®

There are a number of geophysical effects, most as yet poorly understood,
that cause variations in the length of the day and in the orientation of the
earth’s crust with respect to its axis of rotation. These two types of changes
are usually referred to as variations in universal time (UTI) and polar
motion. Mcasurements of UT! and polar motion can be made with VLBI
because of their effects on the baseline vector: The direction (but not the
length!) of this vector will be changed. This effect of UT1 and polar motion
on the baseline contrasts with the effect of precession and nutation which
cause an apparent change in the direction of the sources. Since the direction
of a vector can be described by only two parameters, it is not possible to
determine variations in UT1 and both components of polar motion using
only a single two-element interferometer.

Variations in UTI and in one component of polar motion have been

'" 1. 1. Shapiro, Trans. Amer. Geophys, Un. 81, 266 (1970).
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determined with VLBI from a series of observations with the two-clement
Goldstack interferometer.'” Since this interferometer has a very small
North-South component, the changes in UTI affected mainly the right
ascension, or hour angle, of the baseline, and the changes in poiar mouo
affected mainly the declination. The accuracies achieved seem to have
surpassed those attained via conventional optical techniques.

The tidal bulges raised on the earth by the moon and sun also affect the
baseline, both dircetly and indirectly, through changes in the earth’s orienta-
tion caused, for example. by the effect of torques exerted on the bulge. The
largest effect is due to the semidiurnal tidal component which can introduce
a maximum offset in the baseline of an amplitude of several tens of centi-
meters. This component has apparently already been detected from analysis
of VLBI observations'” but the measurements are not vet accurate enough
to deduce a useful value for the relevant Love numbers. The effects of lateral
inhomogeneitics in the earth, and of ocean loading on “he solid-carth tides,
should both be accessible for study with suitable placement of the inter
ferometer elements and with incicased accuracy in the measurements and
in the calibration of the propagation medium,

The vector baselines have been determined by the VLBI technique fos
sites separated by distances of from 845 up to 8000 km,"®*'? and also for
sites separated by distances of 16 km?” and less. Three-site “ closure " experi-
ments were also performed over transcontinental distances.' The accuracies
achieved on the short baselines, on the order of 5 ¢m in length, are nearly
sufficient for monitoring accurately crustal motions across faults, The bascline
accuracies achieved over the transcontinental and intercontinental distance:
were 20 cm or worse, depending on the signal-to-noise ratio available for
the differcnt interferometers used. The lower limit was actually set by
systematic errors that can be, but have not yet been, sharply reduced by
the use of appropriate calibration techniques (see Section 5.6.2)

To make important contributions to the measurement of crustal distor
tions, or plate tectonics, one must reduce the errors in baseline determination
to the centimeter level through calibration and increases in signal-to-noise
ratios. The calibration of the propagation medium is only a problem n
regard to the neutral atmosphere: all other but the clock effects on the
VLBI measurements can be considered as “*signal ™ for the purposes of this
chapter. Increases in signal-to-noise ratios seem most readily obtainable by
the use of wideband instrumentation recorders,?’ which could provide a
50 MHz or greater bandwidth compared with the 360 kHz or less used in the

“

1L 1, Shapiro et al., Science 186, 920 (1974)

01, B. Thomas, J. L. Fanselow, . F. MacDoran, D. J. Spitzmesser, and L. Skjerve, Jet
Propulsion Lab. Tech. Rep, 32-1520, p. 36 (1974,

2V H. F. Hinteregger, Ph.D. Thesis, Dept, of Phys., Massachusetts lust of Techno!
(1972),
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experiments described above. When such improved systems come into use,
a new era could begin in our understanding of the fine structure of the
earth’s crustal motions and in elucidating, for example. the possible relations
of strain accumulation in the crust and polar motion to carthyuakes and
earthquake prediction.

L U
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Accurate positions of compact radio sources have been determined from very-long-baseline interferometry
(VLBI) observations based on the bandwidth-synthesis technique. The coordinates for 18 extragalactic sources
were obtained from seis of observations spread over the period from April 1972 to January 1975; the scatter
among the independent determinations of the source coordinates from the separate sets of observations is about
0”05, except for the declinations of near-equatorial sources where the scatter is about 0215, Comparison of
our positions with those determined with the Cambridge S-km radio interferometer shows the rms scatter about
the mean difference to be about 0 “04 in each coordinate (nn enurcee of low declination were in common) A
similar comparison of our results with those obtained by the Jet Propulsion Laboratory from separate VLBI
observations yiclds a slightly larger rms scatter, after exclusion of the declinations of the near-equatorial sources.

We also obtained a position 'or the Galactic object, B Persei (Algol), wii h agrees well with the position given
in the FK 4 catalogue: Aa(VLBI - FK4)= — 0001 £0'007 and A= ~0"12+0"09

INTRODUCTION

BSERVATION of compact extragalactic radio
sources via the technique of very-long-baseline
inter crometry (VLBI) offers the possibility to form an
excellent approximation to an inertial frame through
pre e determination of the relative positions of such
sources. VLBI holds the potential for the reduction of
the cocertainty in these determinations to the milli-
sccon -of-arc level. But the results published to date (see,
c.g.. Cohen and Shaffer 1971; Hinteregger er al. 1972;
Co 1972: Rogers et al. 1973), although showing
steady improvement down (0 an uncertainty level of a
tenth of a second of arc, clearly fall well short of this
goal.

I iere we report results from an extended series of
VLot observations that yielded an additional twofold
impr cement: The coordinates of 18 compact extraga-
lactic radio sources were determined with an uncertainty
in cach coordinate of about 0,05, except for the decli-
nation of near-equatorial sources for which the uncer-
tainty is about threefold greater,

A tnique aspect of the present work is the determi-
nati from VLBI observations of the coordinates of the
Gulacuc source g Persei (Algol), a fundamental star in
the |+ 4 catalogue (Fricke and Kopff 1963). This result

allows the VLBI positions to be related direct!y + th.
stellar reference system.

1 OBSERVATIONS AND DATA REDUCTION

Source positions were determined from 18 separate

sets of abservations distribuied between April 1972 an.
January 1975, Each sct spanned one to four days and
involved two, three, or four of the following five antenna
systems: the 37-m-diameter antenna at the Haystack
Observatory in Weudord, Massachusetts: the 64-m-
diameier antenna of the Jet Propulsion Laboratory in
Goldstone, California; the 43-m-diameter antenna of the
National Radio Astronomy Observatory in Green Bunk,
West Virginia; the 26-m-diameter antenna of the Na-
tional Oceanic and Atmospheric Agency in Gilmore
Creck. Alaska; and the 26-m-diameter antenna of the
Chalmers University of Technology in Onsala, Swe
den.

All observations were made at radio frequencies neas
7850 MHz (A = 3.8 em) with left-circular polarization
(IEEE definition), and were recorded using the Mark
I system (Clark er al. 1968). The duration of an indi-
vidual observation was 3 min. A hyvdrogen-maser (re-
quency standard was used at each site for each set of
observations with only a few exceptions. The bard-

599
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TABLE L. Positions of extragalactic radio sources from VLRI observations
Elliptic I Wiptic Number of
Cource Right ascension (1950.0) aberration® Dechination (1950.0) aberration® olutionsh
C 8 3N 16M298850 0000 2¢ 05019 41 19'51.69:0707¢ 0'le 12
NR 1O 140 3 33 22.386:0.002 0018 3208 36 44:0 07 011 )
C1A26 3 36 S8 .937.0.002 0016 ~01 56 16 .79:0 20 004 1
CNRAO 150 3 55 45.235+0.004 0.027 504920.11:0.04 016 i
3o 4 30 31.586:0.003 0019 05 14 59 49:0.19 0ol 14
0l .37 8 51 5§7.231:0.003 002 2017 58.45+0.07 0n.09 1
4C 19.2§ 9 23 §5.297:0.004 0.023 3915 23.73:0 03 0.16 1¢
3C 2738 12 26 33 2464 0002 021943.31:0.13 0.04 8
29 12 53 35.834:0.002 0.001 05310799:0.14 0 .00 !
O 8 14 04 45 .625:0.001 0.009 2841 2941:0.08 0.8 t
0 i72 14 42 50 .496:0.020 gull 1011 12.583:1 36 008 |
NRAO 512 16 38 48.199:0.001 0025 3952 30.23:0.01 0.14 4
3C 248 16 41 17.635¢0 002 ~0025 39.54 10.96:0.04 0.13 15
348 20037 07 49040 006 0032 5108 35 .66:0.03 011 a-
PRS 2134400 21 34 05.226:0 003 nnh17 00 28 25.03:0 .23 0.03 14
VRO 42.22.01 22 00 39 S 0008 0020 420208 .40:0.04 0.15 1
CIA 102 22 30 07.827:0 006 Vo1l 11 28 22 49:0 57 002
31543 22 51 29.533:0.003 0o 1552 54.2440 05 008 14
AThe addition to our results of thew Yutions of elli iberration allows dire¢t comparison with postions siven ina '
with conventional practice in optical astromctiy,
bEach solution was based on the data fron o single experiment of duration | -4 days.
€The uncertainties given represent the root-weighted-mean-square (rms) spread of the individual solutions about cighted
mean, except when only one solution was available. In these latter cases, the uncertainties represent twice the fo tandard
errors which in turn are based on scaling the rms of the postiit residuals to unity
dThis value defines the origin of right ascension and is based on the result for the right ascension of JC 2738 obamed by zard

et al.i1971).

width-synthesis technique, as in our prior work (Hint-
crepger ef al. 1972; Rogers et al. 1973), was used
v oaghout. The precise dates of the observations and
detailed information on the equipment used are given by
R hoertqon (1075)

The data-reduction procedures used 1o obtain the
groupdelay and the fringe rate from cach pair of Mar!
I recordings were as outlined by Rogers et al. (1973) and
further described by Whitney er al. (1976). The algo-
rit! s and computer programs used in the estimation
of 1! source positions from the group delays and fringe
raoare given in Robertson (1975). Typically, for cach
set o Fdata, we used a weighted-least-squares estimator
v . termine the values for the three components of cach
independent baseline, the clock epoch- and rate-offset
parameters for each day for cach baseline, the zenith
¢loorical path length of the atmosphere for eachi site for
cach day, and the coordinates of the relevant sources
Although both the group delays and the fringe rates were
ui' din the analysis to determine source positions, the
fringe rates have, in all but one instance, only an insig-
nif’ o ot effect on our results, The rate data will therefore
be  celvignored in subsequent discussion.

1 RESULTS AND DISCUSSION

14 the first part of this section, we discuss, in wrn, the

™ ns we obtained for extragalactic sources, the ¢
timeied uncertainties in these determinations, and the
o isons between our positions and those determined
indeoendently  with different radio interferometric
l jues. In the second part, we present our result tor

the nonition of Algol and compare it with the I'K4 posi-
!

Our estimates of the positions of the 18 observed ex-
tragalactic sources are gathered in Table I Dot
were determined with respect to the equator of date,
whereas right ascensions were determined v il re pect
toan origin defined by the value given in Table | for 1C
273B. The source coordinates, with the effects of elliptic
were referred back to the mean
equator and equinox of 1950.0 via the standard formulas
for precession and nutation,

The values shown in Table 1 for the source coos
nates, with the exceptions to be discussed below, ¢ich

Vons

vherration remos o4,

separately from the independent sets of observations. |he
number N of such independent estimates is given for
cach source in the last column of Tuble I For v =+ |
cach uncertainty shown in Table | is the rooi-
weighted-mean-square (rms) scatter about the v iphied
mean of the estimates from the independent seis ol ob
servations, Thus, the uncertainty given is not the stan
dard error of the weighted mean which would be sima'ler
by the factor (N = 1)~'/2, Because of the domi ince ol
systematic errors in the individual results, as discussed
below, the quoted uncertaintics are more reliable indi-
cators of the “true™ 70% confidence limits on our coor-
dinate determinations.

The rms scatter estimates of uncertainty piven in the
table can be contrasted with corresponding ones basod
an the postfit residuals or on the signal-to-nose rat.
achieved in individual observations, An rms scatter resulh
was typically found to be about twice the formal s
dard error that corresponded 10 a value of unity for (ne

weighted postfit residuals of the group d 1, 1
single experiment. The achievement of 1! o

unity, on the other hand, typically required a coubing
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of L ¢ uncertainties expected on the basis of the signal-
to-noise ratios for individual measurements of group
delovs,

“rends often present in the postfit residuals (Rob-
ertson 1975) for a given source are also indicative of the
inf! ;ence of systematic errors and lend further support
to « ur choice of the rms scatter uncertainty over either
the twofold smaller formal standard crror or the fourfold
st ler one based on the signal-to-roise ratios from the
me. surements. The causes of such systematic errors are
presumably combinations of the effects of the instabili-
ties of the frequency standards employed., the variations
in the propagation medium, and the drifts in the phase
responses of the receiver systems. [t was not possible 1o
pinpoint the contributions from each cause for cach set
of - bservations. However, in some of the sets of obser-
vations, the effects of long-term (on the order of hours)
clock “wander™ were unmistakable. In analyzing data
from sites so affected, we therefore made use of a dif-
fcn.nung technique (Saapiro er al. 1974, Robertson
1975) in which the group deiays from neighboring ob-
servations were subtracted to form new observables that
were effectively freed from the long-term components
of the clock drifts,

For the sources observed in only one set of observa-
tions (N = 1), the rms-scatter approach to the estimate
of the errors in the coordinates is clearly inappropriate.
In order 10 place the uncertainties in the estimates of the
coordinates for these sources on a basis comparable to
the uncertainties given for the coordirates of the other
sousces, we multiplied the formal standard errors by 2
(see above). We also note that for the single source Ta
which N = 2, the rins scatter was, respectively, some-
what less and somewhat greater than twice the average
formal standard error in right ascension and declina-
tion

Cverall, we note that for 11 of the 17 sources the
uncertainties in the right-ascension coordinates are under
0,1+, and in only one case was 0, | reached or exceeded:
for that source, OQ 172, only a single 3-min observation
had been made, (Thus, in this case, and only in this case,
the mngc ralc played an |mpon.ml role.) With repard
to the declinatic iy CIgl of the 18 uicerai @it It
than or equai 10 005, of the other ten uncertainties, three
are 0707 and five are two- or threefold higher due pri-
marily to the declinations being 5° or under in absolute
virli 2. The remaining two larger uncertaintics are for OQ
172, observed only once, and for CTA 102 which was
ob: “rved in only one sct of observations and has a dec-
lination of only 11°,

e accuracy of these determinations of relative po-
siti ns does not seem to have been degraded by errors in
the tandard expressions for precession and nutation,
Arcengths between the positions of pairs of sources re-
main invariant under rotations of the coordinate system
and these arclengths, for the selected cases investigated,
showed rms scatters consistent with those exhibited by
the individua! J Errors in precesticn and

TABLE I Comparison of VLRI and Cambridge S km
mterferometer® positions for extragalactic radio sources,

Aa(VLBI- Cambridge) A&(VLBI Cambridge)

Source (0%001) 0ol
IC B4 7 8
NRAO 140 2 8
0 287 k) 25b
4C 39 25 6 -1
00Q 208 | 4
NRAOS)2 6 0
3C 345 8 1
VRO 422201 5 s
CTA 102 21b %
3IC 4543 12 6

'I Ismore and R)Ie (I97<;
b Soe text tor discussion

nutation would in any event affect our results only in-
sofar as the errors in the p=scession and nutation changed
during the approximately 3-yr period covered by our
observations. Errors involved in the transtormation to
1950.0 coordinates can be removed simply by trans-
forming back to the corresponding coordinate system for
an epoch, say, at the midpoint of our observation period.
Of course, at any time when more accurate expressions
for the precession and nutation become available, the
data can be reprocessed and all <ffects of such errors
thereby removed. Any inad-auacies in our models for
polar motion and UT.1 are ummportant for the deter-
mination of source positions since we solved indepen-
dently for the baseline coordinztes from each set of ob-
servations. Only the very small changes in the errors in
our models for polar motion and UT.1 over the course
of a single set of observations affect our results for source
positions,

Comparison of the coordinates shown in Table | with
those we reported previously for 12 of the same extra-
palactic sources (Rogers er al. 1971) shows the agree-
ment to be very good. The off: wwere less than, or
comparable to, the 1oot suni s are (rss) ol the quoted
uncertainties in all cases but vt o1 the declination of
3C 120, for which the difference was about 1.4 times the
rss of the uncertainties, Of course, in drawing conclusions
I‘mm this good agreement, one musi bcur in mind that

- ' ;5\
\cumd includes most of the data from the first

The most accurate published values for the positions
of extragalactic radio sources, uilici than ours, are
probably those of Elsmore .ind " v12 (1975). We there-
fore compared our positions with theirs for the ten
sources that were in common in e twosets, This com-
parison is displayed in Table 11 7L agreement is good
in almost all cases, The disagreement between the dec-
linations obtained for OJ 287 is surprisingly large, about
threefold larger than the rss of the uncertainties given
for cach. Furthermore, inn tonc of ot 13 independent
determinations did the declination even reach within
0.05 of the Cambridgc vialue One mip hit suspect that this

dllfucm.c 1s due to a genuine diflerence btl\u.\n llu
conters r X 1Y)

[ ————
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wuree as viewed by interferometers of resolving powers
diifering by a factor of order 1000, However, militating
against such a possibility is our result (Wittels er al,
1975) that OJ 287 is almost completely unresolved,
vielding typically a normalized fringe amplitude of about
09 with our interfezometers. Conceivably, the difference
might be due inst.act or in part, to the difference in radio
[requencies employed: the Cambridge group observed
at a frequency of about 5 GHz as compared with our 8
“"Hz. Perhaps most likely, the uncertainty assigned by
wi least one of the two groups has been underestimat-
ed
The only other coordinate value represented in Table
11 differing by as much as three times the rss of the
uncertainties is the right ascension of CTA 102, but here
any conclusion must be constrained by the fact that we
have only one independert VEBI determimation.,
Omitting from consideration the dechination of OJ 287
and the right ascension of CTA 102, we computed the
weighted mean of the differences between the VLBI and
the Cambridge coordinates and obtained -

Aa(VLBI = Cambridge) ~ 0/006 ~ 0,08,
ANVLBI = Cambridge) ~ =0.02.

T he bias between the right ascension values may be due,
at least in part, to different definitions of origin. Elsmore
and Ryle (1975) yped the right ascension of Algol to
define the originflhcir system. The uncertainty of
about 0,09 in our determination of Algol’s right
ascension, given bel®%, is consistent with this interpre-
tation of the bias. The bias between the declination
values is clearly insignificant for the present level of
accuracy and sample size

With the right ascension bias removed, and still
omitting acyao and doyy7, we find that the root-

ghted-mean-square differences in da cos 6 and Jd

o Ao cos §) & 00003 = 0,04,
o(Ad) ~ 004,

in accord with the uncertainties given for the individuel
Calimales.

Another comparison was made with the results
(Finselow 1973) obuained independently at the Jet
't spulsion Laboratory from VLBI obscrvations made
at « radio frequency of about 2.3 GHz. These observa-
1 s, however, involved only fringe-rate data which are
very insensitive to declinations for near-equatorial
sources; we therefore restricted our comparison of the
declinations 1o those exceeding 10°. For the nine sources
in common, and the seven declinations exceeding 10°,
we obtained

Aa(8GHz = 2.3 GHz) ~ 00002 ~ 0,02,
S8 GHz - 23GHz) ~ 001,

and

TABLE 1. Position of Galactic radio source g Perser (Algol)
from VLBI observations

SIS SToSOUTTLOOmNTTE AT . EITTIEmST LT TR

Coordinate in Elliptic Proper

1950.0 system

Right ascension 03h04MS4s 138:05006 02017 008
Declination 40° 45" 527190708 016 006

A The addition of the elliptic aberration to our results yields
values compatible with the conventional practice in optical as
trometry.

bThe subtraction of these values of proper motion were used
in the conversion of our 1975 04 position for Algol to the
1950.0 position given in the table,

ol da cos 8) &~ 00004 ~ 0,00,

a(Ad) =~ 0,05,

where these quantities were calculated as for the com-
parison of our results with those of Elsmore and Ryle.
We note that the Jet Propulsion Laboratory solution for
the source coordinates incorporated, as a prior! con-
straints, the corresponding optical positions and their
uncertainties, thus yielding an origin for the right as-
cension coordinate different in principle from ours. The
small average difference obtained in the comparison may
therefore be somewhat fortuitous. Similarly, the mean
difference in the declination valucs is smaller than could
be expected on the basis of the uncertainties in our in-
dividual determinations. The rms scatter for the com-
parison of right ascensions is also smaller than the value
expected from the uncertainties accompanying the Jet
Propulsion Laboratory’s individual estimates. On the
other hand. the rms scatter for the comparison of decli-
naticis is close to the vaiue expected.

In addition to the determination of the positions of
extragalactic sources, we also obtained a result for the
Galactic radio source g Persei (Adgol). This source,
which flares from time to time (Hjellming 1972), was
detectable during our scheduled observations in mid-
January 1975 and allowed us to make uselul VLB ob-
servations over a period of about 8 h (Clark er al. 1976).
The values we obtained for the nght ascension and
declination are given in Table 11 with the basis for the
quoted uncertainties being as described above for N =
1. Comparison with the FK4 catalogue position (Fricke
and Kopfl 1963) for Algol yields

Aa(VLBI = FK4) = =00001 & 0:007,
Ad(VLBI = FK4) = ~0712 % 0,09,

where the quoted uncertainties include contributions
from the random errors in the FK4 catalogue position
as given by Fricke and Kopff (1963). Since the more
distant companion. Algol C was separated by only 0,06
from the close binary pair. Algol AB, during our obser-
vations (Bachmann and Hershey 1975), we could noi
determine the origin of the radio Mare within the Algol
system. However, Ryle and Elsmore (1973) concluded
from four separate determinations of the position of
Algo! that the close pair AR was the source of the radio
emission,

aberration®  motion®
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Our results for the position of Algol therefore indicate
tha at least to within 071, our choice of origin for the
right ascension coordinate is consistent with that of the
FK4 catalogue.
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VLBI Clock Synchronization

C. C. COUNSELMAN, 111, I. 1. SHAPIRO, A. E. E. ROGERS,
H. F. HINTEREGGER, C. A. KNIGHT, A. R. WHITNEY,
axnp T. A. CLARK

Abstract—Atomic clocks at widely separated sites can be synchronized
to within several nanoseconds from a few minutes of very-long-baseline
interferometry (VLBI) observations, and to within one nanosecond
from several hours of such observations.

INTRODUCTION

The use of satellites for the accurate synchronization of remote
clocks has been reviewed recently by Easton er al. [1]. We wish to
call attention to a ground-based passive radio technique-very-long-
baseline interferometry (VLBI)—capable of at least equal accuracy.

TECHNIQUE
Time and frequency comparisons between widely-separated sites
can be accomplished by VLBI through simultaneous observations at
these sites of compact extragalactic radio sources. The signals received
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are converted at each site to low frequencies, sampled, and, in present
systems, recorded on magnetic tape, with the frequency-conversion and
the sampling being governed by an atomic clock [2).

The tapes are brought together and each pair, from the observations
of a given source, is cross-correlated to estimate the difference, and its
rate of change, between the times indicated by the clocks at the two
sites at the instants the same signal was received. A set of these delay
and delay-rate estimates from observations of several sources is analyzed
to determine the relative positions of the receiving antennas, the direc-
tions to the sources, the rotation of the earth, and the epoch and rate
differences between the clocks.

The results for epoch differences obtained from our many transcon-
tinental and intercontinental VLBI experiments have been only nominal
because we never measured the approximately constant delays suffered
by the signals in passing through the antennas, receivers, and recording
systems. Differences between these delays at any two sites were thus
indistinguishable from clock epoch differences and were lumped in with
these in the analyses. (The “absolute” accuracy of our results for rate
differences, on the other hand, has been limited primarily by the in-
stabilities of the atomic clocks.) Recently we developed a system for
measuring directly and continuously, and to within a few picoseconds,
the delay between the output of the antenna’s feed and the site clock
[2]. The remainder of the system delay, associated with the antenna
feed and reflector geometry, is stable and can be either measured or
calculated with subnanosecond accuracy. Alternatively, with a trans-
portable antenna and receiver system, one could perform a separate
short-baseline experiment at each site to determine once and for all
the differences between the antenna and feed delays at the various
sites [3]. With these system delays calibrated, VLBI can be used to
synchronize clocks.

If scveral-nanosecond accuracy is desired, then a few minutes of
VLBI observations, and an equal length of time for analysis, are
sufficient provided antenna positions and source directions have been
determined previously. Tape transportation requirements delay the
result for up to several days; however, in an operational system,
results could be obtained almost immediately by the use of telecom-
munications links to relay the necessary data—about 10® bits. To ob-
tain subnanosecond accuracy in synchronization by VLBI, a few hours
of observation are needed, primarily because the variations in the earth’s
rotation must then be estimated simultaneously with the clock-
synchronization parameters [4].

EXPERIMENTS

The potential accuracy of VLBI for clock epoch and rate comparisons
is demonstrated by results from long- and short-baseline experiments.
To show the accuracy obtainable from a few minutes of observations
on a long baseline, we considered the set of nearly 200 delay estimates,
each obtained from a single pair of 3-min tape recordings that we made
simultancously at the Haystack antenna in Massachusetts and the
Goldstone antenna in California during 24 h on the 29th and 30th of
August, 1972 [4]. These estimates were compared with predictions
based solely on our other knowledge of antenna positions, source
directions, etc. The differences scattered by 2 ns (rms) about a straight
line; the intercept and slope correspond, respectively, to the epoch and
average rate differences between the hydrogen-maser clocks that were
used at these sites. This rms scatter indicates the accuracy in epoch
synchronization achievable with only a few minutes of data.

To show the improved accuracy obtainable with a few hours of data,
we divided the data from this experiment into two, disjoint, 12-h sets.
From each set separately we estimated two earth-rotation parameters,
the clock epoch difference at the “boundary” time, and the average
clock rate difference over the respective 12-h period. The epoch esti-
matess differed by 0.7 £0.8 ns, and the rate estimates by (1.1 £0.3) X

The latter result is about at the level of stability then achieved
by the hydrogen masers. The uncertainties quoted in both cases are
formal standard deviations.

The epoch offset results from these long baseline experiments are only
relative due to the lack of system delay calibration, discussed above.
To demonstrate cbsolure epoch synchronization we conducted an ex-
periment jn February 1977 between two Haystack Observatory antennas
1.24 km apart. Here we measured the delay between the output of
each antenna's feed and the hydrogen maser clock and calculated from
the ph) sical dimensions the additional delay associated with each an-
tenna's feed and reflectors. For epoch comparison, three observations
were made of the radio source 3C 273B, with the direction to this
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scurce and the relative positions of the antennas having been determined
in previous experiments [3]. A portable rubidium clock, carried three
times between the sites, provided an independent external determination
of the epoch offset. The difference between the means of the VLBI
and the traveling-clock results was 9 £ 11 ns, about 10 ns of the esti-
mated uncertainty being associated with the rubidium clock. A more
definitive test of epoch synchronization capability, with a portable clock
of much better stability, is obviously desired. Nevertheless, the result
of this experiment, coupled with our transcontinental-baseline results,
indicates that VLBI can be used to synchronize clocks over distances of
several thousand kilometers with errors at the nanosecond level. Further,
we know of no reason why the uncertainty could not be reduced to the
tenth-nanosecond level [S]. Two points should be emphasized: (i) The
clocks need not be hydrogen masers, although, of course, the accuracy
of the synchronization will be limited by the stability of the standards
used; and (ii) The clocks need not be nearly synchronized ab initio; the
VLBI method can be used with the clocks many seconds from synchro-
nization with the only penalty being a small increase in the data-
processing time.

REFERENCES

[1] R
(2]

. L. Easton et al., “Dissemination of time and frequency by satel-
Ii(e "Proc IEEE, vol 64, pp. 1482-1493,1976.
A. R Whitney ef al., ‘A very-long- bmlme interferometer system
ft;l’ geodctic lpplluuons.” Radio Science, vol. 11, pp. 431-432,
[3] A. E.E. Rogers et al., “Geodesy by radio interferometry : determi-
nation of a 1.24-km baseline vector with ~5-mm repeatability,” J.
Geophys. Res., 1977, in press.
1. 1. Shapiro et al., “Tnmcontinennl buehnes and the rotation of
the earth measured by radio interferometry,” Science, vol, 186,
pp. 920-922, 1974, and vol. 191, p. 451, 1976.
C. C Coumelmm. 11I, “Radio’ astrometry,” Ann. Rev. Astron.
Astrophys. vol. 14, pp. 197-214, 1976.

(4]

[s]

P e it e,




77

VOL. &3 Bi JOURNAL OF GEOPHYSICAL RESEARCH JANUARY | 8

Geodesy by Radio Interferometry:
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Ihe 1.24-km base line vector between the two antennas of the Haystack Observatory was determined
from X band radio interferometric observations of extragaiactic sources via a new method that utilizes the
precision inherent in fringe phase measurements. This method was employed in 11 separate experiments
distributed between October 1974 and January 1976, cach being between about 5 and 20 howss in
duration The rms scatters about the means for the vertical and the two horizontal components of the base
line obtained from the 11 independent determinations were 7, S, and 3 mm, respectively, The correspond-
ing scatter for the base line length was 3 mm: the mean differed from the result obtained in a conventional
survey by 8 mm, well within the 20-mm uncertainty of the survey. (The determination of the direction
from the survey was too crude te be useful.) Another external check on our dati was possible, since the
azimuth and elevation axes of one of the antennas do not intersect but are separated by 318 mm. We
estimated this horizonta! offset from the radio interferometry data and found a difference of 10 £ 9 mm .
from the directly measured value, the relatively large rms scatter being due 1o the ~0.96 correlution
between the estimate of this offset and that of (lie vertical component of the base line. Use of a nevly
completed calibration system in future experiments should allow the scatter to be reduced to the
muillimeter level in all coordinates for short base lines. For long base lines, such repeatability should be
degraded only to about the centimeter level if calibrated observations with sufficient sensitivity are made
simultaneously at two frequency bands. An assessment of the accuracy ol either our present or future base |
line results awaits the availability of an accepted, more accurate, standard for comparison. Nonetheless, }

- base line changes can be determined rehiably at anv estihlished leve! of repeatahiliny !
“ I.  INTRODUCTION estimates from all other contributions, such as those caused by
The technique of very long base line interferometry (VLBI) inadequacies in our model of the propagation medium.
has been under development for several years to enable vector 2. DESCRIPTION OF EXPERIMENTS
base lines to be determined between arbitrary points on the o
earth’s crust from observations of extragalactic radio sources In Table | we show the relevant parameters of the antennas
[Shaptro <7 Knight, 1970; Hinteregger et al., 1971, 1972; Sha- and receivers used. The ren}amder of the interferometer systemns
piro et al.. 1974: Thomas et al.. 1976; Ong et al., 1976). A major V2 the same as is described by H’him_«,r et al. [.|976]. At
goal of this continuing effort is to reduce the uncertainty in Haystack the X band (f > 7850 MHz) signals reccived from :
such determinations to the millimeter level for short base lines  !he extragalactic radio sources were converted to base band
and 1o the centimeter level for intercontinental base lines, the (0360 kHz). clipped. sampled, and recorded digitally on mag-
ahservitions extending overabotit 8 Hours or somewhat lessin  Teuc: tape. The same procedure was followed at Westford
each case. We have rcv:cml\ used radio interferometry to deter- c\ccp.l ,‘h;” the intermediate frequency signals were carried by
mine, in |1 separate c\p;'rimcnl.s. thé rather shm} 1.24km :1‘.\uﬁlc|eml). stable cable to Haystack, where, solely for conve- |
base line between the Haystack and Westford antennas of the "M€" the final npcru!mlns on the signals were pcrfurw»d The
Haystack Ohservatory in W estford, Massachusetts. Our pur- IOC_‘“ oscillators used in the lrcqucnc_\. CORVETHON. Wite
pose was Lw« fold: (1 Yo Sethonstrate e élfectiveness of & new switched over about & IO()-MHI range in order to obtain
method we doveloped to use measurements of group MJEqiRte group delay r«v:sulunnnA Lt g .und the phase
delays (sce. tor example, Shapiro [1976]) to eliminate the ‘2x° delays lhrgugh ‘cuch FRIGIVIRG Ey s weos lnpnllorcd cpnlmg-
ambiguit n the far more precise measurements of phase ously by injecting a low-level calibration sngnul. Gerived di-
delays. so that the latter could be employed for the determina- rectly from' lh'e local frequency standard, into the receiver !
tion of th- hise line and (2) to separate, to a high degree. the ‘fron.l end. Lﬂnf()rluncllcl). cable mc:nurcmgnl Synsm 1o |
purely instrumental contributions to the errors in the base line  Wonitor the variations in the delays of the calibration signals |
' incurred between the lrequency standards on the ground and
the receiver front ends on the antennas were not available for
. I“‘\;“““Jv Depistment of Physics. Massachusetts Institute of these experiments. These variations were due to a combinaiion
h_‘hnnll‘,__'L e mhm‘m. N Ecaasbasare '02.15‘).‘ of flexure and tcmpcrqlurc effects. Although each ty pe of efTect
can introduce variations of about 1 cm in electrical path
§ Copyright © 1978 by the American Geophysical Union. length, the cables on the antennas often suffer rupid flexure
Paper numbc: BOSS0 325
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TABLE 1.
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Antenna and Receiver Characteristics

Effective

Receiver
System Noise

Antenna Diameter, m Aperture, m* Mount Temperature, °K
Haystack Ry 500 intersecting azimuth and =75
clevation axes
Westford 18 125 clevation axis offset from =200

azimuth axis

-
effects, as~ociated with changes in pointing, whereas the re-
maining, longer cables undergo slower changes in clectrical
length due primarily to temperature variations.

The ency standard used at Haystack was the NASA
Goddar wce Flight Center NP-3 hydrogen maser; at West-
ford the Smithsonian Astrophysical Observatory VLG-10-P2
hydrogen maser standard was used. The sensitivities of these
dificrently designed standards to pressure, temperature, and
magnetic field variations were measured in separate experi-
ments [/ 7omey et al., 1975]. Under the conditions of our
experiments and for the relevant time intervals of about 1(® to
3 X 10* s (see below) the relative frequency stabilities of the two
standurds were typically of the order of 1 part in 10", Of the
tota! of 11 Haystack-Westford interferometry experiments
performed, 5 utilized these two independent [requency stan-
dards. Unfortunately, owing to an equipment limitation,
which has since been removed. it was not possible to compare
directly the relative behavior of the two standards in a useful
manner during these experiments. In six of the last seven
experiments the local oscillator signals for the receiver systems
at both sites were derived from a single hydrogen maser stan-
dard, in part to provide a comparison and in part because only
one standar« was available for the last few experiments. These

‘six experiments in some ways resemble conventional radio
interferometric experiments. However, the cables used in con-
ventional 1+ rferometry to convey the signals from the single
standard to the interferometer elements are usually sub-
stantially - ter stabilized than was possible for our cxperi-

ments. Ir - case the variations in the electrical path length o!
the cable: d, in effect, to reduce the relative stability of the
‘standard: the two sites to the order of 1 part in 10" over

the releva
In this s

¢ intervals, which were always less than 1 day
wien, all 11 experiments were performed with

independent standards, the relative frequency stability, how-
ever, being about an order of magmitude greater for the experi-
ments that involved only a single hydrogen maser. The 1
tive frequency stability achieved in the lauer experiioe
about | part in 10"*—is, of course, the level of performance 10
be expected from the use of separate state-of-the-art hydrogen
maser standards under controlled environmenta’ conditions;
we expect that such performance will indeed be udtained wiih
the use of separate standards in future VLBI exp:rime ¢

In the present interferometry experiments, observations,
each of 3-min duration, were made alternatelv of a number of

extragalactic radio sources (Table 2). Differe it not dis-
joint, sets of sources were observed in the dilferent coper
ments, and the schedules of the observations for the 1

sources differed from one experiment to the next. in ecach
experiment the spacing between observations varicd from 10
to 15 min. The signals received at the two antenna
recorded at Haystack on separate magnetic tapes, which were
then immediately cross-correlated to determine the group de-
lay, the (ambiguous) phase delay, and the phase delay rate
The processing for each observation was thus completed be-
fore the next observation began, and the performance of the
interferometer was monitored in *real time,” the required nuni-
ber of magnetic tapes being reduced to two. A description of
the processing algorithms employed is given by Whiney [1974]
and Whitney et al. [1976].

were

3. DATA ANALYSIS

The analysis of the group and phase delays and of the phase
delay rates was carried out in two stages: prelivunary on
final, The preliminary stage was designed to enable the 2r
ambiguity in each phase delay measurement to be remor
This goal was itself reached in two steps. In the first step the

TABLE 2. Coordinates of Observed Extragalactic Radio Sources

Right Ascension (1950.0)

Declination (1950.0)

Source Hours Minutes Seconds Degrees Minutes Seconds Cagec e
3C 84 K 16 29.55 41 19 51.6 all
NRAO |0 3 55 4523 50 49 200 all but §
' o5 Fa . U .05 5 14 59.5 all butdand §
0J 287 5 51 57.23 20 17 S84 1
4C 192 9 23 55.30 19 15 3.7 all but 5,6, and 10
3C 2738 12 26 33.25 2 19 43.3 allbut 1, 5,6, and 10
3C 345 16 41 17.63 39 .54 11.0 all
PKS 2131 - 00 2 34 5.23 ) 28 25.0 1.L2.5.8.9 wnd ‘0
VRO4> 0! 2 0 39.39 : 2 LR I. 2, and X
3C 4545 2 51 29.53 i5 52 542 all but 3and 4

See Rogers  al [1973) and Clark et al. [1976]
*The entrie
ing row wu

in every expei ient except the nth and mth

1 this column give the numbers of the experiments, ordered chronolo ically (see Table 3). in which the sovrce in the correspond
erved “All" signifies that the source was observed in al! experiments. “all but n and m" indicates that the source was observed
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Fig. 1. Postfit residuals from the analysis of the (crude) group

delay measurements from a typicai experiment. The numbers refer to |

the observed sources in order of increasing right ascension (see Table
2).

group delays and the (less important) phase delay rates were
analyzed by weighted least squares to obtain estimates of five
relevant parameters for each experiment: the three com-
ponents of the base line vector and the two coefficients repre
senting the differences in the epoch and rate settings of the
independent frequency standards that also served as clocks, or
time standards, at the two sites. For the experiments that
utilized a single frequency standard, epoch and ruie parime-
ters were still utilized because of the unknown difierences and
variations in the electrical path lengths from the standard to
the two antennas, as was discussed in section 2. We will there-
fore refer 'zreafter to differences in clock behavior even for
those experiments in which only a single frequency standard
* was involved.

The uncertainties in the measured group delays ranged from
about 0.1 11 0.6 ns, primarily because of the limited signal-to-
noise ratios available with this system. For the stronger of the
extragalactic radio sources observed, there was also a sub-
stantial fr. -tional contribution to the error from instrumentul
effects, du. principally to the aforementioned lack ol measure-
ment of the variations in the elccirical path lengths of the
cables. Po< i1t group delay residuals from a typical experiment
are shown i Figure |,

The theoretical vaiues for the group delays, based on the
parameter estimates obtained in the weighted least squares
analysis ¢! the measured group delays for each experiment,
had small. uncertainties as a result of averaging. These uncer-
lainties were of the order of 0.15 ns (> 4.5cm). equivalent
phase uncertainty of somewhat more than 2= radians for the
38-cm w. elength of the radio observations. (Recall tha
phase delay s related to phase via multiplication of the former
by the (ar ‘ular) radio frequency of the observations.) The
difference buiween the group delay and the phase delay, due to
the dispersive nature of the 1onosphere and other plasma be-
tween sour  and antenna, appears to be negligible (see section
5) for these (laystack-Westford interferometric measurements
because on' the very small differences between the integrated
plasma der t1es along the lines of sight from the source to the
two antennas contribute to the two delay observables

Despite t - relative crudity of the group delay solutions
proved possible to use them, in the second step of the prelimi-
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nary stage of the analysis, to eliminate the 2r ambiguities in
the phase delays {or cach experiment sepurately. Ve describe
the procedure used, first qualitatively and then itutively
(see also Reisz et al [1973]). We defined a suitable, albeit ad
hoc, function of the inherently ambiguous phase measure-
ments and of their theoretical values detciniined from the
group delay solution. We then varied the estimate of the hase
line vector, upon which the theoretical values of the phases de-
pend, until & maximum of this function was attained. (How-
ever. we did not vary the ‘clock’ parameters about the values
obtained from the group delay solution because the function
was insensitive to these parameters, as is explained below.)
The value of the base line vector that yiclded the maximuri of
the ad hoc function was then used in a straightfore o od manner
to add to the measured phases the appropriate intecer mulu-
ples of 27 so as io remove the ambiguities present in the
original phase observables; the conversion to phase delays
followed trivially. We note that this procedure does not neces-
sarily remove an overall constant delay that would be the same
for all observations in a given experiment; however, such a
constant is wholly absorbed in the estimate of the epoch offset
and has no effect on base line determination
The specific function that we maximized was

N
f(B)E Z w, cos (p, = u,) (1)
-2
the weighted sum of the cosines of the differences between the
residual phases p,, defined below, and 1l wding
‘mean’ values u,, obtained by linear intern noin tit

between the phasors corresponding to the residual phases for
the immediately preceding and following observations. In par-
ticular, we have

prE O™~ o theor 2)

= fan ) lrt L)sinp,,+ (L= t..)sinp, 3)
£ Lty s — 1) CO8 oy + (1, — 1,_y) COS p;, |

where ¢,"™ is the ith of the N values of phase observed in the
experiment (the first and last values contribute ‘o ; only
through u, not directly through p), where

o‘lhrm = (w’/‘.)B‘,‘!‘ -+ d,‘mu ’4)

and where « is the (angular) radio frequency to which the
obscrvations of phase refeircd; ¢ is the speed ol light; B, is the
base line vector appropriate for the reference time ¢, ' the
ith measurement; §, is the unit vector in the direction toward
the source observed at 1,; and @, (= ¢"*° (1,)) is the difference
between the phases of the local oscillators of the receivers at
the two sites, calculated from the two-term clock polyr sonal
whose coefficients were as determined from the gioup ooy
solution. The weights w, used in (1) were calculated from the
differences between the observation times according to

W, |:(Iv.x“ L) = 1,.y) (Y

What are the reasons that governed these choices” The use
of periodic triconametric functions in (1) and (7 Wt
the function [ is insensitive to errors in ¢,"™ that are multiples
ol 2x. The u, were subtracted from the p, 0 as to reduce the
sensitivity of [ to the effects of unmodeled variations in the
relative benavior of the clocks at the two sites; by virtue ol tie
interpolation used in (3) the g, are insensitive to any constant
or linearly increasing errors that might corrupt ¢ (1) het
1,y and 1, .. Because the g, are still sensitive to the next higic
time derivative of the error in ¢™ (1), the weights w, »
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Fig. 2. Same as Pigure | except that the analysis was of the
(precise) phose delay measurements, Note the ditlerence in scale.

chosen to vary inversely with the product of the time it !

between the neighboring observations. The effects of the un-
certainties in the modulo-2r measurements of ¢“™, per se,
were relatively small and hence were ignored in the choice of
weights. Finully, we note that the maximization of (1) 1s equiv-
alent to a minimization of the weighted sum of squares ol the
differences p. — x, when these differences are small.

The maximum of [ with respect to the components of B,
expressed in an earth-fixed coordinate system, was actually
found for each experiment through direct evaluation of f at the
vertices of a (hree-dimensional rectangular grid. The grid spac-
g was approximately 3 mm (10 ps or about & wavelength) in
gach coordinale, and the search region was centered at the
base line solution obtained from the analysis of the group
delays from one of the early experiments. The search extended
+0.8 ns (>~ - 6 wavelengths) in the direction of cach of the two
orthogonal equatorial components of the base hine and £ 1.6
ns {~ +13 ‘avelengths) in the direction of the polar com-
ponent. The uncertainty of the group delay solution wus of the
order of | wavelength in cach coordinate and thus corresponds
to a smali fraction of the region searched. The function [ had a
well-deh naximum within the search region for all experi-
ments excep: the three shortest ones (two utilized independent
standards, 4 d one a common standard): in each of the latter
three cases o local maximum was present in nearly the same
location as it was for the other eight experiments and was
taken as the ‘correct’” maximum to use for further analysis

Given the value B, that maximized [ for a given experiment,
the appropr ate number of 2x to add to each measured phase
was easily determined: ¢,™ was incremented by the integer
number of 2= that mimmized | p,(B,, )l . The conversion of these
values of p! ase to the equivalent values of phase delay was
accomplished, as was indicated above, by division of the
former by w

The phase delays, thus freed from ambiguity, were then
utilized in the final stage of the analysis. The delays from cach
experiment scparately were used in a umformly weighted least
squares analvsis 1o estimate the three components of the base
line'vector and all the coefficients of polynomials representing
the difference in behavior of the two clocks. The number and
the degree of the polynomials used depended on the duration
of the experiment, approximately ! degree of freedom having
been provided for each hour of observation. (For the longer
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experiments, up to three different polynomials were used ¢
span the total duration of the experiment in a nonoverlapping
manner so that the highest degree of any one polynomial used
was equal to 5.) The theoretical values of the delays utihzed (1)
the source coordinates listed in Table 2, as mentioned above,
(2) the smoothed values of UT1 and polar motion published in
Circular D by the Bureau International de I'Heure, (3) stan-
dard models for precession, nutation, and udal displacement,
and (4) a simple model of the cffects of the atmosphere that
also accounted for the small (~ 30 m) difference in the altitude
of the two antennas (see Robertson [1975] for details). The
results were not changed sigmficantly by the addition, to the
set of parameters to be estimated, of the zenith clectrical path
length of the atmosphere over one of the sites, Our results are
also insensitive 10 the uncertainties in the models used (o
represent the carth’s motions because of the shortness of the
base line. Figure 2 shows the postfit residuals from a typical
experiment (see Figure | for contrast), the rms of these residu
als, about 10 ps, is equivalent to about 3 mm in distance

Refore discussing in detail the base line results from this
second stage of the analysis, we remark that they did not ditfer
by more than 5§ mm in any coordinate for any experiment from
he results obtained in the preliminary analysis. The differ
ences stem in part from the use of more terms in the poly-
nomials representing the differences in clock behavior and in
part from the use of a more sophisticated model to represent
the theoretical values of the delays

4. Ristirs

In Table 3 we present the final results of our analysis The
estimates of the base line coordinates from the dilferent experi-
ments aic scattered by more than one would expect on the
basis of the formal standard errors, @ demonstration that the
uncertainties in our results are dominated by systematic errors
Nevertheless, in computing the means and the scatters about
these means we used as relative weights for the individua!
results the inverse squares of the formal standard errors ob
tained from the individual solutiors. This choice was made
primarily so that the weights would refiect, at least qualita-
tively, the sometimes very important Gfferences in the relative
reliabilities of the results from the diflcrent experiments; these
differences are due mostly to the large variations in the number
of obscrvations and in the durations of the experiments. Al-
though the weighted means and those computed with uniform
weightings do not differ substantialiy. the root weighted mean
scatters about the weighted means (hereafter ‘rms scatters’)
were smaller than the corresponding scatters computed with
uniform weighting by an average of about 30%, a result thus
tending to support our use of forma’ weights. With this weigh-
ting the rms scatters for the vertical, the cast, and the north
components of the base line were, in fuct, 7, 5. and 3 mm.
respectively.

In Table 3 we also give the weighted means and rms scatters
separately for the experiments in which two frequency stan-
dards were used (‘unstarred” experiments) and for those thal
emploved a single standard (‘starred’ experiments). The
coordinates of the Westlord site, as well as the distance be-
tween Haystack and Westford inferred from cach experiment,
are displayed graphically in Figure 3, The scatters in the results
from the unstarred experiments range from about 14 1o 2 times
as large as the corresponding scatters from the starred experi-
ments, except for the scatters of 'ongitude estimates, for
which the unstarred experimeits yiclued an anomalously small
spread. That the ratios of the corresponding scatters from the
unstarred to those from the starrcd experiments are far less

—— b A
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TABLE 3. Summary of Haystuck-Westford VLBI Experiments
Number Westlord Geocentric Coordinates Distance Root-Meun
Experiment of — - From Square of
Duration,  Observa- Longitude,” Lattude,” Haystack, Posttit Axis
Dute hours tions’ Rudius, mm 10*° el mm Residuals, ps - Oflsel.* mmn

Oct, 23, 1974 10.5 53 713.1 £4.2 oz I8 736422 813423 1% 132+ 13
Nov 6, 1974 19.3 70 63.2 422 6310 640+ 12 921213 I 1226
Jun, 14, 1978 12.3 40 788 £ 4.1 Ja+ 19 669 + |8 B84 4 2.1 12 2064 13
Jan. 19,1978 6.6 n 86.6 + 2.9 40+ 14 688 + 1.2 86.1 4 1.1 8 W0 & 14
Jan. 30, 147 0%, 70 2 7126+27 2l %12 634120 912422 7 86 4 21
June 14, (97 49 28 854470 6029 63.1 ¢ 36 923+ 40 I8 16 + N
July 11, 1975¢ 14.0 59 8852 2.5 I8 £0Y 622 % 1.1 926+ 1.0 9 269 ¢ |12
July 210 1975 15.0 80 §70+£19 99409 617408 9409+ 08 10 2% 6
Oct. 4, 197¢ 19.5 93 730+£20 146 £09 595409 92+£10 1 07+ 6
Jan. 1§, 1476 8.0 44 707 £ 1.6 18.7 £ 0.6 650107 9441 07 6 10N+ 6
Jun. 16, 1976* 13.0 66 BSx1) 1.7 £ 0.5 649 £ 0.5 94.7 £ 05 5 7 4
Weighted mean + rms 734 £10.1 50+13 67.1 % 3.1 8R2 4+ 3.6 M2 11

(unstarr - only)'
Weighted can 4 rms 759 £6.2 142+ 5.7 63.5+20 9491 17 306 + K

(starred only)
Weighted mean £ rms 754171 127+ 6.3 64.1 £ 2.6 939 + 3.1 W7+ 9

(all)
Survey —VLBI (all) 10 = 30 157 + 170 4247 -84 20 10+9

The st rd errors given are based on scaling the (dimensionless) root-mean-square of the postfit residuals 1o unity

“The geocentric position assumed for the Haystack antenna was the following: radius, 6,368 458480 km; longiude, 71 4886503007 latntude,
42.429358300°, The base line vector extends from the intersection of the azimuth and elevation axes at Haystack o a reference point on the
azimuth axis at Westford that is offset horizontally by 318 mm from the elevation axis (see text). Values of radius, longitude, and latitude
given in these columns should be added 10 6,368,462.400 mm, 71.49428200°, and 42.41901400°, respectively

"On the starred dates the Westford local oscillator signal was derived from the sun

Haystack, by means of cables, such that the relative frequency

the remaining dates, independent frequency slandards were used at the

in 10" (see text)

“Fach observation consisted of a 3-min tape recording of the signal
The signals received at the two sites
terferometric observables,

“For th
dz\[‘l.nc.‘ ent

‘Values in this column should be added to 1,239,300 mm

10ps = 3 mm: ¢ = 299,792.5 km/s

stability between the local osallutors of the two sites was

hydrogen muser frequency standard as was that
] part in 10 Or
two sites, the resulting relative local oscillator stabihity bemng - 1 part

1"

received from one of the extragalactic radio sources listed in Table 2

vere recorded simultancously on separate tapes which were then cross-correlated to determine the in-

base line, 10 * © in longitude corresponds to ~0.82 mm of westward displacement, and 10 * © in latitude 1o ~ 11T mm of necthward

“The Westford axis offsets were estimated in separate solutions from those for which the Westford coordinate estimates are shown. Adding
this axis offset parameter yielded shightly reduced residuals, the relatively large formal standard errors shown being attributable (o the high

correlat
"The weights used 1n the computations of the means were aversely

n (~0.96) between the esumate of the axis offset and that of the vertical component of the base line vector

'
proportional to the squared formal standard errors of the individual

results, the rms given in cach case refers 1o the scatter of the individual results about the mean and does not represent the formal stundard

error of the mean

"The survey was performed in 1967 by R. Pressey, Inc. (see text for discussion of the uncertainties)

than the rutio of the corresponding instabilities of the stan-
dards implies that frequency variations are not the pre-

dominant <ource of error, as is discussed in more detail in
section §
For the semble, unstarred plus starred, we note that of the

three coordinates ol the Westford site, only the esumates of
longitud: n to show a systematic trend with time. We deem
It premat to attempt to attribute any physical significance
to this apporent trend

The ab results indicate the repeatability of our base line
determinations. We purposely sought in these experiments to
vary as IV parameters as possible to expose pulculn.li
sources ol coror thus from experiment Lo experiment we var-
ied the s s observed, the pattern in which they were ob-
served, the nanned bandwidth, and the times of the day and
of the vear in which the observations were made. Nonctheless,
nd cannot climm that the level of repeatability
signities areoracy, To establish the accuracy of our mean base

mostly by definition, an ac-

we don

line resul
cepted (and «f course more accurate) standard of comparison
In our ¢ none exists. Nonctheless, some useful external
checks can ne made. As the first example we note that a
| out in 1967 by R. Pressey,

ehintively reqguires

conventn UTVEY WS Carri

Inc., of Lynn, Massachusetts, The original intent of the survey
was to provide only the length of the base line: for this purpose
a geodimeter was used, and the estimated uncertainty in the
iength so determined was 20 mm. The comparison with our
mean result, given in Table 3, shows a difference of only 8 mm
Fhe survey values for the two components of direction of the
base line may have been far less reliable. R, Pressey (privite
communication, 1967) indicates that an error of almost 30 ar¢
sec may have been made in azimuth, corresponding to un
equivalent distance uncertainty of ahout 180 mm, again larger
than the diference between our results and the 1967 surve
T he uncertminty in the determination of the direction of the
vertical in the survey was unavailable from Presseyv and was
estimated by us to be about § are sec, leading 1o u 30-mm
uncertamty in radius, which s threefold larger than the dille
ence between the interferometer and the survey results. W
investigated the posaibihity of having a more accurate survey
undertaken such that the uncertaintics in the resultunt b
line components would be at the millimeter level. Unfortu-
nately. the estimated cost was nrohibitive, nearly S30 000
Another check « he mterierometer results was possible
because at Westford. as distinet from Havstack, the w/imutl
and elevation axes do not intersect, The elevation axis. accord-
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Fig. 3. Westford coordinates and base line lengths from 11 inde-

pendent determinations by radio interfcrometry of the | 24-km Hay-
stack-Westford base line vector, The results are shown relative to their
corresponding means as given in Table 3 for the ensemble of exper-
ments. The error bars denote | (formal) standard deviation. The
starred dat  indicate that a single frequency standard was used:
see text ano Table 3 for more details.

ing to the construction blueprints for the antenna mount, is
offset hor ontally by 318 mm from the base line reference
point on t * azimuth axis. We therefore included in our theo-
retical model of the phase delay observable a parameter char-
acterizing ¢ length of this offset. The data for each experi-
ment wer eanalyzed with this length as an added unknown
parameter; the results are shown in the last column of Table 3.
The differ ice between the directly measured value and the
weighted 1ean of the esumated values is 10 £ 9 mm, the
relatively = rge uncertainty being due principally to the ~0.96
correlation between our estimates of this offset and of the
vertical cor ponent of the base line vector, The estimates of the
base line ¢ mponents did not change significantly with the
addition of the elevation axis offset parameter. although, of
course, the uncertainties increased markedly.

5. DiIsCuUsstoN OF ERRORS

What ar - the important sources of error in our results and
how migi = ney be reduced? We devote this section to address-
ing this two-part question,

One pot tial souice of error stems from the use of radio
source cor dinates (Table 2) obtained from long base line
experiment< These positions are not necessarily appropriate
for the »! -t base lines employed here: many of the sources
exhibit structure in their radio brightness on a variety of scales:
our short t ~e line interferometer is sensitive to the arc second
structure, w iereas the very long base line interferometers were
sensitive mainly to the milli arc second structure. As Table 2
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shows, we did not observe ali of the same sources i cach
experiment, neither did we observe those common sources for
the same fractions of their diurnal cycles 1n different experi-
ments. Thus source structure effects could have contributed 10
the scatter of our base line results. By the same token, cirors
due 10 source structure would be reduced, by virtue of averag
ing, in our mean results. We sought evidence of sytematic
source structure effects through comparison of the postfit
phase delay residuals from several of these experiments, and
also through possible correlations between the sources ot -
served and the base line results, without success. We therefore
doubt that our mean results were biased by more than 2mm in
any coordinate from this cause (see also section 6). In th
future we can reduce this type of error further by extending the
observations in an individual experiment over a longer perio |
in order to (1) make accurate independent determinations of
the appropriate short base line source positions simultane-
ously with the determination of the base line vector and ()
study the structure of the sources from analysis of the i
amplitude data as we have done in experiments involving
longer base hnes. Unfortunat antenna-scheduling ¢
straints prevented us from utilizing these techniques in
present experiments. We also remark, in regard to sour
structure, that milli-arc-second-sized features in the brightne
distribution can change noticeably in apparent position over
time scales as short as weeks but that time scales for corr
pording changes in arc-second-sized features are expecied to
be about 1000 times longer. Thus if repeatability, not accu-
racy, is Lhe goal, observation of the same sources at the same
(sidereal) times in the separate experiments will ensure that
source position errors make no appreciable contribution to the
scatter of the short base line results.

The propagation medium also contributes to the uncertainty
in our results, However, as was expected (see section 1), this
contribution seems to have been below the level of observa-
bility, The contributions of the ionosphere should be perhaps
tenfold greater in the dayume, especially near dawn and dusk,
than at night: yet no significant dififerences are seen in the
behavior of the delay residuals for the corresponding p
the diurnal cycle. Similarly, no seasonal pattern is discer: »
in the delay residuals, although variations in the water vajpo s
contributions of the neutral atmosphere, the main atmosphcr
error source, are expected to be most pronounced in the sum-
mer (see, for example, Moran and Penfreld [ 1976]). In additio
as we mentioned in section 3, our base line results are not
changed significantly when the zenith electrical path length of
the atmosphere is added to the set of parameters 10 be esti-
mated. I it 1s desired in future experiments, the contributior
of the ionosphere could be reduced further by simultaneou
iione  in widelv separated frequency hand:
whereas the contributions of the neutral atmosphere may per-
haps be reduced further through the use of water vapor radio-
metry. (See section 6.)

The possibiiity of systematic errors duc to undesired was ¢
reflections (‘multipath’) within the antennas und associate !
structures has been explored in several ways, On the basis «
an analysis of other measurements made on the Haystact
antenna, we esimate that multipath effects on our results o
below the millimeter level. Further evidence that these effects
are negligible in the present experiments is piovided by th
facts (1) thut the base line vector estimates derived from th
group deluy dota did not differ significantly from (hose derive
from the phase delays and (2) that neither the group delay nos
the phase delay results showed significant changes when the

nh\r"'\ 1w
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local oscillator frequency switching range (sce section 2) was
changed {rom 78 to |12 Mz,

Changes in the physical dimensions of the antennas with
changes in the thermal environments and with changes in
pointing are potential sources of perhaps relatively large sys-
tematic errors in our results., Such dimensional changes are
important only insofar as they change the electrical path
length between the radio source and a fixed point at a site, We
discuss thermal effects first. These would probably not have
introduced errors that repeated from experiment to experi-
ment, since our |1 experiments were distributed reasonably
well throughout both diurnal and seasonal cycles. Any uni-
form heat  effects probably could be modeled accurately, if
it were neccssary, for future experiments. Differential heating
effects, by contrast, are difficult to model, but because both the
Haystack and Westford antennas are enclosed in radomes,
temperature differences over the antenna structures can be
kept relatively small.

Changes in elevation angle introduce changes in the dimen-
sions of an antenna because of the changes in the gravitations!
loading. Such dnmcnsmrul changes are expected to be repeat-
able, at leust down to the millimeter level. Hence the error in
the estimate of a base line vector caused by such gravitational
‘flexures’ would to this extent be the same for different experi-
ments il the schedule of observiations were kept constant. If the
schedule were varied. then this errer could vary, depending
both on the schedule and on the variation with elevation angle
of the length of the electrical path through the antenna system
For example, if this variation were exactly proportional 1o the
sine of the elevation angle, then the variation in the path length
would mimic exactiy the effect of a vertical displacement of the
antenna.

What are the actual variations with elevation angle of the
path lengths for the Haystack and the Westford antennas” The
only information that we presently have is a set of direct
smeasurements (D, Stuart, private communication. 1976) of the
variation ol the distance 0 between the vertices of the main
reflector and the Cassegrain subreflector of the Haystack an-
tenna as a4 function of elevation angle & at 10 intervals be-
tween 0° and 90°, Over this range the measured variation
differs by ss than the estimated pesk measurement uncer
tainty of 0.5 mm from that given by the formula

Dhy = DOy = =127sinh mm (6)

The radio signal traverses this distance twice. so that the
corresponding length variation for a ray path along the axis of
the antenna 1s given by =2.54 sin & mm. If, for illustrative
purposes, . ) were assumed to describe the effective path
length variation for the entire antenna, the resulting systematic
error in our hase line determinations would then be insensitive
to the obsci ation schedule and would correspond to an ap-
parent shift 1 the position of the Haystack antenna vertically
upward by . 54 mm. We must emphasize that as yet we have
insuffici Ints on the overall gravital Tenuie of the
Haystack ar'cnna. and no data for the \\ullnrd antenna, so
that we are vmhlg at present to place stringent limits on the
systematic b e line determiation error due to flexure, 1t 1s
desired in 1 future, gravitational flexure effects could prob-
ably be calc'ited accurately from an appropriate set of direct
measureme: - on the antennas, In any event the consequences
for geodynamic applications of VLBI are expected to be negli-
gible. Such  cxures. as we have stated, are expected to be
repeatable at icast down to the millimeter level and, whatever
is the form of their elevation angle dependences, would not
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significantly affect attempts to measure changes in base line
vectors so long as the same pattern of observations o used (0
each experiment.

What experimental bounds can we place on any non-
repeatable component of the error in the base hne vector
estimates caused by gravitational flexure? To seck ~ih
bounds, albeit indirectly, we varied the elevation angle distri-
butions from experiment to experiment: a typical samp'e
elevation angle histograms is given in Figure 4. These distribu.
tions are not as varied as one would like, to have maxim sed
the potential contribution of gravitational flexure effects 1o the
scatter of the base line vector estimates from the different
experiments. Yet, one might reasonably conclude that the
nonrepeatable component of the antenna flexure crror in our
mean results is most likely smaller than the rms scatter of the
results.

Two other major sources of nonrepeatable error in our
present results are believed to be the unmodeled and vnimea-

_sured variations in the clocks and cable lengths, respectively

Fo wssess (hese cllects i @ naaner other than noting the
scatter in the coordinates determined from the separate exyer
ments, we also analyzed the phase delay data by the so-culled
difference technique [Shapiro et al., 1974; Robertson, 1975] In
this difierence techmigue, pairs of observations of phase deluys,
obtained at neighboring epochs, are differenced, and the dil-
ferences are analyzed with the weighted least squiies al
gorithm. These (independent) difference observablies have the
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advantage of being largely freed from the effects of long-term
relative drifts in the frequency standards and in the cable
lengths that in effect control the time-keeping at each site. As a
result of ting the difference observables and ignoring the
corresponding sum observables, some information is lost, but
we avoid the need for a large number of parameters to repre-
sent these long-term relative drifts in the effective time kept at
the two « 5. The base line coordinates obtained from the
analysis 0. he differenced observables agreed with the results
from the alysis of the undifferenced observables, on an
experimei - hy-experiment basis, to within 3 mm in all cases.
Weconclude from this agreement that our polynomial repre-
sentation - the effective relative behavior of the clocks satis-
factorily removed the long-term drifts and was virtually equiv-
alent to the replacement of the original observables by
differenced observables. By the same token, it follows that the
long-term fluctuations of the standards used in the unstarred
experiments (see Table 3) did not make a substantially larger
contribution to the scatter of the base line determinations than
did the corresponding fluctuations in the starred experiments.
ese conciusions are also supported by the lack of significant
cwiematic trends in the postfit delay residuals. The short-term
(between observations) fluctuations of the independent fre-
quency standards, on the other hand, may well huve contrib-
uted to the ‘noise’” apparent in the postfit residuals and to the
fact that this noise is greater, on average, in the unstarred
experiments than in the starred experiments. The uncertainties
thus introduced in the base line estimates are not, however,
likely to be highly correlated from experiment to experiment
because of differences in observing schedule and in environ-
mental conditions.

Although we consider it unlikely, there is a possibility that
significant errors, other than those mentioned, could be in-
troduced in the part of the system that follows the feed on the
antenna. ‘Zero base line' experiments can be performed to

*isolate any such errors by bringing the two interferometer
receiving and recording systems together and feeding the same
radio freqg  ncy nois *into both, 1t is also possible to offset in
delay and r..¢ either the noise signal or the frequency standard
input 1o one of the systems so as to simulate the major effects
of the separ tion of the receivers in a real interferometer. Such
zero base 1oc experiments are being planned at Haystack with
the instrumcntation designed so that the results should enable
us to unces r and to reduce to the millimeter level or below
any remaimng important sources of error contributed by the
receiving, r cording, and processing systems per sc. (Some
700 hase line tests have already been performed at Haystack,
but they did not allow for rate offsets.)

The re

con anction with hydrogen maser frequency standards

| S | —— ) 1y

it improved instrumentation and full calibra-
ton, it

that ' | etubsilin P ae

i | I 4
itely enable the combined contribution of all
ror in the determinaiion of short base line vectors
milhme-

should ul
sources
vig our interierometric technigue to be reduced to th
ter level lace this goal in proper perspective. we 1
Eismare Ryle 11976] state. albeit without provison ol
supporting details, that when the equatorial components ol the

e !'LI'

ween the four hixed antennas of their Sk linear
termined by using conventional single-|
10 interferometrys. they agreed in thre parate
iments to within 0.15 mm in ¢ach component

base line
array wer.
standard
sets of ey
Here fle
involved were identical

CLueney

effects were insignificant because the antentas
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6. OTHER APPLICATIONS

The elimination of 2z umbiguities in the phase delay observ-
able, demonstrated here for the short Huysta k-Westlord base
line and for an X band radio frequency (> 7.8 Glz), could
also be accomplished in other situations. For short base lines,
much lower radio frequencies could be used. provided only
that 1onospheric eflects remained negligible: the elimination of
the phase delay ambiguities would be corre.pondingiy easier
the lower the frequency. For long hase lines, two types of
complications arise: (1) the need 10 dotermine the cortrnibution
of the ionosphere when it affects group and phase delays by
amounts not small in comparison to the de! v eq valent of |
wavelength for the radio frequency employc. and () the need
1o estimate other parameters, such as those tor source coordi-
nates, in addition to those for the base line vector and for the
clock behavior. To eliminate 2x ambiguities in the face of
these difficuities, it is sufficient to make group delay measure
ments with uncertainties less than the deley equivalent of |
wavelength and (o make them simultancou iy for ¢och of two
widely separated frequency bands. The nexi generation VLBI
equipment currently being developed by our group—the Mark
1 evstem—will satisfv these critena. This equipinent will
enable observations to be made with about tenfold higher
signl-to-noise ratios at X band (~8 GHz) and at § band (~2
GHz) frequencies simultancously. The major limit on accu-
racy for long base lines will then be due to the uncertainty in
the determination of the effect of the neutral atmosphere on
the delay observahle. Recent studies [Moran and Penficld,
1976; Winn et al.. 1976] indicate that the use of radiometers
and surface meteorological measurements to monitor the elec-
trical path length of the water vapor in the atmosphere [Scha-
per ¢t al , 1970] should enable the uncertainty in the effect of
the neutral atmosphere on the base line determinations to be
reduced to the centimeter level.

The new VLBI equipment, in conjunction with our methods
for ambiguity ehmination, will also allow the measurement of
any regional base lines to be made with sulcent er accu-
racy. One approach is to employ, al opposite ¢ius of a re-
gional base line, two small transportable antennas (diameter
approximately equal to 3 m) that observe sources « multane-
ously with a perhaps remote, bui definielv Lore, b tenna
(diameter greater than or approximutely equal 10 36 m), The
lurge size of the lixed antenna is necossary () oh an ade-
guate signal-to-nose ratio (recall that this ratio is proportional
to the product of the diameters of the 1wo ntenr < forming
cach mnterferometer). The two base lines (0 e 11 <o antenna
could be thousands of kilometers in length, and the determina-
ton of cach from these observations jroun n at the
several centimeter level However, the short ase between

} ’ PN} . {etermined ith mn-t

less uncertainty (<5 mm in 100 km) beci se, b analyzing

only the differences between the simultanec s m rements
made between each of them and the Lixed antonna mest of the
propagation mediom and other undcured ¢ cois on the long
base line measurements would be concoles il ang the
interferometnic phases obtained on the long base hnes is equin -
alent to using the interferome ph v red he short
hase hine, except for possible e, Yiis 8 re see
Raugers et al., 1974]. As an rit . Ol Wi
show, in Figure 8, 0 comparison voon ibie Yha asiied
direct!y with the Huystack-¥ ' th s
obtained from differencing the phases me.ured laiie-
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e ' Fip. 5. Comparison of Haystack-Westford phase delays, measured directly, with those deduced from differencing the
corresponding Haystuck-NRAO and Westford-NRAO measurements. (See text for interpretation.)

ously with the two interferometers formed between Haystack
and West rd, on the one hand. and the 845-km-distant, 43-m-
dizmeter antenna of the National Radio Astronomy Observa-
tory (NRAQO), on the other. The source observed was 3C 8-,
which 1s well knowa to have a very complicated structure at
the milli arc second level (see, e.g., Rogers et al. [1974) and
Pauliny-1oh et al. [1976]). The comparison clearly shows that
the effects of structure for this antenna conliguration are very
small and, il they were ignored, would cause differences of
substantially less than a mullimeter between the base line com
ponents determined from the short base line interferometric
data and those determined from the difTferences of the corr
sponding data obtained from the two long base line inter-
ferometers. Should they ever prove important, such source
structure effects could, however, be largely removed [rom the
data through use of appropriate models of the radio brightness
distribution of the sources und their variations with time
These models are being determined with ever increasing relia
bility from data obtained with VLBI arrays that are now being
used to monitor these compact sources (see, for recent ex-
amples, Wittels [1975), Cohen et al. [1976], Hutton [1976), and
Winrels et al. [1976])

It is quite conceivable that use of this difference technigque
with small transportable VLBI systems could be economically
as well as techmically competitive with any other method avail-
able for = casuring vector base lines with millimeter level accu-
racy. even for distances us small as a few kilometers.
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ABSTRACT

With the Haystack-NRAO interferometer (baseline length of 20 10° 3 at A=3.8 cm)we
observed 37 sources whose declinations were above 50°. Seven of these sources have compact
cores with diameters smaller than § milliarcsec and with correlated flux densities greater than
about 0.5 Jy; the remaining sources have no cores with flux densities above about 0.1 Jy,
the sensitivity limit of the mterferometei. Two of the sources with detected compact cores,
4C 67.05 and 3C 418, were also observed with longer baseline interferometers; the diameter
of the core of 4C 67.05 was estimated to be smaller than 1 milliarcsec and that of 3C 41R
to be smaller than 0.4 milliarcsec. All diameter estimates were based o1 an assumed circular
Gaussian distribution of radio brightness and refer to the contour with brightness density
e ' that of the center. Positions for the detected sources were also obtained from the
interferometric data, the uncertamty in these coordinate cstimates ranging from 0.04 to 0.6
arcsec. The compact core detected in 3C 3903 was found to lie near the center of this
extended (approximately 4 arcmun in diameter) double radio source, and to be coincident (o
within 1 arcsec with an ¥ gacvy previously identified with 3C 390.3.

I INTRODUCTION

Applica jons of very-long-baseline interferometry
(VLBI) to astrometry and geodesy benelit from (he
availabilit of compact radio sources spaced as widely
as possibl in declination. In the past, there were no
known strong radio sources above about 50° dechination
for which compact components had been detected at
X-band. T herefore, in October 1974, we used an inter-
fcrometer with an 845-km basehine (20 X 10 A at A =
3.8 cm) to search for compact, high declination sources.
Such sources also have a fagh probability of being in-
teresting trophysical objects since most sources ob-
servable w 'h VLBI have variable flux densities and often
variable ¢ mpact structures as well,

Il OBSERVATIONS

We obs. ved 37 radio sources with declinations above
50° using ihe Haystack Observatory's 37 m-diameler

® Now st 5 National Geodetic Survey, NOS, NOAA, Rockvilie,
Maryland 2082

S60  Asti ) BVi6), June 1978

0004-6256/78/8306-0560500.90

antenna in Westford, MA ard the National Radio As-
tronomy Observatory's 43 m-diameter antenna in Green
Bank, WV (HN mterferometer). The observations,
made with left circular polarization and centered at a
frequency of 7850 MHz, utilized our band-width syn-
thesis technique, and emploved the Mark | recording
system (Whitney 1974; Wittels et al. 1975; Whitney et
al. 1976) For cach source, one to four three-minuie
tapes were recorded. Results for the seven sources for
which fringes were detected are given in Table I the
positions obtained are also shown [sce Rogers of al
(1973) and Clark et al. (1976) for descriptions of the
astrometric method used |

Our position for the compact core of 3C 3903 is
shown in Fie. | superposed on a radio-brightness map
of this source obtained from observations at 1407 MHz
with the Cambridge 1-mile interferometer (Macdonald
et al. 1968). This position is coincident with that of the
near-central radio component observed by Harris (1972)
and with the location of an N-galaxy (1874537193 4
06, 79425 5 4 9, Lu and Frederick 1967) thus con
firming the optical identification.

1918 Am Astron S 560
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TasLE | Sources with detected compact cores in October 1574

Total  Projected Baseline
flux Position  Correlated
Source density®  Length an}l: flux density* Optical
name a* (1950.0) 3 (19500) v (10°0) Uyl identification®
4C 67:05 02824m41014(2) 67°0773938(4) 193 ~ 198 268 195
.- 199 267 i97
2.1 193 1.46
21 192 1.50
4C 55.16 08 11 04 34(2) §54441.3(2) 349 219 199 1.39 Galaxy'
219 197 21.03
185 266 111
80 267 097
3C 3091 14 58 $6.66(6) 71 52 11.4(5) 1.18 219 207 0.75 QSO (z = 0904) v
219 200 0.73
3C 1807 1861(8) 69 48 57 1(4) 1.46 217 226 1.38 N Galaxy'®
3C 3902 1845 17.7(2) 79 4306 5(%) 126 21.1 225 040 N Galaxy (z = 0.057)tc4=
il 224 05
OW 65~ 2021 13.7%(S) 612720 1(1) 191 219 232 0.8y Galaxy'"
219 231 0.92
418 2037 07.450(6) S1.08 35.66(3) 13§ anS 247 141 Candidate QSO's)
216 246 ] 44

* a and J are the night 2scension and declination. res;

ctively, calculated from the delays and delay rates obtained in the 1974 October e

nt, except for 3C 41% whaose position ts from Cluch o7 al 1976 The numbers in parentheses are the formal standard errors in the last

ugmh ant hgures shown. Elliptic aberration has been remos ed

® The srror in total flux density is about 0.08 Jy not including the effects of possible pointing errors, which were estimated to be no more

than 10% of the half-beamwidth 2t ha!l- nower of either telescope

€ The uncertamnty in each correlated flux density 15 2bout 5%, not

4 The reterences 2re: (a) Veron (1971); (b) Burbidge and Burbidge
(19713 (1) Radivich and Kraus (1971), and (g) Knstian et al. (1974)

€ A large number of parity errors resulted in an unknown decreasc in the magnitude

1676)

All the sources listed in Table I, except perhaps 3C
371, are po.tially resolved by the HN interferometer. A
summary of other successful VLBI observations of these
sources is given in Table I1. The remaining 30 sources,

45 :—Y_~—_T’ﬁ’.'—‘l’_" = |

F’ ,t,,..

N TS -
\ \\I
\
\
l 4
/
£
18"a5™
FiG | radio brightness mapof 3C 390 3 obtained by the Cam-
bridge | e interferometer operating at a frequency of 14 GH7

(courtesy of Macdonald er al. 1968) The cross marks the optical po-
sition of 11 N-galaxy (Sandage 1966; Lu and Fredenick 1967), the
radio posto n of the near-central component observed at 2.7 and 5.0
Gz (tHarns 1972), and our position for the compact core obscived
at 8 GHz The local brightness maximum in the map just to the
northw. the cross may be due to sidelobe structure in the Cam

bridge inie: ‘erometer ( Harris 1972) The asterisk marks the position
2veninan RAO source hist (1971, unpublished), which is offset from
that of ' ompact core by almost | arcmin

g effects of posail R ErTOTS
i969); (¢) Wyndham (1900), (d) Sandage (1966}, (¢) Penston er af

f the correlation (sce Wittels 1975 and Wattels ef ai

for which any correlated flux density was below the de-
tection limit of about 0.3 Jy, are histed in Table 111

Two of the sources with detectable cores, 3C 418 and
4C 67.05, were also observed with higher resolution in-
terferometers. The resulting correlated tlux densities are
presented in Fips. 2 o nd are discussed below: the
observed closure phases were not significantly differer
from zcro. Relevant auxiliary wformation s given in
Table IV.

TasLe Il Summary of other VLBI observations ol coing
cores in udn) sources at high dechnations

Total Correleted
baseline Mux
length density
Source Mem) (10%)) (Jy) Reftrm o
4C 67 08 13 100 >0.1 (a)
4C 5516 13 28 14 (b)
13 100 >0 (=
3C 309.1 13 100 01 (c
12 4.19 790 1.2 (d)
3C 370 38 100 05 ()
13 25 0s W
13 100 >0.1 (a)
3C 3903 37 4 06 n
0 6 0.6 (g)
6 100 02 (h)
1 100 >01 (c)
OW 637 i3 100 201 (a)
ICAIR 13 100 >0.1 o

* References are: (a) Preston et al (1975). (b) Broderick er a!
(1972). (c) Preston (1977); (d) Kellermann ez al (1971).(e) € "0
etal (1971). (N Kellermann ez al. (1975), (g) Schli 21 (1971 d
(h) Preuss et al (1977)
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— TABLE LIl Sources with no detected compact cores in October 1974, -
_ Projected bascline
Total Position
Source flux density®  Length angle Position Optical
name o (1950.0) & (1950.0) y) (10°)) ()] reference® identification®

AC 1Lt 00402™5412 63420y 0.39 219 228 A
3G56.02 0107343 56 16 05 0.95 210 253 BDFL

21.8 238
4C 72.02 0122170 723106 0.18¢ 21.2 230 aWCp
4C71 M 02136190 7150 30 0.19¢ 20.7 253 (P
3C 9 C3 34017 50 36 04 095 212 250 M Obscure Field®
4C 67.09 0341525 67 56 44 <0.04° 208 254 BDFL Galaxy'®
4C76.03 0403574 76 46 54 045 207 250 FM
4C 7408 0407050 744323 2.10 19.0 294 4C

214 213
4C 6010 06 39 366 5958 28 041 188 275 BDFI
4C69.10 06 55 50.4 69 56 33 0.26 19.8 270 BDF1
4C 56.16 0745500 560200 048 19.5 267 aC Galaxy™®
C2n 0951430 69 54 59 1.82 220 203 BDFL Galaxy®

189 284
4C 55.17 0954155 S53706 1.77 218 184 BDFI Candidate Q50!

186 274
DA 302 1'25413 0.14¢ 220 178 BDFL

17.0 289
3C 263 1137108 053 221 178 BDFL QSO (z =0 643)®

17.1 300
4C 55.22 i152469 <0.04¢ 17.3 28 BDF! Galaxy'®
3C 268.1 1157485 0.51 219 . PWH

18.6 293
3C 282 1306313 6600 10 0.26¢ 20.7 25§ BDFI Galaxy'®!
4C62.22 1358578 622503 087 213 246 BDFI

22.1 16
3C 295 1408 33.6 522 14 361 20.6 257 BDFI Galaxy!"
3C 34 1634014 625143 0.67 21.7 237 BDFI Candidate QSO'®!

22.) 203
3C 3421 16375510 6240 34 0.57 203 261 BOFL Galaxy'®’
3C 6] 1747 321 594416 0.31¢ 221 204 PWH
4Cc 53 42 17 54 001 5306 40 026 21.8 203 PWH
3C 383 1833 3. 1343 40 22.1 - 202 BDFL Galaxy'®
4C 55.38 1915 49.0 5513742 47 220 209 4C
3C 402 1940227 S0 79 40 0.56 218 212 BDFL Galaxy'®
Ca»m PARREEER ) 6202 3> 043 211 250 BDFI

21.6 239
3C 440 2201 504 622557 065 219 231 BDI1 Galaxy'™
IC 468 1 2348 26 R 64 23 37 0.39 21.5 241 BDFL

3 a and i .. ¢ the right ascension and declination. respectively, used for pointing during the experincnt

® The error in the total flux density is about 0.08 Jy, not including etfects of possible pointing errors. Values given as <0.04 indjcate that
no total power above the 0.04 Jy threshold of detectability was observed at that position

€ The references are: 4C— Gower et al. (1967); 4CP —Casweli and Crowther (1969); BDFL - Bridle er af (1972); FM- Fomalont and

Moffet (19771, and PWH -Pauliny-Toth et al. (1966)

4 The rel: -ences are: (a) Wyndham (1965); (b) Caswell and Wills (19671 (<) Veron (1971). (d) Hiliner er al (1966): (e) Wills (1967).
(N Minkow. 1 (1960). (¢) Knistian and Sandage (1970); and (h) Veron and Veron (19785).

¢ These sources proved 100 weak for any core 10 have been detected

1. DISCUSSION

The data “rom the October 1974 experiment allow us
to estim: ‘e 1« maximum size for the core of each of the
seven sources for which fringes were detected: assuming
that the radio brightness distribution of each of these

compact « .+ s can be represented by a circular Gaussian
function yiv'ds ar. upper limit of about 5 milliarcsec for
the diameter of the contour of brightness density e=!/?

times that of the center (hereafter “diamcter™). The
additional observations of 3C 418 and 4C 67.05 allow
us to draw more detailed conclusions about the structure
of these sources. The existence ol another, lower reso-
lution, studs (Harns 1972) of 3C 390.3 also allows us
to make coitain comments on its structure.

The data fo- 3C 418, obtained from VI Bl observi-
tions over transvontinental and intercontinental baselines
spanning, at tirnes, Goldstone, California to Onsala,
Sweden, disclose @ very compact core that contributes
a correlated flux density of about 1.8 Jy and has a di-
amecter smalier than 0.4 milliarcsec. .

The maximum in the correlated flux density for 3C
418 observed with the HN interferometer at a resolution

{ corresponding 1o the maximum for that bascline is
indicative of the presence or an asymmetric, extended
component. Subtracting the core flux density obtained
with the longer baselines from the correlated flux den-
siiies obtained with the HN interferometer during the
same experiment, and matching the remaining 2.3 Jy of
the total flux density to an elliptical Gaussian model of
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were bas on the data froin August 1973 and a point-core, elliptical-gaussian-halo model of the radio brightness distribution

the radi drightness, gives a halo with diameters of about  within the uncertainties, by a decrease in the total flux
10+ 5and 4 + 2 milliarcsec. the major axis being along  density of the source (Table IV and Fig. 2) and may in-
a position angle of 15 + 4 deg. The decrease in the cor-  dicate variability of the compact core.

related ¢ ix density measured by the HN interferometer The correlated flux densities obtained from observa-
between August 1973 and Ociober 1974 is matched, to  tions of 4C 67.05 (see Fig. 3) indicate that this source has

TABLE IV, Auxiliary information on =xperiments

Frequency Polar- Total Flux Density (Jy)
Experiment Date Antennas* (MH2) ization® Symbol* Jc4is 4C 67.05
4-5 Fel y 1973 GH 7850 L A 39402
1031 Murch 1973 Git 7850 k. y 38402
17-23 May 1973 GHS 7850 I o 37402
10-14 August 1973 GHING 7850 L t 41202
262800 ber 1974 HN 7850 | x 34401 19+0.1
24 August 1975 GH 8420 R + 19202
15-16 October 1975 GHN 7850 R o 2140, |
* Here the 64 m diameter antenna in Goldstone, California; H = the 37 m diameter antenna in Westford, Massachusetts; N = the 43 i
a.diame: antenna in Green Bank, West Virginia; S = the 26 m diameter antenna in Onsala, Sweden K
" Here o = night circular and L = left circular polarization.
€ The bols uppear in Figs. 2 and 3. J
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“t 2 based on the data from October 1978 and MNiptical Geussian

model of the ratio brightness distribution (see text)

a compact core which is partially resolved by the trans
continental interferometers: the correlated flux densities
on cach o these two baselines (Table 1V) exhibited a
maximum near minimum resolution. A four-parameter
elliptical €. ussian model of the source, when matched
in & least- juares sense to the correlated flux densities
and the ¢! ure phases from October 1975, shows that
the core ¢ iributes 1.72 4 0.05 Jy 1o the correlated flux
density ar ! has diameters of 0.6 + 0.2 and 0.2 £ 0.2
milliaresec <ith the major axis having a position angle
of =17° + 77 The correlated flux density predicted from
this mode! 1 shown as the solid line in Fig. 3. Due to
unexplaincd. and different, decreases in the correlated
flux densities for the data from the different baselines
involved in this experiment, these data were scaled based
on the ax+ aptien that the compact structure of PKS
2134 + 004 15 not time variable (see, for example, Wit-
tels et al 5). If this scaling procedure is correct, the
60% increa - in correlated flux density, found with the
HG interfcr meter bet  en August 1975 and October
1975, indic .es that an outburst was in progress. Miti-
gating agair  the correctness of this procedure, however,
is the fac. 1t the total flux density probably increased
by no more than 20% in this time interval (see Table
V).

L ow-resolution observations of 3C 390 3 by Harris

L-' T o 5 p— ‘-’ B S T Y — e~ e e e e e ——

(1972), as mentioned in Sec. 11, disclosed a component
coincident with the compact core we observed. This
component had a flux density of 0.35 £ 0.1 and 0.35 &
0.05 Jy, respectively, at 2.7 and 5.0 GHz. In combination
with our (average) measured value of 0.51 £ 0.05 Jy at
7.85 Gz, the flux densities suggest either that the
spectrum of the core is inverted or that the flux density
is variable in this frequency range. With the values used
by Harris for the redshift of 3C 390.3 and for the Hubble
constant, 0.057 and 100 km s=! Mpc~!, respectively, we
can reduce the upper limit on the diameter of the core
from 2 kpc to about 3.5 pe, still well above the 0.3 pe size
assumed by Harris in his computation that yielded an
energy within the core of ~10%% erg.

IV. CONCLUSIONS

VLBI observations, over a baseline of length 20 X
10°\ at A = 3.8 c¢m, disclose compact cores in seven out
of 37 candidate sources with declinations above 50 deg
For these seven sources, the cores have diameters csti-
mated to be smaller than about S milliarcsec and flux
densitics between about 0.5 and 2 Jy (see Table 1). In one
of these sources, 4C 67.05, the radio brightness of the
core can be adequately represented by an elliptical
Gaussian function with major diameter smaller than |

s T WPupIrpp——
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mllh.m.\u For another such source, 3C 418, the com-
asadia meter smaller than Vo dddinacy dihd
is accompunied by an asymmetric extended component.
For the 30 other sources, an upper limit of about 0.3 Jy
was placed on the flux density of any compact core.
Caution should be exercised in drawing statistical in-
ferenc.. bout the fraction of sources with compact cores
whose accompanying flux densities exceed a given limit
since the sample discussed here was incomplete and was
selected with no consideration of possible bias.

We nr. indebted to the staffs of the participating ob-
servatories for their important aid. Some of the obser-
vations - ported here were made as part of the Quasar
Patrol sponsored by lhc National Aeronautics and Space
Administration and the Jet Pr spulsion Laboratory. The

experimenters at the Massachusetts Institute of Tech-
WULUEY WCIC SUppPOiicd 10 part DY Lic cveduna oucnee
Foundation, Grant DES74-22712, and in part by the
National Acronautics and Space Administration, Grant
NGR 22-009-836. Radio astronomy programs at the
Haystack Observatory are conducted with stpport from
the National Science Foundation, Grant MP5 7102109
A07. This work also represents one phase of research
carried out at the Jet Propulsion Laboratory, California
Institute of Technology, under Contract NAS 7-100
sponsored by the National Aeronautics and Space Ad-
ministration. The National Radio Astronomy Obser-
vatory is operated by Associated Universities, Inc., under
contract with the National Science Foundation. The
VLBI program at the Onsala Space Observatory is
supported in part by the Swedish Natural Science Re-
search Council and the Sw dish Board for Technical
Development.
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PreciSioN SURVEYING UsING RADIO
INTERFEROMETRY "
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Alan E. E. Rogers," Irwin 1. Shapiro,"

Alan R. Whitney,"" and Jill J. Wittels"*

INTRODUCTION

Very long bascline interferometry (VLBI) is one of the most promising tools
now under develcpment for making global scale geodetic measurements. It was

Note—Discussion open until April 1, 1979. To extend the closing dite one month,
a written request must be filed with the Editor of Technical Publications, ASCE. This
paper is part of the copyrighted Journal of the Surveying and Mapping Division, Proceedings
of the American Society of Civil Engineers, Vol. 104, No. SU1, November, 1”78, Manuscript
was submitted for review for possible publication on November 22, 1977,

“Presented at the October 17-21, 1977, ASCE Annual Convention, Exposition and
Continuing Education Program, held at San Francisco. Calif.
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“Research Assoc., Dept. of Earth and Planetary Sci., Massachusetts Inst. of Tech.,
Cambridge, Mass.
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Principles of Very-Long-Baseline Interferometry

Irwin L.

Shapiro

Department of Earth and Planetary Sciences
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

Abstract. We present the basic princi-
ples of very-long-baseline interferometry
as related to its use in the determina-
tion of vector baselines, polar wotion,
and earth rotation.

Introduction

Ten years ago, almost to the day, the
first successful bandwidth-synthesis VLBI
measurements were made. It is thus appro-
priate to now review the principles under-
lying the technique. The review will be
restricted to aspects relevant to geodet-
ic applications that involve observations
of extragalactic radio sources. In such
applications, arrays of two or more radio
telescopes observe any given source simul-
taneously. From sets of observations of
a suite of such sources, one can obtain
the desired geodetic information: base-
line-vector, polar-motion, and earth-
rotation parameters.*

We shall first describe briefly the in-
strumentation used in these observations
and then discuss the basic observables
and their simplest interpretation. Fi-
nally, we consider some complications
of the interpretation due to the various
geophysical "signals" and non-geophysical
"noise" that affect the observables.

Instrumentation

A VLBI system consists of an array of
at least two antennas that observe the
same radio source simultaneously. A di-
rect electrical connection is not main-
tained between the antennas, thus allow-
ing them to be separated by thousands of
kilometers. The local-oscillator signals,
used at each antenna to convert the radio-
frequency signals from the source to the
video (low-frequency) band, are derived
from a frequency standard at the site.
These standards are sufficiently stable
that the relative phases of the signals
from the source received at the two an-
tennas are preserved.

*Several groups are currently engaged in
such geodetic applications of VLBI: (1)

A group from the Goddard Space Flight Cen-
ter, the Haystack Observatory, the Massa-
chusetts Institute of Technology, and the
National Geodetic Survey; (2) a Jet Pro-
pulsion Laboratory - National Geodetic
Survey group; and (3) a Canadian-British
collaboration. A European consortium is
also being organized for similar purposes.

on the Applications of

9th GEOP Confi An Inte
O ' Science Rept. No. 280, The

/| Svmp.
Geodesy 1o Geodvnamics, October 2-5, 1978 Dept. of Geodelic
Ohio State Univ . Columbus, Ohio 43210,

The video signals are recorded on mag-
netic tape at each site, with the refer-
ence time for the recordings being de-
rived from the same standard as is used
to govern the local-oscillator signals.
The tape recordings are then transported
to a common center where those recorded
simultaneously are cross-correlated to ob-
tain the basic VLBI observables.

Observables

The basic observables in geodetic VLBI
experiments are (i) the difference in the
times of arrival at two antennas of a sig-
nal from a source; and (ii) the rate of
change of this time difference. The
measurement of the time-of-arrival dif-
ference can be of two types: the phase-
delay difference or the group-delay dif-
ference. The phase-delay-difference ob-
servable (hereinafter "phase delay"),
being based on measurements of phase, can
be obtained very precisely, but usually
ambiguously, due to the inability to re-
solve the "2mn" problem. The group-delay-
difference observable (hereinafter "group
delay")is usually determined with less
precision than is the phase delay. But
the group delay, being determined by the
rate of change of phase delay with fre-
quency, is usually unambiguous. To ob-
tain reasonable accuracy in the measure-
ment of group delay it is necessary to
make phase-delay measurements over a wide
band of frequencies simultaneously, or
nearly simultaneously, since the uncer-
tainty in the group-delay measurement is
inversely proportional to this bandwidth.
In practice, only a relatively narrow
band of frequencies can be recorded. But
this biénd can be split up into narrower
bands which are spread over a very wide
band. This “echnique is called bandwidth
synthesis. In the newest, Mark III, sys-
tem (see below), 28 r irrow bands, each 2
MHz wide, are being (listributed over a to-
tal band of up to 40 MHz. If the error
in the measurement of phase for any one
band is o(¢), then the error o(7,) in the
measurement of the group delay will be
given by o(1g) ~ o0(¢)/Af, where Af is the
rms spread o% the center frequencies of
the inaividual bands about their mean.
Because these individual bands do not cov-
er the entire spanned band, the estimate
of the group delay, too, could be ambigu-
ous. However, a proper choice of the
spacing of the individual bands, as ex-
plained below, can insure that any inher-
ent ambiguity can be eliminated reliably.

The difference of the phases of the
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signals that would be receivad at two an-
tennas as a function of frequency exhi-
bits curvature due primarily to the ef-
fects of the earth's ionosphere: the low-
er the frequency, the shorter the phase
delay. The actual shape of the phase vs.
frequency curve for VLBI observations
will depend on the relative amounts of
plasma between the source and the two
sites. But with appropriate spacings of
the narrow bands, one can "connect" un-
ambiguously the phase at one band with
those at all the other bands. For exam-
ple, bands spaced in accord with a geo-
metric series allows use of a bootstrap
technique to connect phases first between
the closest bands and then between the
more widely separated bands through use
of the characteristics of the curve es-
tablished by the connection between the
closest bands. Of course, the "absolute"
phase would still be uncertain by mul-
tiples of 2n, but the relative phases be-
tween bands would be freed from any such
ambiguity. Only the relative phases af-
fect the group delay which is equal to
the slope of the curve of phase delay vs.
(angular) frequency.

Information Content

We now consider the information con-
tent of the observables under simplified
assumptions. In particular, let us ig-
nore the propagation medium and assume
that the earth is rigid and rotates with
a constant, known, angular velocity. We
may then write the expression for the de-
lay observable as a function of time as:
te) = B es + ¥4 ¥ (e, ()
where B is the baseline vector connecting
a pair of antennas, s is a unit vec or in
;hf direction of the source, and r and

are, respectively, the Offletl in
epoch and rate of the clock at one site
with respect to those at the other site.
This equation represents a diurnal sinu-
soid added to a straight line. The first
term in the equation contributes the di-
urnal sinusoid due to the rotation of the
baseline vector in inertial space. The
slope of the straight line is due to the
clock-rate offset and the intercept is
due to a combination of the clock-epoch
offset and the product of the polar com-
ponents of and s. Clearly this curve
can be specified by four parameters:
the intercept and slope of the straight
line, and the amplitude and phase of the
sinusoid. (We do not consider the period
of the sinusoid, since that is given by
assumption.) Thus four measurements of
the delay suffice, in principle, to de-
termine 71 (t); any additicnal measurements
will be redundant. But how many unknown
parameters are there for this situation?

3C

Naively, one would conclude that the ba
line vector contributes three, the sour «
two, and the clocks two, for a total of
seven., However, the origin of right as-
cension of our system is arbitrary; only
the origin of declination is fixed by the
assumption of a known angular velocity
for the earth. Since the right ascension
of the source can be used to define this
arbitrary origin, the number of unknown
parameters is only six. Nonetheless, a
unique soluticn cannot be obtained for
these six parameters from observations of
a single source. Observations of each ad-
ditional source adds two unknowns: the
coordinates of the source on the plane
of the sky. But such observations

also can be used to determine three ad-
ditional parameters: the intercept of the
straight line and the amplitude »»n? ~hase
of the sinusoid appropriate for .ne ud-
ditional source. The slope of the
straight line provides no new information
since it is determined solely by the
clock-rate offset. It is clear that with
four observations of one source and three
each of two more sources, a useful solu-
tion for all of the parameters of this
simple model can in general be determined.
(The measurements of celay rates simul=-
taneously do not reduc: the requirement
for observations of three sources.) The
accuracy of the determination of these
ten parameters will depend, of course,
not only on the accuracy of the measure-
ments of delay (and delay rate), but also
on the baseline, the distribution of the
sources in the sky, and the distribution
of the observations in time.

Complications

The situation actually encountered
with VLBI is, of course, far more compli=-
cated than outlined in the previous sec-
tion. We can conveniently divide these
complications into two categories: sig-
nals and noise. Here signals refer to
those effects on the observables which
are of geophysical interest, and noise
refers to those of no intrinsic interest.
(This point of view, needless to say, is
a rather parochial one since one person's
noise is often another's livelihood.)

We snall consider [ rccession, nutation,
solid-earth tides, crustal motions, varia-
tions in UTl, and polar motion to be sig-
nals. On the other hand, clock instabil=-
ities and uncertainties in our knowledge
of source characteristics and of the pro-
pagation medium shall be considered as
noise. We discuss each set in turn.

Signals

Precession and Nutation. Changes in
the direction in space ot the spin axis
of the earth with periods long compared
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to a day are sensed with VLBI through the
corresponding changes in the coordinates
of the radio sources.
however, preserve the arclengths between
sources. At present, estimates of the
precession constant made from VLBI meas-
urements have an uncertainty of a few

These changes will,

tenths of an arcsecond per century,.several-

fold larger than the uncertainty associ-
ated with the presently accepted value
based on optical observations. The VLBI
estimate is consistent with the optical
one to within twice the formal standard
error of the former. No estimates of any
of the nutation terms have yet been made.

Solid-Earth Tides. The semi-diurnal
solid-earth tide imparts a distinctive
signature to the VLBI observable, since
almost all other effects introduce a di-
urnal signature. The maximum magnitude
of this effect on the observable has been
slightiy greater than one nanosecond.
Thus estimates of the local values of the
vertical and horizontal Love numbers, £
and h, can be obtained from VLBI data.
Currént estimates agree, to within thei:
uncertainty of about 0.05, with the "ex-
pected" values.

Crustal Motion. Changes in crustal
configuration can be sensed by long-term
changes in baseline lengths; in addition,
significant changes in the corresponding
baseline directions for an array of an-
tennas would signify crustal motions pro-
vided that these changes were incompati-
ble with a rigid rotation of the array.
No measurements of crustal motions have
yet been obtained from VLBI data, but
there is every reason to believe that
such motions will be detected within a
few years.

UT1 and Polar Motion. Variations in
the rate of rotation of the earth and in
the position of the axis of figure with
respect to the axis of rotation affect
the directions of baseline vectors. As
with the arclengths between sources with
rerpect to precession and nutation, the
lengths of Lbaselines are unaffected by

about this axis: Such changes affect
only the direction of the baseline which
is described by only two independent
parameters., Consider, as an example, a
wholly north-south baseline. With such
a configuration, the VLBI data would have
no sensitivity to a rotation of the earth
about the pole. For an east-west base-
line, on the other hand, polar motion in
a direction along the meridian of the mid-
point of the baseline would not affect
the VLBI observables. In both these
cases, the baselines would undergo paral-
lel displacements which cannot be detect-
ed from observations of sources "at in-
finity." Two baselines, or at least three
antennas, are needed in a VLBI array to
detect all three components of the chan-
ges in UT1 and pole position. These base-
lines must, of course, not be parallel.
Estimates of UT1l and polar motion from
VLBI data now have accuracies comparable
to those of other techniques, such as the
cluassical optical methods, the Doppler
tracking of satellites (for polar motion),
and the laser ranging to retroflectors on
the moon (for UT1l). It is expected that
the accuracy of the VLBI estimates will
improve nearly tenfold within the next
five years due primarily to the intro-
duction and use of the new, Mark III,
VLBI system. A prototype of this system
has already been tested successfully;
five copies of the complete system are
currently under construction for place-
ment at suitably distributed antennas.
It will be important to check the im-
proved determinations of polar motion and
UT1 through redundancy and through com-
parison with the results from other im=-
proved techniques in order to assess the
accuracy of these determinations.

Noise

Clock Instabilities. The two parame-
ters, for clock epoch and rate offsets,
do not provide an adequate representation
of the relative behavior of the clocks at

R T TR,

any two antennas of an interferometric
array over the period of many hours need-
ed to determine the baseline vector,
source positions, etc. This statement
applies to the current field units of all

such variations in the rate of rotation of
the earth and in the position of the pole.
We should -tress that the VLBI observ-
ables, for an arbitvary baseline, have no
sensitivity to the "initial" orientation

of the earth and direction (in space) of atomic clocks, including the hydrogen-
its axis of figure. Only changes in these maser frequency standards.
quantities can be detected. In addition, A number of possibilities exists to

minimize the impact of these clock insta-
bilities on the accuracy with which geo-
physical information can be extracted
from VLBI data. First, one can use high-
er-order polynomials to represent the
relative clock behavior; here the point
of "diminishing returns" sets in at about
the sixth order. Second, the clock per-
formance, especially of hydrogen-maser
standards, can be improved to match that
achieved in the laboratory. The sensiti-

any "common-mode" errors in the epoch set-
tings of the clocks at the antenna sites
will be indistinguishable from correspon-
ding changes in the orientation of the
earth about its spin axis (UTl). Finally,
note that VLBI data cobtained fer one base-
line are sensitive to only two indepen-
dent combinstions of the three parameters
needed to specify changes in the position
(in space) of the axis of figure of the
earth and in the orientation of the earth

3]
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vity of the maser standards to environ-
mental effects can also be reduced to
minimize the introduction of diurnal sig-
natures into the VLBI data. Third, one
can reduce the effects of long-term
drifts in the relative clock behavior by
using clock stars. Thus, one can make
observations repeatedly, say every hour,
of some suitable source and use these Ob-
servations to correct for the relative
clock drifts. To be suitable, this
source should be visible from both sites
for a large fraction of the diurnal cy-
cle and should yield a reasonably large
correlated flux density so that accurate
delay observations are possible to make.

Source Characteristics. The radio
sources affect the determination of geo-
physically interesting quantities through
the strength of their radio emissions,
their distribution on the sky, and the
accuracy with which we can determine
their positions. These positions, in
turn, depend on the structure and inter-
nal kinematics of the regions of radio
emission in each object.

At present, the entries in the catalog
of known, and potentially-usable, extraga-
lactic radio sources number in the hun-
dreds. Positions of a few dozen of those
with the strongest emissions are now be-
ing determined routinely with an estima-
ted accuracy of about 0'02, except for
the declinations of sources that lie near
the equatorial plane. The accurate de-
termination of the declination of those
sources requires the use of interferome-
ters with baselines that possess large
components in the north-south direction.
Few such baselines have so far been avail-
able for extensive sets of measurements.

Aside from the examination of the char-
acteristics of the postfit residuals, the
main method for assessment of the accura-
cy of source-position determinations is
the comparison of results obtained with
different equipment. Such comparisons,
made several years ago and based on data
obtained with somewhat less advanced VLBI
systems, showed agreement to within about
0702 rms. (Note that a 0Y001 error in
source position corresponds approximately
to a two-centimeter error in length for a
4,000-km baseline.)

Most extragalactic radio sources are
not "points" when viewed on the scale of
milliarcseconds. Rather, they exhibit
complicated structure. This structure
in their brightness can be mapped and a
suitable feature in the map, or the over-
all center of brightness, can be used as
a reference point. There are, however,
technical difficulties in the determi-
nation of unambiguous brightness maps.
These difficulties are being overcome
and reliable maps on the scale of tenths
of a milliarcsecond are now being ob-
tained for some of the radio sources.

32

There is yet a further difficulty in
the use of extragalactic radio sources:
most are not static. Dramatic changes
have been observed in the brightness
structure of some of these sources at
the level of tenthe of a milliarcsecond
in angular resolution on a time scale of
a few months. Thus, to 2snable positions
of extragalactic radio sources to be used
effectively as a reference system at the
level of milliarcsecond accuracy for geo-
physical applications of VLBI, one must
monitor the brightness distributions of
these sources as a function of time and,
perhaps, as a function of radio frequency
as well.

Propagation Medium. In regard to any
substantial effects on VLBI data, the pro-
pagation medium can be considered to be
composed of two components: the iono-
sphere and the troposphere. The effects
of the ionosphere can, and will, be virtu-
ally eliminated by observing simultaneous-
ly in two widely separated radio frequen-
cy bands (>2GHz and ~8GHz). The Mark III
VLBI system is equipped for such dual-
band observations. Moreover, enough suit-
able sources exist to allow effective use
of the dual-band technique.

The troposphere is in effect non-dis-
persive at radio frequencies and is there-
fore a more troublesome contributor of
noise. The troposphere can also be de-
composed into two components: wet and dry.
For the latter, the assumption of hydro-
static equilibrium is a very good one;
measurements at each site of surface pres-
sure combined with a good model of the at-
mosphere, then allows a good estimate to
be made of the phase delay added in the
zenith direction by the dry component:
about 7.5 nancseconds (equivalent to an in-
crease i~ path length of about 2.3 m). It
is widely thought that the error in this
estimate can se kept at the 0.1% level or
perhaps below. Mapping to other zenith
angles, however, will increase the error
somewhat since the "slant" atmospheric
path length cannot be determined so ac-
curately from the pressure measurement
at the antenna site. The situation with
the wet component is more difficult. The
water-vapor in the atmosphere is not in
hydrostatic equilibrium and is quite
variable in amount. Although the total
effect on the path length of radio waves
is, on average, only about 7% of that of
the dry component, the wet component can-
not be modeled accurately. Various sim-
ple techniques have been used to try to
ameliorate this problem. Such techniques
involve various combinations of model at-
mospheres and mapping functions with or
without dependence on surface measure-
ments of temperature, pressure, and dew
point, and with or without parameters
that can be estimated for each site from
short, ~8 hr, spans of data. Unfortunate-
ly, these techniques may well be defi-
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cient, especially for long baselines, in
removing the effects of the atmosphere
on the estimates of the "vertical" com-
ponent of the baseline with which they
are highly correlated.

The technique which has elicited the
greatest expectations for providing the
solution to the wet-component problem is
based on the use of radiometer measurc-
ments at each site of the brightness tem-
perature of the atmosphere at and near
the =23GHz line in the spectrum of water-
vapor emission., Studies indicate that
this brightness temperature can be rela-
ted with reasonably high accuracy to the
excess path length attributable to the
water-vapor content of the atmosphere.
However, to date, almost all VLBI results
have been obtained without the benefit
of water-vapor radiomeler measurements.

Atmcspheric effects thus loom as the
limiting factor in the accuracy achiev-
able with VLBI in the determination of
geophysical quantities. What will that
limit be? An assessment based on theory
alone is unlikely to be accurate. Meas-
urements are clearly called for, Series
of VLBI experiments should be made with
supplementary water-vapor radiometer
measurements, under a variety of local
weather conditions, and for various base-
line lengths. For short baselines, up
to several kilometers in length, inde-
pendent determination of the baseline
vector can usually be made, with some
effort, at the millimeter level of ac-
curacy by means of conventional survey
techniques. For long baselines, up to
several thousand kilometers in length,
independent means of verification at the
relevant level of accuracy seem to be
limited to laser ranging to artificial
satellites or to the moon; such verifi-
cation, however, will not be easy nor
inexpensive for a number of practical
reasons. The repeatability and consis-
tency of VLBI results themselves may
well have to provide the main standards.
Since suitably accurate, and independent,
estimates of UT1 and polar motion may
not be available, repeated checks on the
individual components of the vector base-
line will likely require multi-site ex-
periments, say with four or more separa-
ted antennas, to reduce the confusion be-
tween UT1 and pole position changes on
the one hand and changes in baseline di-
rection on the other. The many antenna
sites serve to over-determine UT1 and
polar motion, with the redundancy pro-
viding the meaningful check on the con-
sistency of the estimates of some of the
baseline components. For some combina-
tion of the precision and the time
spanned by the sets of measurements, one
must be concerned also about the genuire
changes in baselines expected from plate
tectonics; of course, detection of such
changes are a major purpose of the meas-

urements.

At present, checks on the repeatabili-
ty of baseline determinations have in-
volved primarily two-element interfero-
meters. For short baselines, of the or-
der of one kilometer in length, repeata-
bility has been obtained at the five mil-
limeter level in all components, and
verified later by the results of a con-
ventional survey., For long baselines,
of the order of several thcusand kilo-
meters in length, only repeatability in
baseline length has been meaningful; here
the spread about the mean in a recent
series of a dozen sets of measurements
was under five centimeters, The source
positions used in the analysis of each
of these experiments were fixed in ac-
cord with the results from the ensemble
of c¥periments; errors in these positions
tended therefore not to have a serious
effect on the repeatability of the de-
terminations of baseline length.

Conclusion

The future of VLBI as applied to geo-
detic and geophysical problems, especial-
ly to the determination of UT1l and polar
motion, looks quite bright. Although the
last ten years have been devoted almost
exclusively to the development of VLBI,
the next ten should yield significant
results.
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Synchronization of Clocks by Very-

Long-Baseline

Interferometry
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Abstract—Two hydrogen-maser clocks, one at the Haystack
Observatory in Massachusetts and one at the National Radio
Astronomy Observatory in West Virginia, were synchronized by
means of very-long-baseline irzerferometry (VLBI) observations of
several extragalactic radis sources on March 28, and again on
September 23, 1977. Coservations were made sequentially in eight
360-kHz bands distributed between about 8.4 and 8.5 GHz with
spacings designed tc enable the group-delay difference between the
signals received at the two observatories from a given source to be
estimated unambiguously, within an uncertainty of less than 1 ns set
by receiver noise. The epoch and the rate differences between the
observatories’ clocks for each experiment were estimated by analysis
of observations that spanned several hours. The application of
corrections for the contributions to the delays of the ntennas, feeds,
receiver systems, and recorders, yielded absolute deierminations of
the clock epoch differences. During each experiintut, portable
cesium clocks were flown from the US. Naval Chervatory in
Washingtoa, DC, to the observatories and back. The truveling-clock
data, analyzed in each case after the VLBI synchronizition had been
coinpleted, confirmed the VLBI results to within 18 an 14 ns for the
first and second experiments, respectively.

I. INTRODUCTION

PRINCIPLE, it has been possible for several years to
P synchronize clocks accurately by means of very-long-
baseline interferometry (VLBI) observations of extragalac-
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Fig. 1. Block diagram of VLBI Terminal. Numbers refer to correspond-
ing entries in Table 1.

tic radio sources [1], [2]. In fact, the atomic clocks utilized in
many astrometric and geodetic VLBI experiments [3]-[5]
have been synchronized with standard errors at the nan-
osecond level or below. But these impressively small uncer-
tainties have represented only internal, statistical measures
of precision. Externally verifiable, or “absolute™ accuracies
have usually been limited to the microsecond level or above,
by uncertainties in instrumental delays, and by unresolved
ambiguities in the determinations of the group-delay differ-
ences between the signals received at the two antennas [6).
Accurate absolute synchronization by VLBI was recently
demonstrated for the first time for a short (~ 1 km) baseline
[7). In this experiment, care was taken to estimate or to
measure all instrumental delays and to resolve all delay
ambiguities. Here we report the first accurate synchroniza-
tion results for a relatively long, 845-km bascline. Synchron

ization via a real-time satellite link between widely
separated VLBI sites was accomplished slightly earlier [8],
but the accuracy achieved was nearly an order of magnitude
lower than in our experiments.

11. EXPERIMENTS

Our two synchronization experiments involved the
hydrogen-maser clocks at the 37-m diameter radio telescope
of the Haystack Observatory in Westford, MA, and the
43-m diameter radio telescope of the National Radio
Astronomy Obscrvatory (NRAO) in Green Bank, WV.
The first experiment was conducted on March 28, and
the second on Scptember 23, 1977. Fig. 1 shows a block
diagram of the interferometer terminals used.
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TABLE 1l
DETERMINATION OF DIFFERENCE BETWEEN EPOCHS INDICATED BY HAYSTACK AND NRAO CLocks
FROM CoMPARISON WITH USNO PortasLE CS CrLocks PC653 anp PC1255 oN 28 MARCH 1977

Line Number

Clocks Compared

1 PC653 clock epoch=-
PC1255 clock epoch

2 PC653 clock epoch=-
PC1255 clock epech

3 Haystack clock epoch=
PC 1255 clock epoch

4 NRAO clock epoch=
PC653 clock epoch

5 NRAO clock epoch=-
Haystack clock epoch

Difference Time and Place of Comparison
us
1.813 13:10 UTC, 28 March 1977, in
washington, D.C., before depar-
tures for VLBI sites
1.839 03:10 UTC, 29 March 1977, after
return to Washington, D.C.
13.120 19:11 UTC, 28 March 1977, at
Haystack
33.114 19:28 UTC, 28 March 1977, at NRAO
21.820 Lines (4)=(3)4[ (1) + (2)]/2

In these experiments, the difference between the gro. -
delays of a signal traveling to the two sites from a distant
quasi-stellar radio source was measured using a bandwidth
synthesis technique [6], [9]. In particular, the signal in eight
360-kHz bands, spaced between 8391 and 8491 MHz, was
sampled sequentially. Each such multiband delay measure-
ment had a 1 us ambiguity imposed by a I-MHz common
divisor of the spacings between the centers of the narrow,
360-kHz bands. However, the ambiguity was eliminated by
using the less precise, but unambiguous, delay measurement
obtained from the cross-correlation of the signals received at
the two sites in a single 360-kHz band.

To utilize these delay measurements properly in the
synchronization of the clocks at the two sites, it was
necessary to determine a number of instrumental delays.
The delays due to the antennas and feeds were estimated
from drawings, whereas the delays due to the receiver
systems, from preamplifier through recorder, were directly
measured as a function of frequency across the 100 MHz
synthesized band. For this latter purpose, a periodic train of
pulses was injected into the receiver input. Each pulse was
less than 30 ps wide with the interpulse interval being 1 us
[10].

The difference between the readings of the independent
clocks at the two sites was derived for each experiment from
the analysis of VLBI observations of several radio sources,
by simultaneous estimation of baseline vectors and clock-
: difference parameters [11]. The positions of the radio
' sources had been determined nreviously [12]. In the first
experiment, the clock synchronization via VLBI was
checked by transporting two cesium clocks from the U S.
Naval Observatory (USNO) in Washington, DC, one to
each of the telescopes, and both back to Washington. In the
second experiment, two cesium clocks were transported
together from the USNO to NRAO, then to Haystack, and
finally back to the USNO. For each experiment, the round-
trip travel times of the clocks were about half a day.

The result for the clock synchronization from the VLBI
experiment performed on March 28, 1977 is given in Table 1.
The first six lines describe the determinations of the delays of

'{ 1. RESULTS

the multiband signals through the Haystack and NRAO
systems. Lines seven through thirteen refer to the single-
band signal and serve only to remove the 1 us ambiguity
from the corresponding multiband epoch difference. The
final value, in line 16, shows the e<“imated differcnce between
the epochs of the hydrogen-maser clocks at the two radio
telescopes, after corrections were applied both for the
instrumental delays and for the resolution of the integral
microsecond ambiguity. This result should be compared
with line 5 of Table II, which shows the difference between
these two clocks as estimated from the traveling clocks, after
the readings of the latter were corrected via linear interpola-
tion for relative drift, based on pre- and post-trip compari-
sons. The magnitude of the difference between the VLBI and
the traveling-clock results was 18 ns.

Table I also shows the VLBI result from the experiment
performed on September 23, 1977; Table IIl gives the
corresponding result from the traveling clocks. For this
experiment, since Haystack was visited by the traveling
clocks approximately seven hours later than NRAO, it was
necessary to account for the estimated drifts, over this
interval, of the traveling clocks relative to Haystack’s clock.
(See line 8 of Table I11.) The latter’s rate was already known
relative to that of the USNO Master Clock through long-
term comparisons via Loran C. The rates of the traveling
clocks were determined from direct comparisons with this
Master Clock, before and after the trip. For this experiment,
the magnitude of the difference between the VLBI and the
traveling-clock synchronization results was 14 ns.

In both experiments, the VLBI results were obtained
before those from the traveling clocks. In the first experi-
ment, the VLBI result was in hand less than 24 hours after
the observations had been completed, the magnetic tapes
recorded at NRAO having been placed on the first available
airplane flight to Boston.

The accuracies of the VLBI clock synchronizations were
not limited by the uncertainties in the measurements of the
delay differences of the signals received fiom the radio
sources; these uncertainties were generally well under 1 ns.
The limiting uncertainties were in the corrections for the
various instrumental delays. The total error from these
sources is estimated to be under 10 ns. The uncertainties of

T RN v~ B . e




o eent ke ADAAE

s
CLARK ¢f al.: SYNCHRONIZATION OF CLOCKS AY VIM

111
PRECEDING PAGE BLANK NOT FILMED 187

TABLE 1Nl
DyrerMINATION OF Dirterence BeTweeN EPocHs INDICATED sy HAYSTACK AND NRAO Crocks
oM Comparisons with USNO Porrasce CS Crocks CS1117 anp CS1368 onN 23 Sepremser 1977

Line Number Clocks Compared Difference Time and Place of Comparison
us L

1  Haystack clock epoch= 16.430 22:27 UTC, at Haystack
Cs 1117 clock epoch

2 Haystack clack epoch= 17.184 22:27 UTC, at Haystack
Cs 1368 clock epoch

3  Average of lines (1) & (2) 16.807

4 NRAO clock cpoch = 33.658 15:19 UTC, at NRAO
Cs 1117 clock epoch

S NRAO clock epoch = 34.426 15:19 UTC, at NRAO
Cs 1368 clock epoch :

6 Average of lines (4) & (S) 34.042

7 NRAO clock epech = 17.235 Uncorrected for drifts
Naystack clock epoch

8 NRNO clock epoch = 17.223 Referred to epoch of 15:20 UTC by

llaystack clock epoch

use of Cs clock mean drift rate
of 3.05 (£0.05) ns/hr and Haystack
hydrogen-maser mean rate of 1.3
(£0.2) ns/hr, both measured rela-
tive to USNO Master Clock (short-
term "jitter” in the clozk rates
have no significant effect on

this correction).

the synchronizations via the traveling clocks were limited by
unmodelled clock drifts, and are estimated to be under 20 ns.
No corrections were made for the net relativistic effects on
the readings of the traveling clocks since these effects were
under S ns.

It should be emphasized that the accuracy in the absolute
synchronization of clocks with VLBI is not limited to the 10
ns level achieved in the present experiments. Several differ-
ent techniques have been proposed [7] for use with VLBI to
obtain absolute clock synchronization at a subnanosecond
level of accuracy over transcontinental and intercontinental
distances.
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Charles C. COUNSEI MAN Il and lrwin | SHAPIRO
Department of Earth a.d Planetary Sciences
Massachusetts Institute of Technology
Camoridge, Massachusetts 02139

MINIATURE INTERFEROMETER TERMINALS FOR
EARTH SURVEYING

Summary

A svstem of miniature radio interferometer terminails is proposed for the

measurement of vector baselines vwith unceriainties ranging from the millimerer to the
centimerer level for baseline leng l/n ranging, respectively, from a few to a few hundred
Filomerers. I-ach terminal would lave no moving parts, could be packaged in o volurme of
less than 0.1 m? , and conld operare unartended, These units would receive oo sionals
from low-power (< 10 w) transmitters on Earth-orbiting satellites. The (.. lines
berween units could be determined virtually instantancously and monitored contirvio o sly
as long as at least four satellites were visible simultaneously. Acquisition of 1 i,
signals by each terminal would require about one minute, but less than a second of signa!
integration, and the collection of only a few kilobits of data from two receiving uni:
wordd suffice to determine a baseline. Diffcicat baseline lengths, weather conditions, and
desired accuracies would, in genere!, dictate different integration times,

1.0, Introduction

The technique of very—long-baseline interferometry (VLBI) is oniy a 0o ad
old and barely approaching aiolescence Nonetheless this radio interferometri m!
has seen broad application, especially in astronomy. In geodetic applications, the
demonstrated level of repeatability of baseline—length determinations ranges 1 on
~3 mm for ~1km distances [1] to ~3 cm fur transcontinental distances [2] This
combination of precision and range should make VLBl a very powerful techiniqu
monitoring the time dependence of regional and continental baselines. Yet it s still ni

7 A principal reason has bean cost Application

widely used for this purpose Why
VLBI to geodesy have hitherto involved observalions of the random, weak  radis
received from distant, extragalactic, sources. The achievement of useful signal

fatios with these souwrces has dictated ihe use of large diameter antennas, vxpern . v

atomic frequency standards, and wideband tape -recording and corralating systome

In contrast, only very small, simple, and inexpensive ground equipr
required to utilize the relatively strona, precisely controlled, radio signals that car b
transmitted frem Earth satellizes. Nonetheless, although severai methods have e y
satellite signals to determine baselines, none of these methods has yet achiovwd!
measurement precision demonstrated with VLBI. Why not? What s the se. ¢
ingredient” of the interferometric technique ? Basically it is the use of differencing,
Interferometry, per se, involves the differencing nof the phates of signale |
two ends of a baseline. With properly designed equipment, the inherent %22 "

ambiguity in these phases of radio signais from a given source can be minatad, i

Bull. Geod, 53 (1979) pp. 139 103 129
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advantage taken of precise phase measuements of the signals from several sources, 1o
determing a baseline with an uncertainty equal to a small fraction of the wavelength of
the radio signals Further, this baseline determination does no! dooend on tha signals
from any source having any particular temporal regularity

Ihe baseline vectors determined by radio interferometr'c te-hnigues can be
related to the best known approximation 1o an inertial frame tho positions in the sky
of compact, extragalactic, radio sources, Of course, when the Dbaseline vector s
determined trom intesferometiic observdtions of radio signals from satellites, an extra
step is u',-vz‘x'-.-‘ to relate the positions of the satellites to those of e distant radio
sources. Again the technigue used 's interferometric but, here, use of the full panoply ot
the conventional VLBI armamentarium is required

A eystom that combines the advantages of VLBI with the benefits of strong
satellite signals could open a new erd in geodesy. We describe a relatively simple system
here. It would employ compact ground equipment with no moving parts and low-—power
radio transmitters on @ set of satellites. We dub this combination the Mighty MITES
System, MITES being an acronym for Miniawure Interferometer Terminals for Earth
Surveying. Our Sys': appears to be potentially more efficient than any other so far
proposed for the three—dimensional monitoring of crustal straln accumulation and
release over distances 1anging from tens of meters to humireds ol « 1ers. This system
couid also be applied 10 a variety of other surveying and navigat.on o oblems on land, sea,
and air, and in space.

2.0. System Description

In this section we discuss, in turn, the basic concepts underlying our piopoted
system, our preliminary thoughts on the design of the relevant sateilite and ground
equipment, and some possibie design modifications

2.1. Basic Concepts

Here we outiine briefly some of the concepts upon which nur proposed system

is based
2.1.1. Observable

The basic quant ty that would be meas wed with th g 54! 5 1 niterferometr [«
phase — the difference between the phases of radio signals from a single satellite recelved
at any two terminals These phases would each be obtained simultineo sly for a set of
different radio tequencies (“tones’) covering a wide, ~ | oclaw, an i that (i) the
effect of the ionosphere could be virtually eliminated and (ii) the inheremt *2 g
ambiguity of the phase observable could be resolvad Measramerte of 1 o frequencies of
the received signals would be made concurrently 0 e abi rvers.on of the phas
ditferences to corresponding delay differences

2.1.2. Baseline Determination

These delay differences could be interpreted Ly a sioona d nanier 10 determine

the components of the baseline vector. For observations of a given satallite at a given
instant, the intw ferometric phase delay can be expressed approais o oily

|
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where i is ‘he baseline vector, § is @ unit vector in the direction of the sateliite being

observed, and 7! represents the difference between the epoch settings of the clocks at
the two terminals (i e, their departure trom synchronism). For the purpose ot this
simplified explanation, we assume B < 1, . where r, is the minimum distance of a

sateilite from a terminal, and we suppress the effect of the difference In rate of the clocks
at the (wo terminals (see Section 3 1} Equation (1) shows that at any instant, the
observed delay contains information on the projection of the baseline vector aiong the
direction to the satellita, and on the clock —synchronization error To determine all three
components of the baseline vector simultas sty with the synchronization eror at any
instant, the signals from at least tour satellites must be observed and the resultant four

linear equations solved for the four unknowns For a unique solution, the satellites cannot
.
all appear to lie on the same circle in the sky 1f they do, then the component ot B in

the direction of the center of this circle cannot be separated fom 7°! (Sea, also,
Saction 3 0)
2.1.2. Reference System
We assume that the positions of = & for lor more) satellites observed are knpwn

wWith respect to s well=deningd courdinate sysion, Dilterent cOordingte sysi@ms couil ne
utilized, depending on the application. We consider one example  a nearly inetial
coordinate system with an orienmtation def ned Ly the duschions of extragesla iad
sources, Such a svstem could be used if three (or more) base (tations made continual
differential interferometric phase observations ot the satellites with respect 10 1ose
extragalactic radio sources that appear in the same part of the sky [3], [4] Given that the
vector positions of the base stations with re<pect to the directions of the extiagalaciic
sources were atready known, virtually instantaneous measurements of the differential
interferometric phases between a satellite and an extragalactic source from observat ons
from each of two independent haselines sullce to determine the satellite’s direct.on n
this nearly inertlal frame Thus, the vector baselines betwesn our compact ground
terminals could be refated to this frame through theli coordingtes In the sateliite frar
The buase stations would of course require conventional VLBI instrumentation to observe
the extiagalactic radio sources, As long as the direction of the comparison extragalacti
source 18 neither 100 far from that of the satellite nor 100 near that of tha sun, the
observations of the satellite need be made only of the highest transmitied tone

We deline until Section 4 C giscussion of the limits on achievate accuracy iy 1l
determination of the baseline vector with raspect 10 a reference frame

2.1.4. Global Positioning System

The satellites of the NAVSTAR Global Positioning System (GPS) [5), scheduled
for launch during the next tew years, wili have orbils almost perfectly suiled 1o our
proposed VLBI system  In the planned steady -state configuration, there will be pl |
such satellites, eight distributed in each of three orbital planes, spaced by 120° in nodal
longitude. Within each plane the satellites w il be approximately evenly distiibuted
around a nearly circulsr orbit of ~63° inclination, ~ 20,000 - km altitude, and
~ 12-hour perind. As a result, at any place nn the surtace of the Earth at least <
satellites will always be visible, and of these at ieast four will be suitably distributed (¢
not all on or near any single circle in the sky
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The expected usoful lifetime of a GPS satellite is five voars with a maximom of
about seven sel by the amount of stored gas for the attitude —~control system  Thus,
prirciple at least, there will be continual opportunities 10 mod ty the pavicad t
accommodate our proposed system

2.2, Satellite Equipment

We now describe the equipment we propose 10 place on each satellite First, we
discuss the factors governing the choice of subsystems and then each of the subsystoms
For definiteness, we consider the design in the context of the GPSeateiiites

2.2.1. Requirements

sateilites for our propused sysiem 1o be operated successtully 7 Furst of all, the sateilite
must transmit a sufficiently strong and stable signal The signal must aiso be structined
to allow the user 10 resolve the “2 r™ ambiguity in the interferometric phase. In efiect,
the sarme cycle of the signal must be identified on both ends of the baseline T1e usual
method of malking such an identitication in VLBI is to combine observations mude
simultaneously at several ditferent frequencies, or tones, fI (i=1,2,..) [he respéctive

i
What specisl requirements must be satisfied by the equipment aboara the ‘
!

ambiguity spacings in delay, equa! to | /l’i , are different, and the overall delay ambig ity

can be reanived if, within the range of possible delays allowed by @ priori informas

there is a unique delay that is consistent with the phase observations at all freq» ; ’
The sack of 1esolving the phase ambi; 'ty s complicated, however, by the disg

the propagation medium and by possible interference from reflected sigrals (so0 Section

0.0}, The set of lrequencies used must be chiosen with these complications in ¢

Singe, for the range of frequencies of possible interest, the Farth
inroduces a delay proportional 10 the inverse square of the frequency o t
would appear desirable to employ the highest possible frequencies with the nmm cacy
system, Howiver, we must also consider our paramount desire for a simg ¢ syvem
desire 10 avoid, lor exampla, high —gain antennas and high transmitted power levels niaces

an upper bound on the uzable frequency, Since, for given antenna directivities nd |

|
transmitted power, the received power is inversely proportional to the square of e ‘
frequency, suftficiently high signal—10—-noise ratios can only be obtained simply at ' (

frequencies The optimum range of frequencies is approximately 1-2Gliz || |
the iow end by the ionosphere and on the high end by signal —=to—nolse ratio onsidarat

An approximately one octave spread in the frequencies of the tones is i portant for

| py p— 2 byl ' face of both the lonosphere avd the p bin
interfgrence from reflected signals

Within this one—octave range of frequencies there are several wide |

allocated under existing international regulations for purposes that would encor
those of the proposed system [:] This system requires relatively little et i
~ no more than ten narrow bands e~ 3 most 100-200 kHz wide, with'n the ~ ] ~
1o-2 GHz range The precee ol smaent of these bands within this range is quite Hexible
and could be adapted 10 ex<ting constraints. Basically, we require ore o e
low ~fraquency limit, one near 1he high-frequency limit, and the otiers dsi Lules
between these | n its. The inter ~band spacings would range from a minime o o f ~ | MM
10 & maximum of ~400 Milz The spacings could be In appros ma=ty e
progression but do not have 19 ooy onotonically with freguen: v (we

further discussion)
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2.2.2. Transmitter

To satisfy these requirements, sach satellite could be equipped (0 transm’t an

unmodulated clicularly polarized continuous wave (CW) with ~ 1 v 411 of
each of up to ten bands To avold having 10 contend with inte ference betwee s.gna
received from different satellites, each of these bands could be subdivided inta cor
nonoverlapping "‘channeis” Since sach GPS satellite could share a channel nat
o g1 | 180 deg apart in longitude, the number of channals nes
12 Setting the width pach channet equal 10 8 X 10 ' * ot I1s center frequency would
allow for a tolerar on transmitted frequency of £ 1 part In 10* | as well as for the
extremes of Doppier shilt, of 23 parts in 10® , which could be abserved on Larth for
signals from satellites in orbits of the GPS tvpe Thuge the total width of theberd of 12
channels at ~ 1 GHz would be S 100kHz , and at ~2 GHz would be < 200 kHz
Should less of the spectrum be available, modifications are possible 1o compensate, as
discussex! in Sectior 4 Here we proceed on the assumption that no modilicat ¢ will be
required
Tr nitte e n ' commerciall hich yield | w of radio-freque v

output r 36 i o nout! power. Such d o8 have dimensions and mass of about
Semxoemx 10em and 09 kg, respectively 8, for a tolal of ten bands, 36w of
DC power and a volume of 0.0025 m* would be required. These transmitters have an
dequate long-1e frequency stabllity of 1 part in 10* and a more than adequats |

10 rily L ! Dat n ]0'” I he werall volume and miass ould undoubited !
bea lowered {or use in space, especially f the ten transmitters were packan o 109 I e

al VDO power requirements could also be lowered by some combing! f an
nsignificant sacrifice in spectral purity and a use ol a ngle osci'lator 1o generate
multiple tone through moduiat hich itsel! requires little pow H
maintain high reliability . one would prefer not 1o eliminate 100 much redundan

2.2.3. Power Combiner

@ OUIpULs ol the separgte transmitters would be comb
in antenna Yesign of such a combiner would be straightforward, invoiving main

Ol resonant, w 1088 Clf 1

2.24. Antenna

We env on each el te pauipped with & i wly e el A
modest directivity (3“ ': begrnwidth "_’ ('v"‘j which (Huminates e ent
portion of the Farth approximately uniformiy  Such an antenna would hay )
10 db gain, bint would be physically small and would not requis
suitable antenna would also hove 3 bandwidth sufficiently broad 10 yied o
the span from 1 10 2 GHz Varnalion n the traramilting ante ) m
the receiving amtenna’'s eflective aperture, at the trequencies of ! v

transmissions . could be compensated by suitable adjustments in the ral )t ve !

powers). Types of antenngs that might atisly these requirements (ne cavit
spirals and conical spirals. The sizes and masses of such antennas are quite m
“xamp y commercially avalable cavity -backed spiral Tor these frequend e

neatly 10db and s about 12 em in diameter and 10 em deep. with & a 1]

1 kg

These characteristics of the satellite squipment are sur wizees i Tabi

143




e ——— ——

ORIGINAL PAGE 1S
OF POOR QUALITY

C C. COUNSELMAN !l and |.1. SHAPIRO

an overall biock design is shown in Figure 1. This equipment would, of course, require
integration into the GPS configuration. Questions of location, mass, volume, and heat
generation and dissipation all must be addressed. The only positional requirement is that
the antenna must face earth--ward ; the gther 1, of course, for the
appropriate supply of direct current. Any requirement for uplink and dow!ink telemetry

would be very modest, because the system is so simp'a

Major requireni

Table 1 e

Possible Characteristics of Satellite Equipment For
Use With The Mighty Mites System

Equipment

Description [ Characteristics

Transmitter
Frequencies = 10 tones spaced between 1 and 2 GHz
Polarization circular
Power ~ 1 w per tone
Total DC Input <3S w
Total Volume ~0.0025 m?
Total Mass <10 kg
Antenna
Type cavity —backed spiral
Bandwidth ~ 1102 GHz
Beamwidth ~ 30 to 60 deg
Gain <10 dt
Dimensions 12 ¢ 1 dia x 10 cm deep
Mass ~1kg
B L O 1
| | xTAL FREQ PWR | | LOGHz
| 0scC MULT AMP |
. sl REACTIVE
S N e =
UP TO 10 - 4 = _’SS;‘BERER
IN
MODULES p 0C. POWER o ol oaseivE
(identical . ®  —» 2 NON-
:'“”' '°’) | — p———  — . ] oon;  [PSSPTVE)
requenc H -
' I .. o 2 < C:" ITY
| | BACKED
[ s —— SPIRAL
————— ANTENNA

D C. POWER

Fig. 1 — Block diagram of radio transmitting equipment to be placed on satellite, for use

by Mighty MITES,
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2.3. Ground Terminal

. The most important feature of the sateilite equipment just described is that it
enables a relatively simple ground terminal to be used. Each such ground terminal would
consist of an antenna, a receiver, a frequency and time standard, digital counting and
timing circuitry, a calibration signal generator, atmospheric sensors, contrel logic, a
system to store and /or telemeter data, and a power supply  We discuss these components,
each in turn, atter first describing some of the requirements that the ground terminal
must meet

2.3.1. Requirements

The ground terminal must have an antenna matched in circular palarization to
« the sateliite antenna, but with little directivity
We wish to avoid the complexity and expense of re—pointing the receiving
antenna, by either mechanical or electrical means. Further, the antenna must receive
signals simultaneously from wideiy separated directions in the sky, with elevation angles
as low as 10° . The receiving antenna must also operate over an approximately 2—to—1
range of frequency, corresponding to a wavelength range of approximately 15 to
30 cem .
With any receiving—antenna design, it is aiso necessary to ensure that the phase
of the signal received directly from a satellite is not altered significantly (see Section 6.0)
and in an unknown way through interference that could arise from waves retlected o
scattered to the antenna from the around. The significance of such prase errors depend
oz of course, on the desired geodetic accuracy. In Section 4.3 we show that the errors in
baseline determination would generally be comparable to the equivalent path—length
errors in the measurements of the interferometric phase delays Thus, for examplo to
achieve one centimeter baseline accuracy, would require phase errors under 24 deg for
f = 2 GHz . Fquivalently, the reflected signal would have to be at least 7 db weaker
than the directly received signal For one millimeter geodetic accuracy, the field strength
of the reflected and scattered signals, and/or the antenna's sensitivity to such signals ,
would have to be attenuated tenfold (20 db in power) further. On the other hand, if
geodetic precision, rather than accuracy, were the goal, as in some applications, one could
tolerate a more cluttered and uneven environment for the receiving antenna because the
distribution of azimuths and elevations of the GPS satellites as viewed from any given
location repeats approximately with a period of 12 hours , so that the signai—reflection
pattern and the consequent electrical phase variations would also be repeated periodicaliy

2.3.2, Antenna

The requirement that the phase of the signals received directly from the satell te
not be altered significantly by signals reflected or scattered into the antenna could be
satisfied by ensuring that the receiving antenna has an unobstructed view of the sky above
10° elevation, and that no large, elevated planar reflectors such as building walls or fences
are situated so as to reflect satellite signals toward the antenna The antenna would have
to be placed above a ~ 30 1o 90 cin diameter metal “ground screen’ of sheet metal o
stitf wire mesh placed flush with the ground. The exact diameter needed and the
restrictions on the local terrain would depend on the degree of suppression required for
the signals reflected from the ground to achieve the desired accuracy. The screen wo
also serve to reduce pickup of thermal “noise” radiated from the ground (This method
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of siting an antenna is commonly used for high—accuracy measurements . f 1 i c
. antenna radiation patterns).

The antenna would be mounted in the center of the ground screen and 0 !
have various forms. We describe one possible antenna design here. Mechanicaily somewhat
complicated, but with apparently more than adequate elec. izal properties. this antenra
would consist of a shoit stack of crossed pairs of horizonti!, half—waveieng 1 '
They would be made of metal rod or tubing with each pair cut for one of the, at most,
ten frequency bands Of course, the ciosely—spaced bands cou'd be served bv asn
pair ot dipoles Each dipole pair would be placed three—eighths of a waweiength above .
the ground screen. The two orthogonal dipoles comprising each pair would be fed
phase uachature for circular polarization. Each palr could be connected 10 a separate,
narrowband | receiver preamplitier if desired ;| more than one pair could also be connected
efficiently to a single broadband preamplifier,

With a height of 3A/8 above a horizontal ground plane, the dicole pa'r hias
greater than unity gain relative to a circularly—polarized "isotropic’ antenna at ail
elevation angles above about 20°, and its gain is about -5 db at 10° elevation,
although the response approaches zero at the horizon, There would also be negligible
ohmic loss with this antenna,

A crossed—dipale stack would have 10 be specially desianed and luned (o the
" MITES system frequencies However, this task is rather simple, and the cost of
' replicating the resultant dipole array in moderately large guantity wouid piobably ba
under § 50 per unit,
Finally, we note that the phase—shift characteristics of the anterna 'tse!’
conjunction with its ground screen, would be unimportant if identical anteni.as were Lieu
for all terminals ; but, in any event, the antennas coulid be calibrated on 2 test ranie.

2.3.3. Receiver

The receiver could have a simple, uncooled, transistor racio =fre jucr =y
front—end amplifier, or possibly two or more such amplifiers, each tured ‘o a Jiff
partion of the 1 -t0-2 GHz range spanned by the transmitted signals In e ther case the

! total volume and mass of the front end would be under 100 cm?® and 0.1 kg,
‘ respectively. A system noise terrparature of 200° K could be easily achiev: ! ard v

be sufficiently low, given the characteristics of the transmitted signais ana the antsin
described above. No ditficult gain or phase stability demands would resi 14 be
because the output of the 'inal tnmifying stage of the receiver wours be oard i

or "clipped’’, and because delays of the signals through the receiver would he senar
monitored, as discussed i1 Subsection 2.3.6

T —

After passage through the front—end amplifier, the signals received v ea
the 100—10-200-kHz—wide bands would be mixed witnh a fixed -fre juer vy
oscillator (LO) signal, derived b, coherent multipiication from the master s Hliat !
convert them to an intermediaie—frequency (IF) band centered at ~ 200 kHz 7t
value of 200 kHz was chosen to minimize the requirements on time resolut'on n
subsequent measurement of the phase of the IF signals (see Subsection 25 5} .o
value could be chosen because of the desire to keep the ratio of the trequencies of the
highest and the lowest |IF signals below three in order 1o preveny intetare o v
odd harmonics generated by lipring. The down conversion to |F might be acconiplished
in a single stage with a quadrature—phasing, sing'e—sideband mixer of tha tyne descrt
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by [7], or depending on considerations of dynamic ranae, stability, etc, two or more
conversion stages might be used.

2.3.4, Time and Frequency Standard

Since observations would be made of a least four satellites sirmultaneously, the
departure of the clock at each terminal from synchronism in epoch (and rate) with the
clock at every other terminai can be determined from the observations as explained in
Section 2.1.2. A high order of stability is therefore not required of the time and
frequency standard at each terminal The primary requirement is for sufficient short—
term frequency stability, of ~1 part in 10'% | to maintain phase coherence during
each, approximately one second, period of coherent integration. Long—term stability of
~1 partin 10° is desired to facilitate acquisition of the satellite signals. The need for
the ~ 1-sec observation periods of different terminals to overlap substantially implies
that time must be kept at each terminal 10 an accuracy better than about 0.2 seconds |
unless the observations are made continuously, in the latter case, interpolation between
succussive observations could ha used 1o “march” « tags. Otherwise, drift in epoch
error would have 1o be monitored and the clock in each terminal would have to be reset
periodically, via telemetry il necessary. (See, also, “ection 3.0).

These requirements on frequency and timc are readily met by a compact,
commercially—available, crystal oscillator. We shall henceforth refer tc this as the
“master’ oscillator.

2.3.5. Digital Counting and Timing Circuitry

The digital counting and timing circuitry comprise the heart of the terminal and
we describe them in some detail here. For convenience in description, assume that the
received signals have been converted to the |F band, centered at ~ 200 kHz , as
mentioned in Subsection 2 3.3. Each of these IF signais, ane for each of the up to ten
AF bands for the given satellite, would be bandpass filtered to approximately 100 to
300 kHz and symmetrically limited or “clipped’’ as mentioned eariier, 1o obtain a two
level signal which would be switched via "logic’ circuits to selected inputs of a set of
approximately 20 identical modules (see Subsection 2.3 8), Each such tignal could be
directable to the input of any module, acenrding to the plan discussed below, although a
more efficient arrangement is possible. The function of each module would be to
measure the phase of the signal from one satellite in one band

The IF inpul to a module would be ted to a second —order phase—iocked loop
whose bandwidth under the expected conditions of 4 10 db or greater signal- to—noise
1atio {SNR) couid be switched to values of either 7.5 Hz or 30 Hz | and whose tracking
range in either case would span the IF band of frorm 100 to 300 kHz . (Note that the
SNR is inversely proportional to the bandwidth of the loop and that the power received
by the crossed -dipole antenna will be inversely proportional to the square of the radio
frequency. Hence, under the assumption that the effective radiated power from each
satellite is the same for all tones, the loop bondwidth for reception of the 2-GHz
signals must be fourfold smaller than the loop bandwidth for the 1 -GHz signals in order
to maintain the same value of SNR). The loop would b locked o, and would track, the
first suitable satellite signials encountered in this band. The loop SNR would be at least
+ 10 db , and the corresponding root--mean-sauare (rms) «© odom phase error in the
loop output would be less than 13° . given (i) the ellective transmitted power of
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~10w (1w transmitted, coupled with 10 db of antenna gain); (ii) the wo st—case
. satellite elevation angle of 10°; (iii) the crossed—dipole receiving antenna , (iv) the
receiving system noise temperature of 200°K (v) the 2—db clipping loss . ana |
(vi) the 30--Hz and 7.5-Hz loop bandwidths for the 1-GHz and 2-GHz signais, |
respectively, The dynamic tracking error due to the time—rate—of —change of the nput
signal frequency wouid be well under 1°, as would the static phase error, even v 1 the
use of the narrower loop bandwidth for the highest—frequency signals. The loop output
would be fed to digital circuits which would perform two functions = (i) a continuously
accumulating count of the integrai cycles of the locked oscillator ; and (i) an accurate l
measurement modulo one eycle, of the oscillator phase. relative to that of the rece ver ! ’
clock. The instantaneous value of the accumulated cyele—count would be samplea |
nondestructively at selected times, according to the clock., The phase measurement |
wenld aiso be made at selected times, with ~ 100 ns time resoiution. equivalent 1o
~0.02 cycle phase resolution at the ~ 200 kHz IF This measurement could be made
with a digital start—stop counter with a “clock” rate of 10 MHz . The count would be
initiated by a command from the ground terminal controlier at a selected time according
to the terminal clock, and would be halted appropriately by the cutpul of the locked |
oscillator, for example, by the next occurring positive—going transition. Averaging would }
be performed by timing a succession of such time intervals (ie., by restarting and 11
|

e ————

ol

restopping the count) over a time span of approximately one second. By virtue of this
" averaqing. the rms random noise of the ~quivalent phase measurer t could be reduced
to less than 5°, the equivalent of 2 mm of electrical path length at a frequency of |
2 GHz . (The equivalent noise bandwidth of the measurement would be ~ 2 Hz 1istead 1‘
" of ~ 1 Hz because of the image “fold over™ ; for the 2—GHz signals, the SNR in this i

bandwith would be > 18 db}

The phase—locked—loop portion of each module could be implemented with
low—power, analog, integrated ciicuits and low—power Schottky transistor—transis's 4
logic (TTL) circuits. All of this circuitry combined would consumne less than 0.5« ‘
Continuous cycle—counting could be performed by a standard, low—power, “laige—. .o -
integratec”” (LSI) circuit that also would consume about 0.5 w of power The 100 -ns
resolution timing could be implemented with standard TTL circuits that would us
approximately 2 w . However, power would have tc be supplied to the latter circuitry
only for the ~ 1 second interval during which the fractional—cycle phase measuierent
was being made [or many applications, these measuremenis might be repeated
infrequently, at several-minute intervals, for example. In such cases, the average power |
consumed by each module would remiain at the ~ 1w level required to susta | the
phase—locked—loop and cycle—accumulating circuits. Inasmuch as the complete receiver
would require about 20 such modules, low power consumption per modula 5 an
important advantage

The feasibility of building a module with the characteristics describeg has . en
demonstrated by the differential Doppler receiver developed by H.F. Hinteragger and rne
of us (C.CC.) and applied to difterenc: | VLBl observations of the signais ticnise
from the Apollo lunar—surface experiments packages [8], [3],[9]: see also Figure 3 in
(10}

2.3.6. Calibration Signal Generator

Signals from satellites woul ¢ undargo delays in the RF amiplif §! the
and the IF amplifiers of the receivir These deleys could be calibrated by injecting a
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.\ig_lll‘l' ould consi=t of a periodic train ot pulses, each ';-_ 20 ps in duration ndd

derived directly from the 1ast crystal oscillator, A pulse repelition freq v

SIOO kHz would be chasen so that at least two of the harmonics « this ¢ 1t en

signal would appear within the pessband of each IF amplitier Two barmon We 1t e
to monitor the group delay as well as the phase delay variations of the receiv Jrout
delay - the var atior Y frequency — is important to monitor be
signals received from ditter 3 tes have different frequencies

The phases of t jlibration—signal harmonics would be measured i

the same way as would the phases of the satellite signals. This method has been used

successfully in the calibration of other geodetic \Ll;l recerver systems, at the mull ‘ '
level of accuracy [11], [1] When combined with the resuits from just one t o
measurements of the nha shilt—vs —frequency characteristics of the IF porti fu
receiver, carried out when these are originally built, the information frum the calibration
signals should serve to account for all receiver phase variatic to wit erlainty of
under 1 deg The calibration signals would not have to be monitored continuously, !
cculd be checked [ EXainj 0 e and after eac! iellite tracking period as dis 1
below
2.3.7. Atmospheric Sensors
T ielay of the radio sign ntroduced by the neutral atmosphere
mod ! 3 el 15 discussed in Section 4.1, Thus we w i inch y
compact, electronically —readable barometer, thermometer, and hydrometer in each
nterferomeler tert nst ments are availat ommerciailly and are incorporat
for example, in some compact satellite Doppler—tracking receivers, It the data fror
particular set of terminals are 1o be analyzed at a centra! location, it may be feas'bls
more economical to omit e sensors from the terminals and erpoiate fr
wegther —station records te obtain the values of the atn parameter (¢
Section 4.1
2.3.8. Control Logic
All of the ontrol tu Hions Lie carrie tintl | 1Id terming ]
automated straightforwardly through the u of ar inteyrated—circuit micr
Ro fur ( collectio of data including the atu
nformat’on, the cycle ints, th f VT ] ( g
levels, Less routine tunctions would include the determination of the proper
iibration of the signals received in t liffarent bands T1 b f
locked loops 10 the & priate trequency 1or 1 Hor f the el ana
also L wtomated | 1 | n il e t1 | I | 1 nat' ve tiateq
followed, each based on the it f ihility to (1) monitar the frequency
oscillator in eacl i w hod b througl yCle ~counting , (n) siew eact
oscillator upward or downward in Irequency and (iil) note the amplit
coherently —detected sigral from e detecte
I n vily nmue 1 } Wil g cer
station. this sta ultd Inst f er regarding th i e
which r 1teliit aalFils ©oa But it would ais be i o
preferable | he cont ' 1 il N y
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12 frequency channels in the lowest—frequency ( ~ 1 GHz) band would be swept by
a phase—locked loop searching for a signal (Note that it is vastly more eff ¢ ent to conduct
the search at the lowest frequency because (i) the loop bandwidth is wider ; (ii) the
loop time constant is shorter ; and (iii) the spectrum to be searched ‘s 3 aller Since the
first two factors @ach vary with the square and the third with the first power of the radio
frequency, we conclude that the search time depends on the fifth power of the radio
frequency | | For the signal strengths and bandwidths given previous - cpproximately
10 seconds woutd be required for one loop to search completely one of these 8-kHz
wide channels. Of course, ditferent loops would be programmed to search different
channels simultaneously. Once a new satellite had thus been acquired, others of the
~ 20 lcops could be assigneu Ly the controller 10 lock onto the signals transitilied in
the other bands by the same satellite. Less searching would be jequired Iv's step, since
the Doppler shifts wouid L2 known

Whenever a satellite is acquired, the phases of all of the sinusoidal signals that it
transmits would have to be measured simultaneously at least once, to later enable (he
interferometric phase an.higuities of the sianals 10 be properly resolved, This task would
require the simultaneous commitment ol up 1o ten phase -locked loops to thal one

satellite. However, once this task, which would take only 4 fer seconds, has been
accomplished, only two loops would be necded to track the highest lowest frequency
signale from the satellite Thus, after ¢ nation ¢! the 2 n ambiguities, it would be

necessary 1o maintain a continuous count of the cycles received from these two signals
only to remove ionospheric effects. In the steady state, simultaneous tracking of, say, six
satellites would require tweive loops, and eight loops would remain for other tasks. These
tasks would include the periodic monitoring of the phases and amplitudes of the
calibration signals in all of the iF bands, and the searching for new satellites. To reach the
steady—state condition after five of the six satellites have already been acquired will
require up to 20 of the phase-locked loops - ten for the steal, stat scking of the
first five sutellites and up to ten loops to enable the proper phase conne tion to be made
for the signals from the sixth satellite The total time to reach a steady state would, on
average, be about one minute

The control logic must also contain means to recognize any 0. on a spurious
signal and 10 reject this signal ; in such a scheme, advantage must be takon of the known
relation between the frequencies of the various tones transmitted by each waelliie

2.3.9, Data Storage and Telemetry

We estimate that about 3500 bits of data would npecd 11 ! tored at, or
transmitted by, each terminal for the initial determination o! o Lus . thus total
includes allowances of 33 bits for the integer —cycle count, 9 hire & + lractional —
cycle phase measurement, 12 bits for the measured vaue of tiedue and at least
1 error—flag bit to indicate loss of lock for each of the up to 10 signa' received from
each of € sate lies, pius a8 few hundred bits for time 100 G0 other |, i for data
on the aunospheric parameters. This quantity of data couid be tremsinimted over an
ordinary telephone line in 2 -3 seconds  After the initial “innal ~acquis 1 and phase—
ambigulty —iesolution sperations had been completed, uo o oon oy Hiase <iocked
loops were tracking each satellite, a baseline redetermination could be pertormed with an
additiona! 1 kilobt of data from each terminal Data houm a ! n.mber of
obgarvations counl aso be stored within the termingi in inespens o 30l e memory
devices, andt rou'l be collected later, for example by ' Pk Nith the
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addition to the terminai of a 1 watt microwave transmitter, the data could be relayed
from a remote to a central location through a satellite repeater. Alternatively, i a

telephone line were available within ~ 50 km , a UHF or VHF radio link and a telephone | ;
. “patch’ could be used,
2.3.10, Power Supply i 4

The complete terminal as described wouid require about 50 w.tts of power

Thus, it could not operate continuously and unattended for long periods without a

steady power source For applications in which observations every second were not

«  required, the average pov o consumption could be kept to about 1 watt |, since most of

the electionics, save the master crystal oscillator and the clock, would not have to be

powered except during observations In these apptications, power might e drawn from
batteries charged by an array of solar cells,

The possible characteristics of the interferometer ground terminal are sumniar ized
in Table 2 and Figure 2,

|.

| ANTENNA ~|-2 GH2 ~ 100" 300k H2 PHasL Mz ASURLMEN | V;DUL’E 4'
. /. RF LF | SIGNAL AMPL [ TUDE '
b | s AMPL $38 AMPL | ¢ ,” b |
| . 7 COUPLER MIXER / ek i =
‘ﬁ >/ Dl o Crou‘:aca g'AGrTL
10° ASE) A vCo
= PPS 4 ‘]J |
l “‘-'9‘- FIXED L"'"_ll‘ o e e e 4
| PULS
GEN. MULT. SLEW
; N CLOCK
XTAL
[ 1 osc.
Fig. 2 - Block diagram of radio signal receiving and processing portions of Mighty MITES 1
ground terminal. One RF—to—IF converter and one |IF amplifier are required for each of |
the up to ten RF bands. Up to 20 phase—measurement modules are required as explained
in the rext, l ‘
!
1
3
1
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Table 2 J
Possible Characteristics of Ground Equipment for
® the Mighty Mites System
Equipment Description [ Characteristics
Antenna
Type Crossed  dipoles stacked 3 A /8 above ~30 to
90 ¢m diameter ground screen
Polarization Circular
Frequencies Sclected coverage from 1 10 2 GHz to maich
transmitted tones
Gain >1 relative to circular “isotropic” antenna for ¥

Receiver System
Pre—amplifier(s)
Frequency range
IF Amplificrs
Center Frequency
Bandwidih
Time & Frequency Standard
Short~term Stability
Long - term Stebility
Digital Ceunting and Timing Circuitry
Phase -1 ocked Loop
Bandwidths
Time Resolution
RMS Noise in Phase
Measurement
Calibration Signal
Generator
Pulse Duration
Pulse Repetition
I requency

Atmospheric Sensors
Controller
Data Storage er Telemetiy
Cupacity
Medium

Total Power
Peak
Average

Total Mass

Total Volume

clevation angles 2220 deg ; — 5 db at  =levation
angle of 10 deg

Uncooled transistor(s)

1 to 2GHz inone or a few bands
Up to 10 identical units

200 kHz

200 kHz

Crystal oscillator

~ 1 part n 10'°

~1 partin 10°

~ 20 identical units

7.5 and 30 Hz
100 nsec

o M M "
< 5" for one second integration in worst case

<20 psec

<100 kHz

Barometer, thermometer, hygrometer
Integrated - circuit microprocessor

1000 to 3500 bits per bascline determimation
Solid -state memory, cassette recorder, radio link
and / or telephone line

~50 w
- |“
~ |5 kg
~01m’
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2.4, Possible Design Modifications

The particular design we described was motivated mostly by the desire fon
simplicity and reliability. However, many modifications of the design of the Mighty
MITES system could be niade 10 accommodate different requirements or const ot |
example, if necessary, the bandwidth required for the system cculd be reduce!
substantially with perhaps negligible degradation of performance It is likely that a
simple analysis, yet 10 be performed, would show that satellites separated by only 90°
in orbital longitude could be assigned the same nominal transmitter frequencies withou
risk of mutual interference, because of the difference between the Doppler shifts of iheir
signals as received on the Earth. If so, the number of channels, and the (otal banawidth,
could be halved. It might even be feasible to reduce the number of channels in each band
10 one ; that is, all 24 satellites might have the same nominal transmitter frequencies
Typically, about eight satellites are simultaneously visible at a given ground location, but
the Doppler—shift and random, transmitter—frequency, dif ferences would cause the el
received frequencies 1o be scattered throughout the width of the band Two receved
signals would have frequencies differing by less than, say, S Hz probably 1es n ;
of the time. 11 should be possible 10 design a receiver 1o make sccurate phas
on unmodulated signals which have similar strengths and lrequencies t!
little as S Hz; the receiver could also give an indication of when valid measuremonts
were not obtained due to insufficient frequency separation between two signals. Hownver
this approach might introduce considerable complication into the receiver. A more
efficient approach, if it were desired to have many or all satellites shaiing a single channel,
might be to modulate the sigiial Uansmitted by each satellite with a unigue, but
narrowband (€ 1 kHz) “code” signal which could be detected in the receiver and 1<
10 discriminate between the transmissions from the different satellites Tt
approach is in fact used with the standard GPS navigational signals, except that the codes
employed are rather complex and the modulation bandwidth is over | MHz (7 he »ig!
GPS code complexity and bandwidth are required for purposes not essentia! for Mighty
MITES)

3.0, System Operation

In this section, we recapitulate briefly the operation of the Mighty MITES
system with some more delailed emphasis on the technigue for elimination of the 2 n
ambiguity in the phase—delay measurements,

Each satellite would transmit a set of up to ten different tones. Each tore from
each satellite would lie in a given radio -frequency (RF) band These bands, up 1o ten in
all with each 100 to 200 kHiz wide, would be distributed suitable between ~ 1 GHz
and 2GHz  The ground terminal antenna, being approximately omni-directional for
elevation angles above 10 dey and sensitive 1o signals in each of these bands, would pih
up the tones from those satellites within view. The incoming signals in cach band would
inen be amplitied and converted to an intermediate frequency (IF) band, centered at
~200kHz, b, nu:ing the amplified signals with a local oscillator signal derived by
coherent multiplication from the master ciystal oscillator (Section 2,34 ) The rosulting
IF signals would then be band -pass filtered, to select signals withina 100 to 300 kilz
band, and clipped to obtain a two- level signal that could be handled easily by g
circuitry A subset of the ~ 20 modules (Section 2.35) that contain phase- locked
loops would be automatically directed to search for signals originating In the 12 ¢ ter o0
channel¢ in the lowest RF band (Section 2 2.2 ), since the elliciency of the searcl would
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be proportional to the inverse fifth power of the RF. (While the terminal is tracking
signals from a given set of channels in this band, further search would be contic .« the
remaining channels), After acquisition of a signal in the lowest band, the terminal would
seek to acquire the signals in each of the corresponding channels in the up 1o nic 1 ghere
frequency bands. The known separations between the frequencies n the var  us o ds
would enable this search 10 be conducted very efficiently. Should the search fail in a
sufficiently large number of bands, the originally—acquired signal would be assumed 1o
be spurious and a new search of the channel in the lowest RF band would be undertaken,
picking up from the frequency of the spurious signal. Only ten seconds would e required
for a module 1o completely search each ~ 8 kHz wide channel (S«ction 2.2 2.) in the
lowest RF band as the loup bandwidth would be ~ 30 Hz (Section 2.3.5.), and its ume
constant ~003s. Any module would also be able to track aii, whe r e total
200 kliz - wide 'F band The signal—to—noise ratio for the satellite s.ynals rece w»d sould
be sufficient for these operations 1o be carried out for elevation angles as low as ~ 10

The outputs from the set of loops, or modules, which had acquired sicna's from
the up to ten tones transmitted by a satellite, would be analyzed by digital «ircuits to
(i) accumulate a continuous count of the number of integral cycles made by the locked
oscillator in the lcop; and (ii) measure, modulo one cycla, the phase of this signal,
relative 10 the clock in the terminal which is controlled by the master crystal vsciliator
These twu measurements, combined, would constitute the basic one made by each ground
terminal, of the total phase of each of the up to ten tones received from vach of the
! delays
within the receiver (Section 2.3 6 ). The resultant total phases would be ! eraged,
say over one second, and time tagged according to the clock in the tarminal After initial
acquisition, it might be sufficient for some applications to continue 10 monitor only the
phases of the signals in the highest and lowest frequency channels for each satellite (see
Section238)

In one mode of operation, these averaged data would be transmitted slong with

satellites being tracked These phacss would also be calibrated for the etiect, o

auxiliary informative Including the measured values of the frego incies of in

(Section 2 39 ), trom each terminal to some central location, At this central | i, the

data from any pair of terminals could be analyzed to (i) remove the 2w amb | 1y and
| simultaneously, the effect of the ionosphere ; and (ii) estimate the comporents ~f the
| baseline vector between the locations of the two terminals. To perfor n th s ta i Tone

information is needed, namely the positions of the satellites as functions of ume. Crude
or refired, a priori, information on terminal locations could a'so |« - used

The radio frequencies of the tones would be distribuiod belwes -1 and
2GHz in a manner designed to facilitate removal of the 2 1 ambig q the
interferometric phase delays. This distribution would involve spacings in frequcncy that
are nearly in geomeiric prograssion, starting from a minimum spa ng of aber | MH2
(A strictly geometric progression would not be used primaril,  Deca the tega!
constraints on frequency allocation, and because a priori knowledge e.g. of the jonosphere,
would be exploited). :

I'he phase of each of the signals measured by each terminal could be converted
to delay via use of the measured value of the radio frequency " he 27 a0 Ligu'ty and
the ionospheric otfacts could be eliminated from the resulting set of up to ten
interferometric phase de.ays at each measurement cpoch by a i ots p hm n
which the ambiguity 15 «liminated first between the delays that result from rmeasurements
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at the close'y -spaced pairs of frequencies. These frequencies would be placed at the high,
2GHz , end of the total band since the uncertainty in the onospheric etfects would be
lowest there, Apart from the effects of noise, the shape of the ambiguity - free phase—
delay vs , frequency curve is accurately known and of course, taken into account in the
algorithm_ We omit the detailed presentation of this fa'rly straightforward algorithm 1o
spare the reader the superficial complications engendered by symbols balng festooned
with the three sets of subscripts and superscripts necessary to distinguish the different
satellites, ground terminals, and tones.

For continuing observations of the same sateliites from the same terminals, the
ambiguity and ionospheric elimination algorithms could be largely bypassed ulter the
initial elimination Only the inter ferometric phase delays for the highest and lowest tones
need be followed continuously ; these could be combined very simply to remove the
ionospheric etfect Simila-'y, for terminals closely —enough spaced for ionospheric effects
10 be negligible, the ambin. ity —removal algorithm could be simplified somewhat

The corrected i srferometric phase detays for the satellites tracked from a pair
of terminals would be anaryzaed by, say, a standard least—squares algorithm for each epoch
to determine the vector baseline, as outlined in Section 212 Variations in clock
behavior at either terminal over the signal integration inmterval would not affect  the
baseline resull since each satellite is obsuvrved at the same times trom a given terminal
The effect of such variations would therefore cancel because of the linearity ol Equation
(1), which would cover the same timz imerval for the observations of each sateliite
However, a "common-mode’” error in the epochs of the clocks at the two 1o ‘nals
would aftect the baseline result because (he assurmed positions used for the satollites
would be incorrect, Time tags on the interferometric data accurate to a millisecond
wouid reduce tnis error 10 a tolerable level Such clock accuracy could easily be maintained
jor terminals in two-way communication with a cental processor. Alternatively, with
observations ol at least five satellites simultaneousiy, one could solve fur this common -
mode epoch error, Another alternative, in principle, would be to obtain the time by
decoding the standard GPS transmissions

4.0, Limits on Attainable Accuracy

The accuracy attainable in baseling determinations <!l be limited primanly by
errors in knowledge of (i) the propagation medium and (ii) the positions of the
satellites The effects of both of these sources of error increase, albeit ditferently, as the
length of the baseline increases ; we discuss each in turn. Finally, we discuss the less
important limits due 10 the relative geometric configuration of terminals and saellites,
and due to instrumental effects,

4.1, Propagation Medium

The propagation medium contains, in effect, two components  the lonosphere
andd the atmosphere, The iniluance of the former can be virtuall, eliminated, as descr ibed
in Section 30, by utilizing i1s dispersive nature. The tropospheric effect on the electrical
path length of the radio signals is harder 10 determine because the neutral atmosphore is
nearly non-dispersive throughout the radio band of frequencies This eftect, typically
about 8 ns at the zenith, is variable by about | ns, due mainly 10 variation® in the
amount of water vapor in the atmosphere I ground <leve! mearirereonts L atmospharic
pressure, temper:‘ure, and dew point are used to calculate the atmospheric zenith delay
the rms eérror in the result may be reduced to aroox oately 2t 3em [1'1]




132

CC COUNSELMAN 11l and | | SHAPIRO

However, for baselines of a few kilomaters or less in length, and for sites at nearly equal
elevations above sea level, the atmospheric delays introduced at the two ends of the
baseilne tend to cancel to a high degree. Qur limited experence with such short baselines
shows, for example, that tropospheric effects can be lowered 10 the millimeter level [1)
and, in appropriate climates, to the tenth millimeter level [ 13] for baselines of length up
1o five kilometers For long baselines, a series of interferometric measurements by our
group [?] Involving the Haystack and Owens Valley antennas, separated by nearly
4,000 km |, demonstrated that a dozen baseline length determinations, distributed over a
one and a haif year period, show repeatability at the thiee centimeter level with the use
of only suirface measurements of atmosphe ¢ parameter s Higher accuracy resuits might
be obitainatiie through use of water —vapor radiometers (see, for example, [14] and [15])
to manitor the water —vapor content above @'>h teri nal | perhans the contribution of
the troanngphers 1o the uncertainty in baseline—yector determination could thereby b
reduced 10 the centimeter level in all three components even for baselines of
transcontinental dimensions. Mowever, the efficacy of water—vapor rad,ometers for this
purpose has ye! to be established reliably in VLBl experiments under various climatic
conditions. Moreover, at the present stage of technology, the water —vapor 1adiometers
would be much larger, and more expensive, than our proposed ground terminals - the
use of such radiometers would be similar 1o the taii wagging the dog

One can also take advantage of averaging. Since a baseline determination can be
made, on aversge, once per second, one can afford for most applications 1o average the
results lor many minutes or longer. Further, with more than four satellites observed
simuitanegusly, another form of redundancy is possible For both types, one can use the
level of stability of the datc and of the results as an indication of the accuracy of the
baseline determination

4.2, Sateliite Positions

Errors in our knowledge of satellite positions are muted in ther effects on
baseline determination by the ratio of the baseline length 10 the satellite altitude Thus
for baseline lengths of a tew hundred kilometers, the sensitivity to satellite position
errors s reduced by a factor of nearly two hundred for satellites of the GPS type For
example, 1o achigve “instantaneous” accuracies of 2 em over a'lm km Daseling would
require satellite position errors smalier than 4 m _ (Note that for a baseline short compared
1o the satellite altitude, the interfarometric delay is sensitive primarily 10 the direction of
the satellite, not to its altitude) For transcontinental baselines, the immunity factor is
under ten and sate ia sosition errors become of corrgspondingly greater importance,
But, as discussed ea o | atfacts of satellite position errors might be regucibie 1o the level
ol the atmospheric errors |t bate stations were squipped to tie the sateilile positions
continuously ower the required periods to those ol extragaiactic objects through
dilterential VLBI observations. Averaging ihe basoling results over long periods of time,
and, honce, over many satellites, would be acceptable for many applications and would
tend 10 reduce the effects of satallite position errors

4.3, Geometry

We now consider the etfects on the accuracy of baseline determination of the
geometric distribution of the satellites Given the uncertainty in the measurerment of
imerferometric phase delay, the determination of the corresponding uncertainty in the
estimate of the baseline vector is non—trivial The task is complicated largely bacause of
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the unknown, systematic, effects introduced by the neutral atmosphere However  one
pertinent question can be answered by an elementary analysis ~ What is the purely
geometrical multiplying ‘actor in the conversion of phase—delay uncertainty 1o basel ne
component uncertainty > To obtain an answer, we use the following simpiificd expressien
for the Interferometnic phase delay obtainad from obseivaiion
terminals (see, however sect.on 3.1}

el | e - - |
Tio == {Is=r3l=lg—ty 1| $¢°
¢
o2 *v 3 I Y(p3 2 F 232 (% .22 el
- N A »-r,!_s+4_|-(r, Fy )=(ry-8)" +(r; -§) ] 14+ (2
¢ s

r<s

- .
where riﬂ =1,2) and s are vectors, from the center of the Farth 1o the termis

10 the sateilite, respectively The analysis was based on the GPS conilg
sateilites in eack of the thrge obhital planes assumed 10 be crossing *he e

i

e -
1 = 0 Baseline with 1ry -1, | € s were considered as an ilustration , under  these
conditions, the term in brackets in Equation (2) can be iynored However, the effects of

",,,‘u v Aus 1 the i L |"‘ the « itellites mist Be et .-..‘gl.,‘,,f il et $ Was
caiculated for the vector from the baseline midpoint to the satellite. Observations were
assumed to be made of all saie whose elevation angles, as viewed Trom the terminals,

exceeded 10 deg

From such observations, at each instant, the three components of (the base! r
vector and the epoch oftset of the clock at one terminal with respect 1o that of the other
could be estimated and the ctandard errors in these estimates determined The res
friom the aralysis and related nformation on the geometry are presented in Figuies 3 o u
4. Figure 3 is based on the te:m nais Foing placed at a north latitude of 40 deg nd
longitude goincident at t = 0 with an ascending node of one of the orbital planes of (.
salellites, In Figure 3a, we shuw the elevation angles as functions of time for ail satel
visible from the terminals. Figure 3b shows the results of the error analysis — the standard
deviations in the estimates of the vertical and the two horizontal components of 1
baseline as functions of time The standard deviations are given [n units of the standarrd
arror in the determination o! the interlerometric phase delay. For either of the 1w
horizontal components, the geometric multiplication factor s never more than 1.2 with
its average value being about OR  The multiplication lactor is larger tor () e
component whose uncertainty depends moie importantly on the tota! spreas nf
elevation angles. This, as can be geen in the Figure, the multipiication factor is <o at
large when the spread s small, and vice versa For all three componenis, the 0
orrors a8 functions of tme are discontinuous when a sateilite passes either nside o

outside the allowable elevation angle limit We also note in the Figure that if the al
angle cutoff a1 t = 6 hr were lowered by only 0.3 deg, the multiplication 1, '
the ver tical component would JIrop near iy twotold, the 1otal spread in the elevat -
then included being increased thereby ‘rom about 30 10 50 deg  Figure 4 containe fo
corresponding results for observatlLns from torminals placed at the san

on the eguator
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Fig. 3 — Error analysis for Mighty MITES system.
(a) — E levation angles of satellites as seen from ground terminals at <0 N, latitude ervalions

are made of all satellite; visible above 10° elevation, exceptat t =06 lours , when the tveo satellites
with elevations of 9.7 , indicated by the asterisk (*} , are also observed

(b) — Standard errc . of estimates of baseline vector components, computed ar time ervals of
20 minntes, Points plo' o«d at these intervals have been connected by continuous lines tar clarity,
although actual “curves” have discontinuities when satellites cross 10  elevation liniit Unit of
baseline uncertainty is the standard error in measurement of interferorn v iric phase delay nve ed

to equivalent path length. At time =6 hours, results are shown both for 10" (regular sy mools) and
for 9.7 (asterisks) elevation-angle cut—offs.
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Fig. 4 (a) and (b) — Same as Fig. 3, except that terminals are at the equator.

The above error analysis, as mentioned, ignores the affects of the troposphere
and ot the uncertainties in the orbits of the sai 3. To 3n an indication of the
magnitucle of the effacts of the troposphere, w inalysis, but with the
standard error for each observation assumed equal to the cos ' of the elevation angle

ancd with the elevation angle “cutoff’” maintained at 10 deg The resulits are surmmarized
in Figure 5. Here we see that the multiplication factors we larger, as expected, reaching
up to 2.0 and 2.5 , respectively, for the horizontal components for terminals at 40 deg
and 0 deg latitude. The corresponding factors for the vertica’ component are both about
5.0, which serves to emphasize the importance of the observations being widely
distributed in elevation angle, and, especially, being extended to high elevation angls

In a further refinement, we could solve in addition fo the common mode epoch

errar (see Section 3.0)

159

st B



ORIGINAL PAGE IS
OF POOR QUALITY

!
|
3
C.C. COUNSELMAN 11l and 1.1 SHAPIRO ;
gy - * « VERTICAL
ZE qr «t o, . :
< s ° * (a) LAT =0
o S * L)
m (P\? .‘.’.-.\-
QW2 o U i S HRGE Y
o Lz) 1 — | E-W} HORIZ.
e
5 1 o 1 | 1
0 | 2 3 4 5 (S)
TIME (hours) —s
>S5 . I
;’;40—.0 & — ......KVERTlCAL
853_ ... o (b) LAT. =40°
o
) N-S
D s T ittt 2 R }HORIZ.
© 2 | F ~e—ex E-W
o
1 | | ) | |

0 | 2 3 4 5 6
TIME (hours) —s

Fig. 5 (a) and (b) — Same as Figs. 4 (b) and 3 (b), respectively, except that here the
standard error in the measurement of the interferometric phase delay, instead of being
unity, is equal to the cosecant of the elevation angle of the satellite.

4.4, Instrument

For wvery closely spaced terminals the accuracy attainable in haseline
determination could be limited by instrumental effects. For example, with a 100 -meter
spacing of terminals, of some interest for surveying and for monitoring the effects of
earthquakes, the contribution to the error in baseline determination from the troposphere
in good weather should be under | millimeter and from the satellite—position
uncertainties under 0,05 millimeters. Any instrumental effects of order 1 miliimeter |
could, under these circumstances, degrade the system performance. Thus, it would be ‘
especially important for such applications to minimize the effects of ground reflections, !
as discussed in Section 2.3 With proper design and calibration, other sources of
systematic errors in the instrument could probably be kept to a level of about 0.3 psec,
equivalent to 0.1 mm in uistance. The random errors, due to signal—to—noise limitations
(Section 2.3). coutd be reduced to this negligible level after less than ten minutes of
integration. Should the ground reflecticns be the dominant contribution to the error, this
fact would be disciosed in the slow variations with time of the estimate of the baseline. *
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caused by the changing directions of the signals. These variations would also tend to
repeat with a 12—hour period, as indicated earlier.

A potential problem with current geodetic applications of VLBI concern: the
determination of any changes with time ot the length of the signal path through the
antenna system. With the large structures now in use, one must account for deformations
associated with changing winds, temperature, and gravity loads (see, for discussion, [7])
However, for a miniature terminal with a dipole—type antenna such changes are negligible
at the millimeter level due to the small size and rigidity of the antennas

5.0. Applications

There are a large number of potential applications of this interferometric
system We discuss two of these briefly,

5.1. Earthquake Monitoring

A primary use of the Mighty MITES wou'd be to monitor the reqional
accumulation and release of strain Their use would be rmost effective in regions around a
fault such as the San Andreas where the terminals could be distributed widely, and yet
densely, in the immediate vicinity of the fault and the data coliected routingly In effect,
a seismic array could be set up, capable of measuring displacements with millimeter to
centimeter precision in the 0 to 1 Hz part of the spectium The extraordinary time
resolution of these measurements of baseline vectors and the high accuracy, especially for
short baselines, should aliow a very comnplete geometric characterization to b io of
the crustal movements during actual earthquakes Moreover, during earthquakes, an
errors in our knowledge of satellite positions, which change slowly with time, would not
significantly degrade the accuracy with which the changes in baseline vectors could be
determined with the terminals * . These Mighty MITES should be sufficiently inexpensive
to allow a dense net to be set up, and their ability to operate unattended should also cut
down dramatically on the cost of the overall monitoring system

5.2, Land Surveying

These terminals could also be used for more conventional surveyino For
example, for local surveying, over distances of a few kilometers or less, two or more
terminals could be employed. The survayor would merely have to set the terminals fowr
4t the positions whose vector separations are desired and, after the minute or so requ red
tor signal acquisition, baseline results couid be obtained once per second. The surveyor
would also require satellite—position information, a small microprocessor, and either a
radio or a line link to each terminal to be able to determine these baselines The needed
computations could easily be done in real time and would thus allow the surveyor (u
complete his tasks virtually as fast as he could place the terminals at the desired pos:t.ons
Of course abesrvations could be continued by the survevor as long as desired and the
changes, or Hluctuations, in the baseline vectors, as well as their running averages,
monitored, Averaging largely removes the effects of short—term atmospheric fluctuations,
caused, for example, by passing clouds

Semi—permanent, self—-cont.ined, local arrays of terminals coult o' UsEl
for a variety of purposes. As exam;lo. we mention the monitoring of local o ostal
movements in the vicinity of nuclear plants, wells, pipelines, dams, mines, and 1ockel
* — Note, however, that during and immediat eding and following earthquukes insutficient

time would be available for averaging out shori - term meteorclogical effects
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launching sites and even the monitoring of oil rigs in the sea In some cases, combination
with gravity monitoring will yield a more pawer s » ! '
both crustal motions and changes in the mass underlying Ihe area.

For purposes of both two—way communication and supply of powor, a grect
electrical link to each terminal might be more suitable for fixed installation. gned for
long—-term monitoring, If direct links are not convenient, small cassette recordess could
be used to store data which could be collected intermittently,

6.0. Precision Geodesy With GPS — Other Interferometric Approaches

The various options originally considered for GPS ground terminais «rere not
intended to yield accuracy in position determination bettar than about 1 meter A
crucial question is . can the already planned GPS signals be utilized in virer ~ays ta
yield substantially higher accuracies in position determination ? Various possibiliiies can
be envisioned, Orie possibility [16] would be to receive the GPS siarals interfercinstrically
as if they were random noise, as from extragalactic radio sources. Because of 11 strength
of the GPS signals, even when treated as randorm noise,a 1 -meter diameter 1 rtable,

antenna can be used with conventional VLBI receiving and data processing 'echiniques,
The estimated precision in baseline determination [16] is 2cm from 1.5 ho i1s of data
collection for baselines < 300 km in length. This system promises comparab e zocuracy
to that claimed for the Mighty MITES System, but at the sacrifice of cost, simplicity, and
time resolution,

Another possibility is to utilize knowledge of the pseud o GGPS

codes so that the effective noise bandwidth at the receiver is of the oo iy, ten
Hertz instead of the order of ten Megahertz, One may then consider rapid determination
of the interferomeltric group delay, at both the ~ 1.6 GHz GPS bands, with accuracy
sufficient to determine the ionospheric contribution and to eliminate the 2 7 ar »icuities

in interferometric phase delays. The two phase delays, one at each of the two © yuepcy
bands, could then be combined to refine further the knowledge of the ionospheric
contribution and to yield an accurate vacuum-—equivalent phase delay (The it
on group—delay accuracy are somewhat ameliorated for sites closely —enou:h eu fo

the ionospheric effects on the interferometric observable to be negligible). I this tachnigue
were viable, then the same accuracy in baseline determination could be ac!

the Mighty MITES Systern. However, one important caveat which bears on the cost must
be considered : the achievement of sufficient group delay aciiraiy te 1
phase delay ambiquity may entail considerable complication with such a nanow (=~ %)
fractional bandwidth available at each GPS band. Although sigral 10 —nois

sufficient, systematic effects on the frequency dependence of the phase delay. ould L.
serious. As an oversimplified illustration, consider ground refloctions of 11w

introduce an (erroneous) contribution to the slope of the phase of the signal as + function
of frequency across the band. A difference in phase of only 1°, in opposits s, at
both ends of a 10 MHz band, would introduce an error in groun delay ivatent 10 a
displacement of about 15 em — a large fraction of the ~ 20 cm wavelength at 1.6 GHz.
To be more gquantitative about the possible sources of such reflected signals. we rot - thal
the root—mean--square (1ms) phase error due 10, say, iISotrOuw, scattering ', 07 wts
near the antenna is given approximately by

<o*>'? ~ 10 o' ! 3
—I—{—(t‘[.‘ L3)
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where o is the cross section of the object, R is its distance from the antenna, and both
are measured in compatible units. We assume here that the receiving antenna is isotropic,
Thus, an object such as a tree with a 2 m? effective cross section, situated 15 m from
the receiving antenna, would lead to a 1 deg rms phase error, To cut this figure to
0.1 deg would require the gain of the antenna to be 20 db less in the direction of the
scattered radiation than in the direction of the directly received signals. A simple antenna
with such high directivity couid not receive signals from ail satellites simultaneously ;
hence the eifects of instabilities of the frequency standard could not be eliminated
simply by subtraction, as in the Mighty MITES System_ A more stable, and presumably
more expensive, standard would be needed We conclude that this problem of elimination
of the 2w ambiguity in phase with the planned GPS signals may require a rather
expensive system to insure sufficient suppression of the eftects of ground reflections (see,
also, Section 2 3)
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ABSTRACT

The relative position and relative proper motion of the radio sources 3C 345 and NRAO 512
were estimated from four sets of very-long-baseline interferometric observations, spaced
between October 1971 and May 1974. Use of phase-connection techniques yielded the result
a(3C345—-NRAO 512)=2" 29°.436 680000 03

8(3C345—NRAO 512)=1"' 40".726 3+0".000 3

for the separation in 1950.0 coordinates of the centers of brightness of the compact
components of the two sources, and an upper bound of 0".000 5 per year on their relative
proper motion (70% estimated confidence limits).

I. INTRODUCTION

The establishment of a celestial reference frame
and a cosmic distance ladder has been a major concern
of astronomers throughout this century. The determi-
nation of a reference grid and the placement of the lower
rungs of a distance ladder have been accomplished pri-
marily with optical measurements of positions, paral-
laxes, and proper motions of stars in the Galaxy. These
same problcmis can also be attacked effectively with the
use of radio observations. The measurement with very-
long-bascline interferometry (VLBI) of the differences
in the fringe phascs for pairs of distinct radio sources
with small angular separation can, for example, yield the
relative positions of the sources with errors of well under
a milliarcsecond. Repetitions of such determinations over
a period of years can also lead to values for their relative
parallaxes and proper motions or to stringent bounds on
them.

In this paper we describe the VLBI method in some
detail and present results from four sets of observations,

' Now at U. S. Natienal Geodetic Survey, NOS, NOAA. Rockville,
Maryland 20852,

B Now at Seismological Laboratory, California Institute of Tech-
nology, Pasadena, California 91125,
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spread over two and a halfl years, of the pair of radio
sources 3C 345 and NRAO 512 which have an angular
separation of about 075. The source 3C 345 has a redshift
of z = 0.595. and hence a proper-motion distance of
about 2 Gpc, if we assume Ho = 60 kms™' Mpc~! and
go = 1. The source NRAO 512 has also been identified
with an optical counterpart for which a tentative value
of z = 1.67 has been determined (Lynds 1975), leading
to a proper-motion distance of 3 Gpc. If these distances
are correct, the peculiar velocities would have to be very
peculiar indeed in order for us to detect any relative
parallax or proper motion. However, because of inferred
“superluminal™ velocities in 3C 345 (Wittels 1975,
Cohen et al. 1576, Wittels et al. 1976a), we sought evi-
dencc for any related motion of its center of brightness
with respect to NEAO 512,

In Sec. 11, we discuss the basic theory underlying the
VLBI method, in Sec. [11 the observations, and in Sec.
IV the data-reduction procedures. The results are pre-
sented in Sec. V and discussed in Sec. VI. Auxiliary
formulas are relegated to throc appendices.

1. THEORY

We first discuss the difference fringe phase and then
describe some of its pruperties. The fringe phase itself,
for obscrvations of a single point source, is given ap-
proximately by:

€ 1979 Am._ Astron. Soc. 1459
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O(1) =~ (wB/c) [cos D cosd cos (Ag + U — a)
+sinDsind] + ¢P™(¢) + ¢*(1). (1)

where w is the (angular) radio frequency of the obser-
vations: 8, .1y, and D are the length, right ascension at
epoch, and declination, respectively, of the baselineg; ¢
is the speed of light; €2 is the magnitude of the angular
velocity vector of the carth; e and é are the right ascen-
sion and declination, respectively, of the source; and ¢P™
and ¢ are the respective contributions to the fringe
phase from the propagation medium and the instru-
mentation, including frequency standards. The equiva-
lent phase delay is obtained by division of Eq. (1) by
w.

If we consider that observations are made simulta-
ncously of a secord source whose right ascension and
declination are o + Aceand 6 + Ad, respectively, we can
form the difference fringe phase (or the difference phase
delay):

Adlr) = palt) = (1)
~ (wB/c) }Aa cos D cosd sin( Ay + U — «a)
— [Ad sind + YA(Aa)? cos ] cos D cos (Ag + Q1 — o)
+ Adsin D coso + O(AaAd,Ac®) + Ad (1), (2)

where the subscript on ¢ is the source index, and where
we carry the expansion to one power higher in A« than
in Ad because, for the source pair being studied, Ad =
O(A«?). The term A¢¢ represents primarily the con-
tributions duc to the intrinsic ambiguity of phase and to
the propagation medium. The contribution of the in-
strumentation to the difference fringe phasc is usually
very small, if the observations of the two sources are
made simuitancously; if not, the instrumentation can
make an appreciable contribution (sce Secs. 1V and
V).

Often, knowledge of the baseline vector, the source
position, and the propagation medium is of sufficient
accuracy to allow the “2wa" phase ambiguity to be
climinated. In such cases, the information on Ad con-
tained in the term A6 sin D cosd is useful. Otherwise,
estimates of Aw and Ad are obtained solcly from the
cocfficients of the sinusoidally varying terms in Eq.
(2).

How sensitive are such estimates to errors in the values
used for other relevant quantities? We distinguish two
types of crrors, those that are dependent on time and
those that are independent of time. The former affect the
determinations of both the relative position and the
proper motion of the sources, for example, whereas the
latter affect only the determination of the relative posi-
tions. The largest effects of the first kind, discussed in
Appendix A, are those due to polar motion and to vari-
ations in the carth’s rotation (UT1). whereas the largest
of the sceond kind, also discussed in Appendix A, are
those duc o uncertainties in the baseline length and in
the position of the reference source in the sky. (Although,
in principle, these latter errors are also dependent on
time, this dependence can be ignored in practice.)
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We have so far assumed that both sources are unre-
solved by the interferometer or have sufficient symmetry
that the fringe phases behave as for point sources. If the
source is partially resolved, one has to define a suitable
point of reference. such as the center of brightness of the
overall source or of a distinguishable component within
the source. :

If the radio-brightness structure of each source were
to remain constant, then there would be no effect on a
determination of relative position or proper motion so
long as all other aspects of the measurements, such as the
hour-angle coverage in each set of observations. were also
kept constant. However, we know that many, if not all,
compact radio sources undergo perceptible changes in
their brightness structure over time periods of several
years (sce, for examples, Wittels er al. 1975, Cohen et
al. 1977). We must, therefore, determine the structure
of each source and refer the observations of fringe phase
to cither the center of brightness, as described in Ap-
pendix B, or to some suitable feature within the source.
If one is interested in the position or motion of the center
of mass of a source. there is a potential difficulty in the
use of the center of brightness or of any other reference

.point within the brightness distribution: There is no
guarantee that this reference point coincides with, or
remains at the same location relative to, the center of
mass. However, one could argue that the outbursts of
radio energy that emanate from compact radio sources
originate close to the center of mass. Since in many of
these sources outbursts seem to recur on time scales of
a few months to a few years, a lorig-term average of the
position of the center of brightness or of any other suit-
able reference point, ought to coincide closely with the
center of mass. In any event. only an apparently uniform
transverse motion of the reference point with respect to
the center of mass could be confused with bona fide
motion of the latter. Any “erratic” component of ap-
parent relative proper motion between two sources could
probably be attributed reliably to the relative motion of
the rcierence points with respect to the two centers of
mass.

I11. OBSERVATIONS

Our abservations were made ai a radio frequency of
approximately 7850 MHz (\ =~ 3.8 ¢m) in our standard
Mark | VLBI mode (Wittels er al. 1975) on the dates,
and with the antennas, listed in Table 1. The equipment
is described in detail by Whitney (1974) and Whitney
et al. (1976). For the first three experiments, which in-
volved the Haystack Observatory and the Goldstone
Tracking Station, the only unusual aspect (sce also
Knight er al. 1971) was the recording of data from both
sources on cach magnetic tape. Since the signals from
3C 345 were stronger than those from NRAO 512, we
recorded on each tape 50 s of data from observations of
3C 345and 110 from observations of NRAO 512, An
interval of 70 s was allowed after cach observation to
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TaBLe | Description of experiments.
Experiment Duration of Cycle Bandwidth Minimum elevation angle
number Date experiment Baseline time! synthesis " G N
1 10 October 1971 5 hr 22 min HG? 5 min No 50 deg 16 deg -
2 9 May 1972 5 45 HG 5 Yes 13 39 -
3 4 July 1972 3 56 HG b No 62 27 -
4 2 May 1974 3 38 HG 4 Yes 46 59 51 deg
HN i Yes
= NG 8 Yes

! See text for definition.

*H « Haystack (430: 110). G = Goldstone (1,600; 20), and N = NRAO Green Bank (650; 100), with the numbers in parentheses denoting,

respectively, the typical effective apertures (m?) and system temperatures (K) of these three radio te

for these experiments

Note: \ hydrogen maser frequency standard and the Mark | recording system (360 kHz bandwidth) were used at each site for each experimen.

repoint the antennas, resulting in an overall cycle time
of 5 min. For the fourth experiment, the signals from
cach source were recorded for 90 s on each tape, with an
interval between observations of 30 s to allow the an-
tennas to be rerointed. vielding an overall cycle time of
4 min at Huavstack and Goldstone. However. at the
National Radio Astronomy Observatory (NRAO),
which was involved only in the fourth experiment. only
one tape recorder was available, and observations were.
theretore, made only during every other four-min cycle.
for an overall 8-min cvcle time (see Table I).

IV, DATA REDUCTION

Here we outline briefly the inajor steps involved in the
estimation of the relative position of the two sources from
the tape recordings of their signals.

a) Cross Correlation

The fringe phases and rates for each source from
cach tape pair. except for those from the first experiment.
were estimated with the aid of the “Mark I digital
correlator at the Haystack Observatory and the data-
reduction programs described by Whitney er al. (1976).
The data from the first experiment, obtained prior to the
completion of the Haystack correlator, were processed
on 2 general-purpose digital computer at the Goddard
Space Flight Center, using the programs described by
Hinteregger (1972) and Whitney (1974). In each case,
the processing actually vielded the difference between
the fringe phase (and fringe rate) and a model of that
fringe phase (and fringe rate), based on the best available
prior information and on preliminary estimates for the
differences in the epoch settings and rates of the clocks
used at the different sites. Thus. the fringe phases and
rates obtained directly from the cross correlation were
in the torm of residuals.

b) Phase Connection

Betore the fringe phases estimated from individual
observations (tape pairs) were used to obtain accurate
estimistes of source positions, the number of 27 changes

of phase between successive observations of the same
source were determined to “connect™ the observations.
Proper phase connection can be accomplished provided
the time interval between successive observations is
sufficiently short and the estimate of fringe rate suffi-
ciently accurate.

The method we used to connect the fringe phases can
be outlined as follows [see Wittels (1975) for a detailed
description]: A polynomial in time, up to degree five, was
matched by weighted least squares to the ensemble of
residual fringe rates for a given baseline. source, and
experiment. The time integral of each of these *“best-
fitting™ polynomials was then subtracted from the cor-
responding residual fringe phases, where the latter were
evaluated from each second of data. The resultant re-
sidual fringe phases varied slowly enough with time so
that those from one tape pair could be connected with
those from the preceding or following tape pair with only
a small probability that a spurious number of 2 #'s was
introduced. The phase connection was actually carried
out by means of a simple computer algorithm and was
confirmed by visual inspection: the connection was
checked again in the final processing of the data.

c) Difference Observables

After proper phase connection, the fringe phases for
cach source were transformed into equivalent phase
delays. Difference observables were then formed by
subtraction of the phase delay from an observation of one
source from the delay from the following observation of
the second source. Each difference observable had two
time arguments since the observations of the two sources
were made at different times. Except for “edge effects.”
cach observation appeared in one, and only one, differ-
ence obscrvable. This differencing technique produced
observables largely freed from the main sources of
error.

In addition to the phase delay, there is another ob-
servable, the group delay (see, for example, Whitney er
al. 1976), that was obtained in the May 1972 and May
1974 experiments. The uncertainties in the group-delay
measurements are about eightyfold larger than those in
the phase delays, due mainly to the relatively small, =25
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MUz, spanned bandwidth (Whitney et al. 1976). De-
spite this lower accuracy, tlic group delays have the
virtue of providing the best available check on our esti-
mates of relative source position (Clark er al. 1976).
These measurements were also differenced, like the
phase delays. to reduce the effects of errors.

d) Least-Squares Analysis

The phase delays and group delays for each experi-
ment were analyzed separately with a weighted-least-
squares algorithm to obtain the differences, Acv and Ad,
in the positions of the two sources. (The fringe rates were
used only for phase connection.) For these analyses, the
total, not the residual, observables were used. Further,
for the analyses of the phase delays, both the difference
obscrvabies and the phase-delay observables themselves
for onc source were used. The latter were included be-
cause of their greater sensitivity to the “long-term”
relative behavior of the clocks at the various sites. In fact,
the sole practical effect of the use of these (undiffer-
enced) observables was to improve the determination of
the influence of the clock behavior on the difference
observabies. In principle, the sum observables could have
scrved this purpose better; however, a program limitation
prevented their use. Tests showed that this limitation had
no significant effect on our resuits.

The parametrized theoretical model, which was
matched to these observables, included the effects of the
atmosphere and of all known, non-negligible contribu-
tions to the motions of the antenna sites (Robertson
1975). Aside from A and Ad, the parameters estimated
in the analysis of the data from the two-site experiments
were six in number: the five coefficients of a fourth-
degree polynomiai used to represent the relative behavior

of the clocks at the (wo sites, and the single parameter
needed to represent the 2rnw=" ambiguity in the offset
of the phasc delays for onc source from those for the
other. This last parameter was estimated only in the
analysis of the phase delays as the group delays are un-
ambiguous: if the standard error in the estimate of this
parameter is small compared to 2rw™", and if the esti-
mate itself is near 2rnw=" for some value of n, then one
can select the proper value of 7 with confidence. In such
cascs, the analysis is repeated, with n fixed at the selected
value. For each of our experiments, the value of n was,
in fact, determined reliably.

For the three-site, May 1974 experiment, additional
“clock™ and ambiguity parameters were also estimated.
The values of the most important parameters that were
not estimated in any of the analyses are given in Table
1.

V. RESULTS

In this section we (i) present the estimates of the rel-
ative position of 3C 345 and NRAO 512; (ii) examine
the sensitivity of these estimates to changes in the pa-
rameters of the theoretical model: (iii) discuss the postfit

-residuals: (iv) describe and interpret the error ellipses

for the estimates of relative position from the individual
experiments; and (v) discuss the bound on relative proper
motion obtained from the ensemble of experiments.

a) Relative Source Position

The relative position of 3C 345 and NRAO 512 ob-
tained from cach of the four experiments is shown in
Table [11. The values of Aa and Ad obtained from the
two types of observables arc in good agreement, as ex-
pected.

TaBLE i1, Fixed parameters.

Source coordinates (1950.6)"
3C 345

Station coordinates (earth centered)

a= 16117634759

& = 39°54'10]95838

Cylindrical radius West longitude Polar component
H:? 4700.64332 km 7174886503 4296.69616 km
G: 5204.14078 11688856037 3676 86770
N 5003.16905 79.8359600 394394526

Precession constant
P = 5026,75/century

UTI and polar motion
Smoothed values published in Circular D by the Burcau International de 'Heure.

Earth tides

Radial Love number, h = 0.554
Horizontal L ove number, [ = 0,045,
Tidal lag angle, 0 = | deg,

Electrical path length of atmosphere (zenith directions)

H 8.0ns
G: 6.7
N: 14

' Ellipuc aberration removed,
2 See Tabdle | for definitions of abbreviations.
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TAsLE 11l Estimates of relative position: 3C 345 Minus NRAO 512.

Root-meun-square of postfit

residuals (phase delay only)
Aa' = 229436 680 Ad' = 1’30]726 30 Difference Single-source

Experiment Group delay? Phase delay? Group delay? Phase delay? observables observables
number (X10%s) (X10%s) (X104 arcsec) (X 10* arcsec) (ps) ()
| 0.5+04 05+ 1.1 12 15
3 =40 £ 80 -04£08 S0 + 40 -0.74£09 19 36
3 +28+04 -14%£19 13 18
4 150 £ 430 -45%05 180 + 260 12£15 14 1]

' Acrand Ad represent the right ascension and declination, respectively, of the posttion of 3C 345 minus that of NRAO 512, The reference

position is the werghted mean from all four experiments (see text),

2 The uncertainty shown is the formal standard error, determined by scaling the measurement standard deviations uniformly such that the
root-weighted-mean-square of the postfit residuals is umity. For the analyses of the phase delays, the standard deviations for the difference
observables and the single-source observables (see text) were scaled separately so that, for each type, the root-weighted-mean-square of the

posthit residuals is unity

The root-weighted-mean-square scatters about the
weighted mean for the estimates of right ascension and
declination from the analysis of the phase-delay data for
cach experiment are 0:000 03 and 0000 1, respec-
tively.

The scatter for the right ascension difference is con-
siderably larger than would be anticipated based on the
formal standard errors (sce Table 111). This anomaly
may be due at least in part to an inadequate model for
the brightness distribution of 3C 345 which is clongated
mostly in the right ascension direction with an extent of
the order of 07000 1 (Wittels er al. 1976a). By contrast,
the scatter in the estimates of declination is slightly under
the value expected from the formal standard errors.
Morcover, expected errors, for example, in the values
used for UTI (sec below), wquld have produced a sev-
cralfold larger scatter. We thus conclude that the small
scatter in the estimates of declination is fortuitous and
that 07000 3 is an appropriate estimate of the uncertainty
in our determination of Ad. Our results for A and Ad
in 1950.0 coordinates can therefore be summarized
as:

Aa(3C 345 - NRAO 512)
= 2™ 291436 68 £ 02000 03,

AH(3C 345 = NRAO 512)
=1740,7263 £ 0000 3, (3)

where the values quoted represent the weighted means
from the analysis of the phase-delay data for cach ex-
periment. and where the uncertainties quoted represent
our estimates of 70 pereent confidence limits that include
consideration of the possibly dominant effects of sys-
lematic errors,

We also combined the estimates of A« and Ad, and
their correlations, from all experiments and solved for
the relative position of the two sources under the as-
sumption of zero relative proper motion. The results do
not differ significantly from the values givenin Eq. (3).
The right ascension is virtually identical and the decli-
nation is about 07000 2 higher duc to the effect of the
corrciations

Finally. we reanalyzed the phase-delay data after
interpolating the phase delays for 3C 345 to the epochs
of the NRAO 512 observations and vice versa: in both
cases, the result for the weighted means of the estimates
of Aa and Ad were consistent with the values given in
Eq. (3).

b) Sensitivity Study

How sensitive are our estimates of A« and Ad to the
fixed parameters (Table 1) used in the analysis? To
provide an answer, we carried out an extensive series of
tests (sce also Appendices A and B) to determine this
sensitivity for the coordinates of the reference source, the
bascline vector, the precession constant, and the pole
position and orientation (UT1) of the earth, and for the
models used for earth tides, the atmosphere, and source
structure (Wittels 1975). For almost all of the parame-
ters, plausible changes in value did not affect the esti-
mates of A« and A6 significantly; such changes were
smaller than the formal standard errors. However,
changes in UT! by 2 ms did produce changes of up to
0.000 7 in the estimates of Ad, but insignificant changes
in the estimates of A, as expected (see Appendix A).
Further details are given by Witiels (1975).

We also estimated the precession constant from the
difference VLBI observables. The estimate we obtained
agreed with the accepted value to (just) within ihe
2" /century uncertainty of our estimate, thus confirming
the insensitivity of our results for source position 10 a
plausible error in the value used for this constant.

¢) Postfit Residuals

The postfit residuals obtained from the analyses of the
phase delay data are illustrated in Fig. 1(a) for the Oc-
tober 1971 experiment. Figure 1(b) displays the corre-
sponding residuals from a solution based on these data,
but for which a 2 error in phase connection was delib-
erately introduced at the boundary of the ~40-min gap
in the data: the resultant systematic trends give dramatic
evidence of the error, The difference in the two solutions
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FIG. 1. The postfit residuals for the differenced phase delays for the 10 October 1971 experiment. In (a) the phases are properly “connected ™
whereas in (b) a 2 error was intentionally introduced in the connection across the gap in the data that occurred between about 20:10 and
20:50 UT.
is also dramatic guantitatively: The root-mean-square  of our (static) model for the electrical path length of the
peat (rms) of the pgofit residuals is 45% higher for the second  atmosphere as a function of elevation angle.
than for the first solution,
; The rms of the postfit residuals for the difference d) Error Ellipses
P observables and for the single-source observables for
cach experiment are givcn in Table 111, For three of the The characteristics of the error cllipm for the esti-
g experiments, the latter are about one third higher than  mates of A« cos 6 and Ad from the individual experi-
P T the former with the individual rms values bcmg nearly ments are g“cn in Table 1V. These clhp;cs are contours
' independent of experiment. However, the rms vaiues for  of constant probability density, centered on the estimates
: the sccond experiment deviate noticeably from this  of Aacos & and Ad. Each principal semiaxis of each el-
L pattern. This deviation is attributable to the very hcavy ||p.c denotes one (formal) standard deviation for the
rainfull at Haystack during this experiment. The rms of  estimate of that linear combination of A« cos 6 and Ad
e the difference observables was also relatively smaller  that corresponds to the direction of the semiaxis. The
vhbai than that for the single-source observables, indicating  directions of these axes depend importantly on the dec-
oz that the former were more immune to the (“long-term™)  Jination of the sources and on the part of the u-r plane
trends in the weather pattern. The rms of the residuals — covered by the observations in a particular experiment
is in each case severalfold larger than expected purely  (sce Wittels er al. 1976b). For a related reason, the ratio
from signal-to-noisc ratio consideraticns. The causes of  of the major to the minor axis is higher the shorter the
these increases are not understood in detail; however.  experiment.
with the exception of the second experiment, we suspect If there were no systematic errors affecting our esti-
ithat the receiver systems, especially the frequency
standards, were more important contributors than were TABLE IV,  Error ellipses’
. the uncancelled portions of the propagation medium. For - :
tizae seales of the order of a few hours, the standards Sem- Semi- Position
seemed 1o have been stable to about one part in 10", e o el - :“l‘:,,
[ This conclusion is very similar to that reached by Moran Experiment (x10* (X104 unbs
et al (1973) [rom VLBl experiments involving a set of number aresec) aresec) (deg)
hydrogen-maser frequency standards partly overlapping ' i T -« =10
with ours. | 2 12 0.5 0
In regard to the propagation mediu i, we note that, 3 19 04 -9
for the fourth experiment only, for each pair of obser- 4 14 . "
vations, 3JC 345 and NRAO 512 were each observed at U Lrror cliypses are comours of constant probability density in the

the same clevation angle at a given site. There was no
noticcable effect of this equality on the postfit residuals;
temporal variations in the atmosphere or other sources
of variation were presumably more important contrib-
utors to the postfit residuitls than were any inadequacies

-

A comd = Ad plane, based on the separate amalvses of the phase-delay
data (see Table 1N I there were no sources of systematic error un-
accounted for, the true vilues of Qv cos & and Ad would lic inde the
error eilipse centered on the estimated values with probabliny 0 4
(Shapiro 195K). The marked Llack of overlap of the error ellipaes in the
Ace con b coordinate i an indication of the importance of the ssstematic
crron

ap— - —
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mates, we could conclude that the true values of A cosé
and Ad lay inside such an error ellipse with probability
0.4 (see, for example, Shapiro 1958). The fact that some
of the error dligu fail to overlap by a substantial margin
in the A cosd coordinate, is an indication of the im-
portance of systematic errors in our experiment.

e) Relative Proper Motion

We also combined the estimates of Aa, Aé. and their
correlation from each of the four experiments to deter-
minc the relative proper motion of the two sources. In
particular, we estimated four parameters: the values of
A« and Ad, referred to 1973.0, and the direction and
magnitude of the relative proper motion. The proper
motion of 3C 345 minus that of NRAO 512 was found
10 be 0,000 25 £ 0.000 20 y=' along a position angle of
220° 4 60°, The uncertainties represent formal standard
errors obtained by scaling uniformly the errors accom-
panying the estimates of Accand Ad from the individual
solutions such that a value of unity was obtained for the
ract-weighted-mican-square of the postfit residuals,
adjusted for the number of degrees of freedom. This
result for +:lative proper motion does not differ from zero
signilicantly, especially when one considers the distri-
bution of the individual results. More formally, we may
conclude, with about 70% conlidence. that any relative
proper motion of the centers of brightness is no more
than 0.00C 5 y='. (Of course, the circular boundary
enclosing this limit in the proper-motion plane is not
strictly a contour of constant probability density because
our formal estimate of relative proper motion is not
7ero.)

V1. DISCUSSION

Finally. we discuss the bounds that can be placed on
the distances to 3C 345 und NRAO 512, the prospects
for improvement in the determination of relative position
and praper motion of these sources, and some other
possible applications of the basic technique.

@) Bound on Distance

From an upper bound on relative proper motion, we
can deduce nothing uselul about the distances of two
sources from the carth without making some additional
assumptions (see Appendix C). I we assume that the
transverse velocity of each source is at least 100 km/s,
and that the dircetions of these two velocities form an
angle greater than 60°, vie may then conclude that cach
souree is at a distance greater than ~40 kpe from the
carth. (By contrast, the lower bound on distance that can
be inferred from parallax considerations is about 5 kpe,
il the two sources are assumed to be at sulliciently dif-
ferent distances from the earth.) Considering the di-
rections 1o 3C 345 und NRAO 512 (" == 419, /Y =
65%), we can further conclude that both sources are

outside the Galaxy. This result is hardly a surprise. The
assumed transverse velocities would have to be very su-
perluminal indecd to obtain lower bounds that ap-
proached the accepted proper-motion distances of several
gigaparsecs for these sources.

b) Prospects for Improvement

What are the prospects for the utilization of astro-
metric VLBI mecasurements to decrease both the un-
certainty in relative position and the upper bound on the
relative proper motion of thesc objects? Several avenues
are open. First, the facts that the smaller of the semi-
minor axes of the error ellipses were smaller than 0,000
1 and that those from several of the different experiments
were appreciably inclined to one another, imply that
observations over the entire period of mutual visibility
of th. participating antennas should lead to a standard
deviation smailer than 0,000 1 in both Aa cos d and Aé.
A covariance analysis for a simulated schedule of Hay-
stack - Goldstone observations, with a cycle time of 5 min,
an elevation angle cutoff of 15 deg at both sites, and a
measurement error of 10 ps for cach phase-delay dif-
ference, yizlded results in agreement with this implica-
tion: we obtained o(Aa cosd) ~ o(Ad) ~ 5 x 10-°
arcsec, with a correlucion between the two estimates of
approximately 0.4,

Second. repetitions of the measurements would, of
course. lead 1o a decrcase in the uncertainty in the de-
termination of both the relative position and the upper
bound on proper motion, given that systematic errors do
not dominate.

Third, i instrumental deficiencies were the major
contributors to the postfit residuals, then use of more
stable frequency standards, calibration of the instru-
mentation 1o the picosecond level or below, and increases
in the signal-to-noise ratios through use of 4 wider-band
recording system, will insure that the accuracy of the
results will be imited only by the propagation medium.
Frequency standards with a stability of about five parts
in 10'* over periods from 200 s to | day are now available
(Vessot 1976: see. also, Rogers er al. 1976) and would
contribute only about a picosecond error to the phase-
delay difference from neighboring observations of two
sources. Equipment to calibrate receiver systems to the
picosecond level, not available in 1971-74, is now
available (Rogers 1975). Further, a 56-MHz-bandwidih
VLBI recording and processing system is in an advanced
stage of development and will have sufficient sensitivity
10 reduce the noise contribution 1o cach phase mea-
surement with the Goldstone -Haystack interferometer
to the picosecond level, even if the correlated flux densiy
for NRAO 512 drops to the 0.1 Jy level. The correlated
Mlux density ebtained from observations of this source has
in fact declined steadily at an average rate of about 0.1
Jy/year from a level of about 1.5 Jy in 1971,

The limit on accuracy that will be set by the propa-
gation medium after the implementation of these system
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improvements is difficull to estimate reliably, but may
be at the 2 pyg level or below for high elevation angles in

good weather for the small, half-degree separation be-
tween 3C 345 and NRAO 512,

To utilize such accuracy effectively, it will be neces-
sary 10 improve appropriately the determination of the
rotation of the carth and of the brightness distribution
of 3C 345. The rotation of the carth can be obtained with
the needed accuracy from contemporancous VI Bl ob-
servations of a suite of sources suitably distributed across
the sky. The brightness distribution can be obtained re-
liably if the observations are made with a well-distributed
array of antennas. With such a configuration, the ob-
servations of NRAO 512, which is, in effect, a point
source, can also be used to good advantage as a phase
reference for the observations of 3C 345 to enable both
fringe amplitude and fringe phase to be used for the
determination of the brightness distribution of the latter,
(With observations from only two antennas, the phase-
reference technique cannot be used very effectively for
the mapping of a source.)

The resulting determinations of relative position will
probably enable one to determine, for exampie, which
parts of the brightness distribution are moving with re-
spect to NRAO 512 and which, if any, are not. Certainly
these distinctions should be possible to draw after a
decade of data gathering, with each session extended
over the full period of mutual visibility, provided only
that the different parts of the brightness distribution can
be followed unambiguously for such a period of time,
Detection of such motion could be of fundamental im-
portance in distinguishing between various theorctical
models of superluminal motion.

¢) Other Applications

We may also apply this VLBI technique to other
source pairs such as 3C 273B and 3C 279, 3C 84 and
Beta Persei (Algol), and VRO 42.22.01 (BI. Lacertae)
and 3C 418, Provided that source-structure changes in
3C 84 do not create too severe a problem and that suf-
ficient sensitivity exists to obtain accurate fringe phases
from observations of Algol, significant information
should be obtainable on some of the orbital elements of
the componients of the Algol system in addition to an
accurate measurement of the system'’s proper motion.

Similar observations of suitable pulsar-quasar pairs
could yield very accurate proper-motion values and
distances (parallaxes) for the pulsars, and. possibly,
disclose whether or not they belong to multiple star
sysiems, Pulsars could, in turn, be used as phase refer-
ences for the improved determination of the brightness
distributions of compact extragalactic radio sources that
appear nearby in the sky.

Finally, we note that accurate determinations of the
relative positions and proper motions of compact sources
are of mujor importancz as well for their use in the
monitoring of the erustal motions of the carth,
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APPENDIX A: SENSITIVITY ANALYSIS

Here we present a simplified analysis that illustrates
the sensitivity of the estimates of Ax and Ad o errors in
the values used 10 represent the pole direction and or-
ientation (UT1) of the carth, the bascline vector, and the
coordinates of the reference source (see Sec. 11 and Table
1). We assume, unrealistically, that the estimates of A
and Ad are based on the sinusoidal terms in Eq. (2) and
on measurements of Ad, all equally accurate and closely
and uniformly spaced throughout a diurnal period.
Under these conditions, for example, the estimates of the
coefficients of sin (A4g + 2 — a) and cos (Ag + U — &)
in Eq. (2) will be uncorrelated.

Let d1', and d 1" denote, rs: ectively, the errors in
our knowledge of the components of the dircction of the
pole of the earth parallel and perpendicular to the
equatorial projection of the baseline. In addition, let JUT
denote the error in our knowledge of the orientation of
the earth about its axis of rotation, We then find

dA = dUT = dT" ; anD, (A1)
and
dD = dTy, (A2)

where d.4 and dD are the corresponding induced errors
ir the right ascension and declination, respectively, of
the bascline, [ The signs, or directions, of the errors &1y,
d1' | and JUT are, in effect, defined by Eys. (A1) and
(A2).] From Eq. (2), we can infer that the consequent
changes in the estimates of Aer and Ad will be, ap-
proximately:

dAa >~ (Ao tanD)dD = (Abtand + 'HhA«M)d A (A)
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and
dAH ~ (AdanD)dD + (Adcotd)d4, (A4)

with d.1 and dP given, in this case, by Egs. (A1) and
(A2).

For an cast-west basc'ine (D = 0), the estimates of
Aceand Ad have no se isiivity to either d T or d T, for
a bascline normal to the cquatorial plane, the sensitivity
becomes infinite. Since Ad - Of Aa?), there is virally
no effect of d1°; on the estimate of Ad, except when D
=~ 7w /2. These cquations also show, for an arbitrary
source, that the estimate of A« is iascnsitive todUT and
wdl'; .except for d = /2 | ~sensitivity of Ad, on the
other hand, to dUT and to .* | vanishes for 6 =~ x/2
and is greatest for 6 ~ 0.

Changes in ©, as opposed to those in Ag, or UTI, as
defined here, have only a slightly different effect; we
ignore this difference in this semi-quantitative anal-
yais.

An error. dB. in rhe baseiine length introduces the
following errors in the determination of Lhe separation
of the two sources:

dAa = —AaldB/B). (A3)
and
dAb = —[Ad + '5(Aa)? cotd) (dB/B). (A6)

Errors de and @6 in the coordinates of the reference
source introduce errors in Aa and Aé given approxi-
mately by:

dAw >~ (A tan6)do — (Ad tand + hAa?)da,

(A7)
and
dAd ~ (—Aob cotd + 'hAa?)dd + (Aa + cotd)dex.
(A8)

These latter results show that, except in the obvious
pathological cases, A is most strongly affected by an
error in 6 and Ad by an error in c.

Required modifications of these formulas for the case
Ace = O(AH?) can be obtained by straightforward
computation.

APPENDIX B: REDUCTION TO CENTER OF
BRIGHTNESS

We treat here the determination of the corrections to
the phase- and group-delay measurements needed to
refer them to the center of brightness of the source.

Al present, due Lo incomplete sampling, it is not pos-
siblc to determine the brightness distribution of radio
sources uniguely from VLBI data; however. relatively
simple, time-dependent models with two components
have been developed which represent the data for NRAO
512 (Wittels er al. 1975) and for 3C 345 (Wittels 1975.
Cohen et al. 1976, Wittels er al. 1976a. Readhead et al.
1978) quite well.

1467

We illustrate the removal of the effects of the
brightness distribution for a model with two point com-
ponents. Defining the center of brightness as the origin,
so that r\B, = raB,, where r; and B; are the distance
from the origin and the flux density, respectively, of
Component i, we obtain the following expression for the
fringe phase relative to that for the center of bright-
ness:

& (1.0) = $° (1,0) — $® (u,0)

_, [—B\sing; + Bsing,
=t ! =1,
- (B. cosq, + Bycosq» (85
where
q; =2@ri{usinP +evcosP), i=12, (B2

and where ¢°® would be the observed fringe phasc, in the
absence of error, were the source to consist of two point
componerits: < is the corresponding fringe phase for the
center of brightness; P is the position angle of the line
connecting the two components; and « and v represent
the resolution of the interfcrometer in the directions of
increasing right ascension and declination, respectively.
(Units may be chosen such that ; and P are expressed
in radians with u and v expressed in reddansy/radian.)

If the two components are of nearly equal flux density
(B> 2 B,), we find

¢rel o~ J([anq -q) - ﬂzq (tang — 4/2) (B3)

with
Bw—B|
< 3.:_'_"__._ s
0<y Bz+b'|<<l

For 3C 345, this model with two point components yields
B = 0.1 hence Eq. (B3) is a uscful approximation.

4=q,tq: (B4)
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F16G. 2. Inferred contribution of the brightness structure of 3C 345
to the phase delay measurements for the Haystack-Goldstone baseline.
Calculations were based on a model with two point components for the
brightness of the source for the lirst three experiment.., and on a model
with two elliptical Gaussian components for the last experiment (see
Wittels 1975). For each experiment, the contribution to the phase delay
is shown only for the period encompassing the observations. Note that
a 40 pj change corresponds to a change in position of a point source
of ubout 0.0006 for the Haystack -Goldstone baseline.
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F1G. 3. The allowed distances for 3C 345 and NRAO 512 a5 a function
of the parameters e Y and Ap/eY (sec text). A value of § Mpe~!
for Mg, /ey corresponds. for example. to values of Ae, and v’ of 10~*
areseey and 100 km /s, respectively. For Ag, <0, the sourees appear
 approach cach other and the allowed distances can be obtained by
changing the sign of Q¥ and interchanging the labels on the axes
tsee B 1 C2))

When ¢ is small. as is sometimes the case, we see that
3q°  Bq?

prel A —L.

s 3
and. therefore, that the correction phase ¢! tends to
vanish as the combined fourth power of 3 and ¢ under
such conditior 5. Equition (B3), of course. represents a
consistent approximation only if S and ¢ arc of the same
order.

The correction phases for cach experiment, obtained
from the models of 3C 345 (Wittels 1975), are shown in
Fig. 2.

Expressions for ¢ can be obtained as well for other
reference points within the source or from other models
for the brightness distribution.

The expression for the group delay, 7,7 relative to
that for the center of brightness, is given by:
d,';,rcl

dw
_ ﬁ(_[_" 3)q(2 - cosq)
dwl(1 + cosq) + 821 = cosq))
1~ cos
2 S 11— voey . (B6)
A< qw |l + cosyq

. gL, B«1. (BS)

Lrel -
.;‘ (ne) =

where wis the center of the (angular) radio frequency
bind over which the observations are made. and where
we assume that this band is small relative to the center
frequency. For a radio frequency of 8 GHz, we see that
7 will always be under about 0.25 ns for ¢ < = and 3
~ 0.1 since, under these conditions, 7 < 3g(1 =

}3)’/3-}(1‘. N

APPENDIX C: RELATION BETWEEN PROPER
MOTION AND DISTANCE

The general interpretation of a relative proper motion
of two sources in terms of bounds on their distances in-
volves cosmology. For the standard cosmology (see, for
cxample, Weinberg 1972), it is easy to show that a source
at proper-motion distance L, and with peculiar velocity
v, will have components of apparent proper motion given
by
dx; v sinf
dr L, {1 = B(Ly/L,) cos0)

sin[P+ (i = De/2], (Cl)
where the x; are angular distances along orthogonal
directions on the plane of the sky measured from the
position of the source; 1 is coordinate time: 0 is the angle
between v and the line from the source to the observer;
v is the magnitude of v; P is the position angle of v mea-
sured from the direction of increasing x, towards the
direction of increasing xa: B is v/c: and (L,/L,) is the
ratio of the parallax to the proper-motion distance
(Weinberg 1972) and is always greater than unity for
closed universes and less than unity for open uni-
VErses.
The maximum with respect to # of the factor sinfl/[1

Mi=

= B(L,/L,) costl]} is [1 = BX(L,>/ L))"/ and is at-

tained for costl = 3(L,/L,). Thus, for example, for a
closed universe, even the detection of proper motion.
along with the establishinent (somehow!) that the center
of brightness coincides with the center of mass, would
not allow us to conclude uncquivocally that a radio
source is not at a “cosmological”™ distance, unless we have
independent knowledge (somehow!) of its peculiar ve-
locity. Because we are concerned here with relative
proper motion only, a similar statement applies to the
case of an open universe: regardless of the values of the
peculiar velocities, any components of relative proper
motion can be matched by a continuum of pairs of values
of L.

For two sources ncar the Galaxy. for example, a
component, Ay;, of their relative proper motion can be
written in terms of their distances as

RG]
di L L,
where £, and 0f”, k.i = 1.2, represent, respectively. the
“ordinary” distance to source k and the ith component
of its transverse velocity. Figure 3 depicts the allowed
distances for the two sources as functions of the two
parameters (¢f/eV’) and Ap/el. Itis also clear from
this figure and Eq. (C2) that for any values of ¢} and
o one can always find arbitrarily small values of L and
L, which are consistent with an apparent proper motion
smaller than any given upper bound. Nonctheless. it
would probably be reasonable o assume that L; will be
comparable to, or exceed |ef"/Aw;|. given an upper
bound | Ax;| on a component of apparent proper motion.
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ABSTRACT

Radio interferometric observations of extragalactic radio sources have
been made with antennas at the Haystack Observatory in Massachusetts and
the Owens Valley Radio Observatory in California during fourteen sepa-
rate experiments distributed between September 1976 and May 1978. The
components of the baseline vector and the coordinates of the sources
were estimated from the data from each experiment separately. The root-
weighted-mean-square scatter about the weighted mean ("repeatability")
of the estimates of the length of the 3900 km baseline was approximately
7 cm, and of the source coordinates, approximately 0%015 or less, except
for the declinations of low-declination sources. With the source coor-
dinates all held fixed at the best available, a posteriori, values, and
the analyses repeated for each experiment, the repeatability obtained’
for the estimate of baseline length was 4 cm. From analyses of the data
from several experiments simultaneously, estimates were obtained of
changes in the x component of pole position and in the Earth's rotation
(UT1). Comparison with the corresponding results obtained by the Bureau
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International de 1'Heure (BIH) discloses systematic differences. In

f particular, the trends in the radio interferometric determinations of
the changes in pole position agree more closely with those from the
International Polar Motion Service (IPMS) and from the Doppler observa-
tions of satellites than with those from the BIH.

For the past several years, our group has been involved in a major
effort to improve the quality of data obtained by very-long-baseline

4 interferometry (VLBI) through development of a third generation system
referred to as the Mark III system. Portions of this system are pres-
ently in operation, and we expect the system to be in full operation by
the end of 1979. The major improvements in the hardware and software
already implemented can be cataloged as follows:

First: the use of wide-band parametric amplifiers which allow band-
widths of about 300 MHz to be synthesized, z tenfold increase over the
previous limit. The significance of this increase in bandwidth lies in
the fact that the uncertainty in the measurement of interferometric
group delay is inversely proportional to the total bandwidth.

Second: the use of surface meteorological measurements with algorithms
supplied by J. Marini of NASA's Goddard Space Flight Center. This con-
bination has resulted in a significant decrease in the level of syste-
matic errors caused by atmospheric effects.

Third: the use of equipment to calibrate instrumental effects, in par-
ticular the effect of the contribution to the measured delay of the path
from the antenna feed horn to the recording apparatus. The urcertainty
in such instrumental effects has thereby been reduced to the level of a
few pico-seconds.

Fourth: the inclusion of several geophysical effects, resulting from
the nonrigidity of the Earth, in the analysis programs (Woolard, 1959;
Melchior, 1971; Guinot, 1970, 1974). These effects have an amplitude of
a few hundredths of an arc second or less. Also we employed the value
of the precession constant from the paper by Lieske et al. (1977).

Fifth: the use of rewritten analysis programs. The inter-comparison of
the new programs with the old indicates that there are no coding errors
in the parts that were in common with effects on the interpretation of
the observations larger than 1 mm. (This test does aot address possible
errors in the physical models on which both programs were based or in
the additions noted above. For example, the precession-nutation algo-
rithms employed are unlikely to be accurate at the millimeter level.)

Utilizing the above mentioned improvements in hardware, we undertook a
ser 'es of VLBI experiments, starting in September 1976. These experi-
me1 - wutilized the 37-meter-diameter antenna at the Haystack Observatory
in hassachusetts, and the 40-meter-diameter antenna at the Owens Valley
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Radio Observatory in California, to observe extragalactic radio sources.
We have used the data from these experiments to estimate the components
of the baseline vector, the coordinates of the radio sources, and the
changes in the x component of the position of the Earth's pole and in
the Earth's rotation (UT1). (This particular baseline is not sensitive
to changes in the y component of the position of the pole because any
change in that component causes a nearly parallel displacement of the
.baseline vector and, therefore, has little effect on observations of
very distant sources. In any event, a single baseline can yield infor-
mation on only two of the three angles required to specify the orienta-
,tion of the Earth in inertial space.)

L s

We discuss here the observations made with this interferometer in four-
teen experiments, the last of these being in May 1978. Each experiment
spanned from 15 to 48 hours in which from 120 to 240 separate, three-
minute, observations were made. The data from each session were first
analyzed separately, and the following parameters were estimated: the
vector components of the baseline, the epoch and rate offsets of the
clock at Owens Valley relative to those offsets of the clock at Haystack,
the zenith electrical path length of the atmosphere at each site, and
‘the right ascension and declination of each source, with one right
ascension held fixed to define the origin of right ascension. To test
the consistency of the results, the repeatability of the estimates of
baseline length was examined. Baseline lengths were selected for
examination because the values of the direction components of the base-
line vector are affected by errors in the values used for the pole
position and for UTl; similarly, the estimated values for the source
coordinates are affected by errors in the formulas used for precession
and nutation, although the arc lengths between sources are free from
such errors.

The estimate of the baseline length from each experiment is shown in
Figure 1. The error bars represent formal standard errors based on
measurement errors modified so that the root-weighted-mean-square
scatter about the weighted mean (hereinafter "RMS scatter" or '"repeat-
ability") of the postfit residuals is unity. The RMS scatter of these
baseline length values is 7 cm, or, expressed as a fractinn of the 3900
km baseline, about 2 parts in 10%. The values of the source coordinates
from these solutions have an RMS scatter of 0015 or less, except for
the declinations of the low-declination sources for which our ob erva-
‘tions have less sensitivity. The values for these coordinates appear to
be somewhat more accurate than our previously published results (Clark

( et al., 1976) and will be discussed more fully in a separate paper.

To examine how the repeatability of the baseline results might have been
affected by the prior availability of sufficiently accurate values of
the source coordinates, we obtained new solutions with each source
coordinate fixed at the weighted mean of its values from the 14 separate
solutions, thereby reducing the number of parameters estimated in each
solution from about 30 to about 10. We would expect the RMS
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Figure 1. Differences between the estinfates of baseline
length anc their weighted mean from 14 experiments with the

Haystack-Owens Valley interferometer.

The weighted mean of

these estimates of baseline length was 392,888,164.4 cm. The
value of the speed of light used to convert light travel time

to centimeters was 2.99792458 x 10'0 cm/s.

The source coor-

dinates were also estimated in these analyses.
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Same as Figure 1, but with each source coordinate

kept fixed at the same value for all analyses (see text). The
weighted mean of these length estimates was 392,888,162.6 cm.
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scatter to be reduced, provided that any systematic errors affecting the
data and the model are sufficiently benign. The estimates of baseline
length from these solutiors are shown in Figure 2; the RMS scatter is
indeed reduced, to about 4 cm, and the mean itself, as one might expect,
changed little, by only 1.8 cm. These results indicate that at present
VLBI can be used to determine lengths of transcontinental baselines with
a repeatability of about 4 cm.

It is not possible from VLEI data alone to determine the point at which
the rotation pole of the Earth pierces its crust. It is possible, how-
ever, to measure changes in this position from the position at some
arbitrary epoch, the position of the pole at that epoch being used to
define the orientation of the baseline in the Earth-fixed frame. The
ability to determine these changes is, therefore, related to the ability
to determine the orientation of the baseline. An examination of the
relevant error ellipsoids indicates that, for our interferometer, the
inherent sensitivity of the VLBI data to baseline orientation is about
a factor of four less than their sensitivity to baseline length. We
would expect, therefore, that uncertainties in the determinations of
changes in the position of the pole from these data would be no greater
than about 30 cm, equivalent to about 0V0l uncertainty in the deter-
mination of the direction of the pole.

To determine changes in the position of the pole, we combined all of the
data in a single analysis and estimated these changes and all other
relevant parameters simultaneously. For one experiment, conducted on 4
October 1976, the position of the pole was fixed at the value determined
by the BIH, as recorded in their Circular D publications, in order to
define the orientation of the baseline. Our results for the position of
the pole from the other 13 experiments are shown in Figure 3 in the form
of the difference between the VLBI and the BIH values.

Also plotted in Figure 3 are the differences from the BIH values of the
x component of the pole position determined by the IPMS from optical
observations (tabulated at intervals of 0.05 years), and by the Polar
Monitoring Service of the Defense Mapping Agency Topographic Center from
satellite Doppler observations (tabulated at intervals of 5 days), both
as recorded in the Series 7 publications of the U. §. Naval Observatory.
The standard deviations for the IPMS data are typically about 50 cm or
0Y015. The changes with time for all three sets have a common trend,
systematically different from the BIH values. This common trend appears
to have persisted at least through May 1978. Thus, the VLBI results
seem to agree with both the IPMS results and the Doppler results better
than any one of the three sets agrees with the BIH values. The RMS
scatter of the differences between the VLBI and BIH determinations shown
in Figure 3 is 0Y030; the corresponding scatter for the Doppler results
is 0Y020; and for the IPMS results 0%Y027. This scatter in the VLBI
results is about 30 percent less than that obtained previously (Shapiro
et al., 1974; Robertson, 1975) from the analysis of VLBl observations

made in 1972 and 1973.
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x-component of the pole position, from VLBI obser-
vations (+) of extragalactic radio sources, from Doppler
observations (¢) of satellites, and from IPMS optical obser-
vations (A) of Galactic stars, all relative to the values
obrained by the BIH (see text).
data, the pole position was fixed at the BIH value for the
experiment of 4 October 1976 (e).

In the analysis of the VLBI
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Figure 4.
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Comparison of the VLBI and BIH determinations of
The VLBI value for UTl1 for the experiment of 4 October
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Figure 4 shows the curresponding comparison of the VLBI and BIH results
for UTl, obtained from the same analysis, with UTl having been set at
the BFH value for 4 October 1976. The RMS scatter here, about 05002,
is again less than that obtained previously (Shapiro et al., 1974;
Robertson, 1975) and is about the same as the scatter seen in the UTl
determinations from lunar laser ranging (King et al., 1978; see also
Stolz et al., 1976).

In this paper we have summarized our current ability to determine base-
line lengths, pole position, and Earth rotation with VLBI. Another
paper presented at this conference (Carter et al., 1979) addresses plans
we have for the improvement of both the quality and the quantity of such
determinations.
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DISCUSSION

J. D. Mulholland: The equations given by Johnston suggest that your
claim to solve directly for UT]l assumes that the Z-component of the
baseline is known without error.

W. E. Carter: The determination of UTl is relatively insensitive to
small errors in Z.
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R. Robbins: I believe that tapes have to be played back in real
time for cross-correlation, and that very few organizations can
carry this out. Consequently it takes a very long time to get
results from experiments. Can you comment on this? ,

E. Carter: The Mark III VLBI system, which will be utilized in
project POLARIS, has been designed with a high degree of automation
of the data handling and processing which will allow the solutions
to be completed in a matter of days after receipt at the processing
facility. In the future, communications satellites may be utilized,
and the results could be determined nearly in real time.

Johnston: What form of atmospheric correction did you apply to the
data? If H;0 radiometers had been used to measure the H20 atmos-
pheric content along the line of sight, how would this have improved
the accuracy of your results?

E. Carter: Only surface metecrological measurements were used with
a model derived by J. Marini at NASA. It appears that H;0 radio-

meters may reduce the uncertainty in the atmospheric corrections to
thé sub-centimeter level. ;
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POLAR MOTION AND UT1: COMPARISON OF VLBI, LUNAR LASER,
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ABSTRACT

Very-long-baseline interferometry (VLBI) observations made with a 3900 km baseline interferom-
eter (Haystack Observatory in Massachusetts to Owens Valley Observatory in California) have been
used to estimate changes in the X-compongnt of the position of the Earth’s pole and in UT1. These

estimates are compared with corresponding ones from lunar laser ranging, satellite laser ranging,
satellite Doppler, 2nd stellar observations.
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INTRODUCTION

Significant progress is being made in the technology of measuring the motion of the Earth’s pole
and the irregularities in the Earth’s rotation. Very-long-baseline interferometry (VLBI), lunar laser
ranging, satzllite laser ranging, and satellite Doppler observations all have the potential of measuring
the Earth’s orientation with a precision far better than than obtainable'with classical techniques. In
this paper we compare the VLBI determinations of polar motion and Earth rotation with the cor-

responding results from other techniques and attempt to assess the current state of the art of such
measurements.

SENSITIVITY OF VLBI MEASUREMENTS TO
POLAR MOTION AND UT1

VLBI delay observations of extra-galactic radio sources are insensitive to translations of the VLBI
baseline, but are sensitive to some changes in the orientation of that baseline with respect to the
(planar) radio wavefronts. To specify orientation in space, three angles are generally required; how-
ever, a baseline is onc-dimensional and its orientation in space is specified by two angles. A rotation
about an axis parallel to the baseline does not change the orientation of the baseline, but rather pro-
duces at most a translation of that baseline. VLBI observations are therefoie insensitive to rotations
about any axis parallel to the baseline. This result can be expressed analytically as follows: Define
a cartesian coordinate system fixed to the rigid Earth, with the Z-axis in the direction of the refer-
ence pole, the X axis perpendicular to Z in the direction of the Greenwich meridian, and the Y axis
completing a right-hand triad. The changes in the coordinates of the baseline vector caused by polar
motion and variations in UT1 can be written as:

AX = -0Y - xZ
AY = 0X+yZ
AZ = xX-yY

where 0 is UT1-UTC in radians, and x and y are the coordinates of the instantaneous pole, also in
radians. Non-zero values for AX and AY will introduce a sinusoidal signature in the delays observed
for a non-polar source because of the rotation of the Earth. A non-zero value for AZ will introduce
a time-independent change in the delays, whose magnitude will depend on the declination of the
source being observed. For the case of a polar baseline (X = 0, Y = 0) the sensitivity to 0 vanishes,
and 1 change in pole position introduces a sinusoid in the delay observations whose amplitude and
phase can be used to estimate the components of this change in pole position. For the case of an
equatorial baseline oriented parallel to the planc of the Greenwich meridian (Y = 0, Z = 0) the sen-
sitivity to the y component of the pole position vanishes. @ will introduce a sinusoidal variation in
the observed delays, and x will introduce a constant offset in those delays. For Y # 0, the VLBI
observations will be sensitive to a change in the component of the pole that is in the direction of the
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meridian whose plane is parallel to the baseline, and insensitive to a change in the component per-

pendicular to that plane. Thus for an equatorial baseline, the effects of polar motion and UT| are
scparable.

The VLBI iz asurements discussed in this paper were obtained in 14 separate experiments spread
between September 1976 and May 1978. These experiments utilized the 37-meter-diameter an-
tenna at the Haystack Observatory in Massachusetts, and the 40-meter-diameter antenna at the
Owens Valley Radio Observatory in California. This baseline is nearly parallel to the Earth’s equa-
torial plane, having a declination of less than 7°, and is even closer to parallel to the plane of the
Greenwich meridian, making an angle of less than 0°5 with that plane. The interferometric obser-
vations are therefore sensitive to changes in the X-component of the position of the pole and to
changes in UT1 and are practically insensitive to changes in the Y-component of the pole.

POLAR MOTION

VLBI determinations of the X-component of the pole are shown in figure 1, dispiayed as differences
from the corresponding values determined by the Bureau International de I'Heure (BIH). The VLBI
values show peak-to-valley excursions from the BIH values of about 80 msec of arc, or a little more
than two meters. The error bars shown are the formal standard errors, based on an adjustment of
the measurement errors to yield an rms value of unity for the postfit residuals. Further analysis of
these data, including detailed studies of effects of clock and atmosphere errars, as well as inclusion
of some additional data from NRAO and Onsala (Sweden), may change these values by amounts up
to a few times the formal standard errors.

VLBI measurements alone are sensitive only to changes in the pole position and therefore the zero
point of figure 1 is necessarily arbitrary. It was set by fixing the value of the X-component of the
pole position at the BIH value for the experiment cf October 4-5, 1976.
.

Figure 2 shows the two-day average values of the X-component of the pole position determined
from satellite Doppler observations by the Defense Mapping Agency Hydrographic and Topographic
Control (DMAHTC). Again, the values are differenced from those of the BIH and are plotted on
the same scale as before. A clear systematic trend is present which appears to have an annual period
with an amplitude of about 30 msec of arc; the point-to-point (short-period) scatter has an RMS of
about 25 msec. In order to better exhibit the systematic trend, we smoothed these data by convolu-
tion with a Gaussian function whose full-width at half-maximum was 10 days. The result is shown
in figure 3.

Figure 4 shows the corresponding determinations of the X-component of the position of the pole
from laser ranging observations of the LAGEOS satellite. These values were supplied to us by
D. Smith of NASA's Goddard Space Flight Center. Figure 5 shows these values smoothed by the
same filter used to produce figure 3. Again, an 2anual trend seems to be present.
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Figure 6 shows the corresponding determination of the X-component of the position of the pole as
determined by the International Polar Motion Service (IPMS) in Misuzawa, Japan. The IPMS em-
ploys only classical optical observations (PZT, VZT, etc.). Even here, the annual trend away from
the BIH is clear.

Each of the figures of differences in estimates of pole position has a different bias. This bias can be
removed by re-defining the “zero point.” (In fact, this procedure was used Tor the Doppler, satellite
laser, and IPMS values, but for differeht spans of data.) Shifting each set of differences shown in
our figures by the mean value of its difference from the corresponding values from the Doppler set
yields figure 7. The consistency of the amplitudes and phases of the annual terms is quite clear.

In order to evaluate quantitatively the short-term differences between the results from the different
techniques, we can calculate the RMS deviation about the mean of the differences between the cor-
responding members of each pair of results, for the dates in common. The results of these calcula-
tions are tabulated in matrix form in table 1. The first value in the matrix indicates a 9 msec RMS
difference between the VLBI and the Doppler estimates of the position of the pole. Since the ex-
pected standard error in the Doppler estimates of ~ 10 msec, and the average formal standard error
of the VLBI estimates is ~3 msec, the RMS difference is about what one would expect. Although,
admittedly, there are only 13 VLBI estimates, this RMS difference does indicate that the systematic
errors in the Doppler estimates are not contributing significantly to the total errors. The other
values in the table are consistent with the errors in the satellite laser ranging estimates of the pole
position being ~ 12 msec, the corresponding IPMS crrors ~ 1’5 msec, and the BIH errors ~25 msec.
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The anomalously large RMS difference between the VLBI and the BIH estimates is due to the dis-

tribution of the VLBI values in time. The epochs of most of the VLBI observations were close to
the extrema of the annual error in the BIH estimates.

Table 1

RMS Deviations about the Mean of the Differences between the Determinations
of the X-Component of the Pole by Various Monitoring Techniques

Satellite

VLBI Doppler "y IPMS BIH
VLBI -
Doppler 9 ms -
Satellite Laser 12 ms 14 ms -
IPMS 16 ms 15 ms 18 ms —
BIH 30 ms 23 ms 24 ms 27 ms —
Corrected BIH 16 ms 11 ms 17ms 19 ms 15 ms

In May 1979, the BIH altered this picture by announcing that it would introduce an ad hoc correc-
tion to its X-component values in the form of an annual term and a semi-annual term. The form of
the correction is displayed in figure 8. After application of this correction, the RMS difference
between the BIH estimates and those from the other techniques are displayed in the last line of
table 1. The errors in the BIH estimates of the X-component of the position of the pole appear to
have been reduced by the correction to about the level of the errors in thé IPMS values.

uUT1

Figure 9 displays the differences between the VLBI determinations of (UT1-UTC) and the BIH de-
terminations. As with the values of pole position, completion of a more detailed analysis of the
VLBI observations may lead to changes in these estimates of (UT1-UTC) by amounts up to several
times the formal standard errors. Nonetheless, the general trends in the differences from the BIH
estimates are probably significant.

Lunar laser ranging data have also been employed to determine variations in UT1. The UT]1 varia-
tions were modeled as a piece-wise linear function, as described by King et al. (1978). To compare
the lunar laser ranging values with the VLBI values, the laser values were converted to UT1 from
UTO at the McDonald Observatory by using the estimate of the position of the Earth’s pole as deter-
mined from the Doppler observations. Figure 10 shows the lunar laser values compared to the
VLBI values which have been adjusted to allow for a different value used for the precession con-
stant in the lunar laser program.
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The RMS differences between the lunar laser and the BIH values and between the VLBI and the <3
BIH values are both 1.6 msec, but the difference between the VLBI and the lunar laser values is only <3
0.8 msec. 3

Although the general agreement between the VLBI and the lunar laser values is good, more regular i
monitoring of Earth rotation with VLBI is necessary to establish the significance of any small @
(> 2 msec) differences between the BIH values and those from VLBI and lunar laser ranging. :
The BIH has also published an annual and a semi-annual correction term for its UT1 values. The ",
form of this correction is shown in figure 11. With this correction included, the RMS differences -
between the BIH and the VLBI and lunar laser results are 1.3 msec and 1.1 msec, respectively, still ’,_
larger than the corresponding difference between the VLBI and the lunar laser ranging estimates of
UTI.
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 CONCLUSIONS

The determination of the position of the Earth’s pole from satellite Doppler and satellite laser
ranging observations are approaching an accuracy of ~10msec of arc (30 cm). The VLBI determi-
nations may have better accuracy, although a determination of whether the VLBI accuracy is

indeed better, and by how much, must await the collection and analysis of a far larger set of VLBI
data.

The comparison of lunar laser ranging and VLBI determinations of UT1 suggests that the RMS of
the uncertainties in each set are under 1 msec.

All of these comparisons have been hampered by the paucity of VLBI data. To rectify this prob-
lem, the National Geodetic Survey has undertaken Project POLARIS whose object is to obtain
VLBI data at least several times per week, starting in 1982.
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BACKPACK VLBI TERMINAL WITH SUBCENTIMETER CAPABILITY

C. C. Counselman IIl and 1. I. Shapiro
Massachusetts Institute of Technology

R. L. Greenspan and D. B. Cox, Jr.
Charles Stark Draper Laboratory Inc.

The  measurement of short vector baselines with subcentimeter repeatz;bility and accuracy using
radio interferometric observations of quasars has already been demonstrated (reference 1). This
paper describes our plans to achieve comparable performance using inexpensive, backpack portable
equipment that processes less than one second of data per baseline redetermination. Figure 1 sum-
marizes some of these objectives.

Our approach exploits the full measurement accuracy inhersnt in the precise radio signals that will
be broadcast by each satellite in the NAVSTAR Global Positioning System (GPS) (reference 2).
Figure 2 illustrates the measurement concept. The vser equipment at each end of the unknown
baseline receives signals from the same set of four or morz GPS satellites. The equipment consists
of a simple antenna, a GPS receiver, a microprocessor unit and a recording unit (reference 3).
“Real-time” bascline determination can be accomplished by linking the microprocessor units with a
communication channel that can transmit at the rate of about 1 kilobit per baseline redetermination.

Each GPS receiver measures its range to sach satellite by means cf the wide-band pseudo-noise
P-Code modulation that is impressed on the GPS radio frequency carriers which are at 1.226 GHz
and 1.57542 GHz (reference 4). These mzasurements will typically have a precision of about 0.5
meters, which is approximately 2.5 wavelengtts at a frequency of 1.57542 GHz. The primary use
of these relatively coarse measurements in the proposed program is to assist in resolving ambiguities
of the more precise carrier-phase measuremants that will also be made (see below).

o T0 DEVELOP BACKPACK FORTABLE EQUIPMENT TO MEASURE VECTOR
BASELINES FROM ~ 1 x4 70 - 100 v IN LENSTH WITH SUBCENTIMETER
TO FEW CENTIMETER ACCURACY,

o 70 DEVELOP EQUIPMENT THAT I3

®  SIMPLE IN CONCEPT AND IMPLEMENTATICY
® RELIASLE 1% UNATTENZED OPERATION

~

0 INEXPENSIVE - LTSS ~-2% 815,000 22 univ

Figure 1. Objectives.
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TERMINAL
VECTOR BASELINE
F2CCESSOR

o WIDESAND OMNIDIRECTICNE. ANTENNA TO RECEIVE 1.6 GHz anp 1,2 GHz GPS TRaxzwissicys
o  SIMULTANECUS RECEPTICY FROM ALL SATELLITES =

] HICROPEOCESST'-:’:‘CT’-.:‘.'.ES SYSTEM FOR DATA COLLECTION AND FORMATTING

]

DATA STORAGE AND/0R LCw=VOLUME DATA LINK TO MICROPROCESSOR-BASED DATA ANALYZZR

Fizure 2. GPS measurement concept.

The same knowledge of the pseudo-noisz modulation on the transmitted GPS signzl that enables the
rzceiver to make coarse range measurements also enables that modulatior to be stripped from the re-
ceived signzl, leaving a sinusoidal component that is modulated only by a low spzed (50 bit/second)
biphase encoded data signal. This dzta modulated carrier is tracked in current GPS receivers by a
“Costas’" phase detector, which uses a phase doubling nonlinearity to remove the effect of the
biphase medulation (reference 5). The output of the loop is an unmodulated tone. The phase
tracking error will be approximately 8° in typical noise environments; this vaiue corresponds to ap-
proximately 4 mm at the GPS carrier frequencies (reference 6). The measurement is ambiguous by
multiples ¢ half the wavelength (aprroximately 10 cm) because the Costas loop output does not
distinguish “ztween input phases thzt differ by 180°. However, by using knowizdge of the data
signal format. one can regain the “lost™ factor of two and obtain whole-wavelength (20 ¢cm) spacing
of the ambizuities.

The carrizr phases obtained from the signals from four or more satellites (see fizurs 3) at eacii end
of a baselinz vield an extremely precise, albeit ambiguous, determination of the vactor baseline (ref-

erence 3). One primary objective oif the current plan is to assess the adequacy znd flexibility of

several alternatives for resolution of th2 ambiguities with simple equipment. Two leading approaches
are:

1. Colizct data from satellite observations over several hours during which the satellite geom-
etry changes significantly. If the number of potential ambiguities from observations of
each satellite is small, then the set of ambiguity values, one value for each satellite, that
corresponds to the weighted least squares fit to the data will usually bz the correct one.

e

- TR AN

»-'.'—~ R w-ba' .

DA T T

i BNE




J.‘ -
-

175

WAVES OF THE FUTURE AND OTHER EMISSIONS 411
| ORI NAL PAGE !

e X OF POOR QUALITY
o
BIPHASE
s WU, mbiateo
B -———-Wl/ CARRIER
i ~+ 100 ns «—
I} \ A
: OUTPUT OF CARRIER TRACKING LOOP OF ¢
1] 1 N
Recerver 1 { TivE
! \
’c 4 OUTPUT OF CARRIER TRACKING LOOP OF ¢
Recetver 2 ‘ Tivg
©
Athass 1 — ©12 ® #] - $p CAN BE MEASURED PRECISELY, ALILIT AM3IGUOUSLY
DIFFERENTIAL TIME DELAY = ¢))/CARRIER FREQUENCY
Figure 3. GPS signal processing concept (“reconstructed carrier”).
This t2chnique is described in reference 1. We note that all data used to resolve ambigui-
ti2s ire usable also for accurate determination of the baseline vector, after the ambiguitiss
ase resoived.
3
2. Mezaszre the phase difference between the two GPS carriers received at each end of the

c2se.ne from each satellite to within a few degrees (note that both GPS carriers ar2 syn-
thesized coherently from the same oscillator). The corresponding phase-delay ambiguitizs
will T2 light-time equivalents of integral multiples of the 0.43 m half-wavelength for the
Ciffzrance frequency (349 MHz). This approach is similar to the use of multiple tones in
OMZIGA to resolve “lane” ambiguities (reference 7). Used in conjunction with the coarss
mznge measurement, the phase from both GPS carriers will allow a reduction in the initial

'_'nc. uities of the phase delay estimates. As the baseline length increases, the effectiveness
1 175 technique will decrease because of ionospheric effects.

As {n2 [imst rrase in the development of the intended system, we plan to conduct an experimental

romim using commercially supplied GPS receivers. One or more standard baselines defined by

zivinz zntennas will be established and surveyed. Each leg will be less than 100 meters in lzngih.

S emzlis rezeived by the antennas will be processed to make a series of baszline determinztions
. wtde ringe of environmental conditions. The objectives of this experiment are:

| 4
1
fa
b

'
'

-2 zizertain whether the accuracy of the baseline determination meets our goal (sze fzure
)

. 1o (zrermine whethor thy seesens 6DS cienal structure will allow the development of inex-
senive and effective ground cqulpmcm
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1) EXPLOITATION OF KNOWN “PSEUDORANDCM” SIGNAL STRUCTURE

Pawia sms, soom wiv s wn - wim Y sew g e ™ .=

u'”'

2) SATELLITE TRANSMITTED POWER AND SIGNAL PROCESSING GAIN
YIELD A MEASUREMENT S'R ExceepIng 35 pB Per Hz, EVEN uSING
A MoDEST RECESVER, T, = 430°K (NoisE Ficure = 4.0 pB),

3) GPS BROADCASTS ACCURATE EPHEMERIS DATA,

4) GPS SuPPORTS CLOCK SYNCHRONIZATION TO 10’S OF NS SO THAY
CHMERENT EPMEMERIS ACCURACY CAN BE EASILY EXPLOITED,

Figure 4, Why size, weight and complexity objectives are feasible.
r
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Usé DETERMINISTIC PROPERTIES OF HIGH MEASUREMENT SR

GPS siGnALS

Kion measurement SHR CAN USE OMNIDIRECTIONAL ANTENNA;
INEXPENSIVE RECEIVER

CMNIDIRECTIONAL ANTENNA 0 BEAM STEERING
SIMULTANEOUS OBSERVATION OF ALL
SATELLITES

SIMULTANEOUS OBSERVATION AND CARRIER PHASE MEASUREMENTS IN AS0UT

PARALLEL CHANNEL RECEIVER AND 1 SECOND AND BASELINE UPDATE EVERY

WIGH MEASUREMENT SHR SECOND IN STEADY STATE®

SHORT MEASUREMENT INTERVALS CUARTZ CRYSTAL CLOCKS

: DIRECT CARRIER PHASE MEASUREMENTS SIMPLE NUMERICAL PROCESSING IN STERADY

STATE, BASED ON SOLUTION OF LINEAR
EQUATIONS

- ————

*STEADY STATYL = AMBIGUITY REMOVED

Figure 5. Propertiss of GPS-based system.

o AMBIGUITY RESOLUTICYH REGUIRED AT START AND OCCASIONALLY ‘,
THEREAFTER: ' 1
*

= 1.E., WHENEVER TMERE 1% A "L1.6" ENOUSH INTERVAL
BETWEEN BASELINE MEASUSEMENTI THAT THE BASELINE :
MAY CHANGE SIGNIFICANTLY d

!

|

l

o PESOLVE AMBIGUITIES 3Y APPLYING CINCEPTS TESTED IN
HAYSTACK-WESTFORD EXPERIMENTS AND AUGMENTED BY USE
OF T#0 FREQUENCY BANDS FOR ICNISPAERE REDUCTION |

- USE CODE MODULATION (332,27 TEILAY) FOR COARSE,
BUT UNAMBIGUOUS BASEL!NE TETEAMINATION

! TIME BEQUIRED LEPE'DS ON EXTENT OF |
‘ GROUND CLUTTER (%..T12aTH) |

= USE CARRIER PHASES F2% REFINED BASELINE DETERMINATION 1

i
‘ Figure 6. Ambiguty resolution.
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QBJECTIVES
® ASSESS AMBIGUITY RESOLUTION TECHNIQUES.
® DEMONSTRATE ACCURACY OF BASELINE DETERMINATION.

Figure 7. Experimental program.

! l: CROSSED DIPOLE ANTENNA
Ya] WITH GROUND PLANE
CSOL  Roor

CABLE TO LABORATORY - DATA, MEASUREMENTS

FROM 9THER RECE IVERS

, |
F i

5 GPS Recetver  |—CQARSZ DELAY
MODIFIED FOR
| SIGNALS FROM .} ProcEssiNG
CCESS TO CARRIER|  CARRIER LOOP 7] CONVERTER

TRACKING LOOP

DATA, EPHEMERIS, ETC.

BASEL INE
ESTIMATES

Figure 8. Experimental configuration.

EEaTuRES

Very SworT BaseLine - < 100 MeTERS
(RESULTS CAN BE ACCURATELY CHECKED BY INDEPENDENT
TECHNIOUES, [ONOSPHERIC REMOVAL NOT TESTED,)

]
'
' ® Uro w-unANnzL RECEIVEARS
{ o Crossep DIPOLE ANTENNAS ITH CROUNDPLANE
o Precise Prase MeasuremenTs oN ReconsTRucTED CARRIER

o Low Data VoLuMe For EACH BASELINE REDETERMINATION
(Less tian 1 K BIT)

Figure 9. Exparimental program.
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Comparison of Geodetic and Radio Interferometric Measurements
of the Haystack-Westford Base Line Vector

WiLLiaAM E. CARTER

Naticnal Geodetic Survey, National Ocean Survey, NOAA

Rockville, Maryland 20852

ALAN E. E. ROGERS

Northeast Radio Observatory Corporation, Haystack Observatory
Westford, Massachusetts 01886

CHARLES C. COUNSELMAN III AND IRWIN 1. SHAPIRO'

Depariment of Ee=th and Planetary Sciences, Massachusetts Institute of Technology
Cambridge. Massachusetts 02139

A three-dimensional geodetic measurement of the 1.24-km Haystack-Westford base line vector was
performed to verify the accuracy of previously published radio interferometric measurements. The differ-
ences between the geodetic and the very long base line interferometry (VLBI) measurements of the base
line length, the honzontal X and Y components, and the vertical Z component were —4, 2, 4, and —19
mm, respectively. After a correction was applied to the VLBI determination of the verticai component to
account for a recently measured, repeatable gravitational fiexure of the Haystack antenna, the discrep-
ancy in this component was reduced to —6 mm. Other possible repeatable fiexures in the two antennas,
which have not yet been measured, could either further reduce or increase this discrepancy

I. INTRODUCTION

Rogers et al. [1978] and Rebertson et al. [1979] report iesults
of very long base line interferometry (VLBI) experiments that
demonsirate repeatability in base line length at the 3-mm
level over short distances and at the 4-cm level over trans-
continental distances, respectively. For most applications, re-
peatabuility alone is sufficient. However, if VLBl measure-
ments are to be compared to, or combined with,
measu. crnicats made by different methods, it is necessary that
any sientficant biases be determined. The National Geodetic
Surve; (7GS) has therefore undertaken comparisons of the
results of VLBI experiments with those of appropriately se-
lected ; crational’ geodetic methods [Hothem, 1979; Hothem
et al., 1979, Niell et al., 1979; Strange and Hothem, 1980] (see
also Hinteregger et al. [1972] and Ong et al. [1976]). Here we
report ‘he results of a comparison with the VLBI determina-
tion [fogers et al.,, 1978] of the 1.24-km base line vector from
the Haystack to the Westford antennas in Massachusetts.

2. GEODETIC MEASUREMENTS

The 11 iystack and Westford antennas have elevation-azi-
muth mounts. The Haystack mount (Figure 1) has inter-
sectin: 1ves, and the point of intersection is defined to be the
origin the base line vector. The Westford mount 1s eccen-
tric, and the termination of the base line vector is defined to
be the point of intersection of the vertical axis and the hon-
zontal pl: ne that contains the horizontal axis (Figure 2). Nei-
ther re*rence point coincides with a physical monument, but
both a2 .ccessible via measurements from nearby reference
marks. We emphasize that this base line vector was not deter-

mined with respect to the center of mass of the earth, cither by
the geodetic survey or by VLBI

The base line is obstructed by terrain, vegetation, and the
radio telescope enclosures. Thus it was necessary to survey the
network shown in Figure 3. NGS personnel desigued and por
formed the survey as well as reduced and analyzed the data.
Haystack Observatory personnel performed only support ac-
tivities, such as making holes in the Haystack radome for lines
of sight. (The Westford telescope was temporarily withovt it
radome as a result of a freak storm in May 1977.) Extraordi-
nary procedures were followed ir the survey in order to re-
duce the uncertainty in determining each component of th
base line vector. For example, a special NGS team  dis; ur
fiom the original, was used to remeasure the vertical ¢ m

ponent of the base line (see section 4). Detailed descriptions of

the surveying methods. instrumentation, data reduction pro-
cedures, and analysis are given by Carter et al [1979]. The fi-
nal results are shown in Table 1

3. VLBI MEASURIEMENTS

The Huystack-Westford base line vector was determine. by
Rogers e al. [1978] 11 times from separate sets of VLBI ea-
surements during the period October 1974 to January 1970.
The wcater between the results from the different expcnmcms
was significantly larger than would be expected from he [or-
mal standard errors for the determination of lhc Mse line

wats from the individual experiments. thus 1 Jicaring

the presence of significant systematic errors. One important
atrbueng factor to the increased scatter was the i+ omyp <l

calibration of the receiver systems. Subsequent completion
and ine Mation of a calibration system promptod a te cifth de

f'{\ls:;; ated \m: Depariment of Physics, Massachusetts Institute (. rmination of the base line vector, which was cair. © out .
of Technology, Cambndge, Massachusetts 02139. May 8.0, 1977, The results are compared in Table ? ‘vith the
This | s not subject 1 U8, copyright. Published in 1980 by means from 11 prior VLBI expeiniciis. (he
the Ame: 0 Geophysical Union differancss are sufficiently small that the overall means are
Paper nu ROBMTE 2685
g i a y T ———— -
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A Bt s 0 Bt . P
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Baseline Vactor
Origin

HAYSTACK
TRUNNION

Fig. 1. The Haystack radio telescope, enclosed in a 46-m-diameter
space-frzine radome, is 2 37-m-diameter Cassegrain-type mstrucic
with intersecting elevation (horizontal) and azimuth (vertical) axes.
The monument established during the geodetic survey, Haystack
Trunnion, 15 indicated in the figure.

not significantly changed by the inclusion of the results from
the twelfth experiment.

4. COMPARISON OF GEODETIC AND VLBI RESULTS

Table 3 shows the differences between the geodetic and the
mean of the VLBI determinations of the Haystack-Westford
base line components. The only significant discrepancy is in
the Z component, that is. along the local vertical. This result is
not too surprising: Any gravitationally induced flexure of ei-

/ / \ \

\ Axis
x Oftset | 0.-316 £ 001

\\

vJect .
T Alion =
y? - Honzontal Axs

WESTFORD _~
ANTENNA —

Vertical Ans /
1

h.

Fig. 2. - Wesuiord radio telescope. enclosed in a 30-mi-diameter
inflated ra” e is an 18-m-diameter Cassegrain-type instrurent vith
(nonintes c'svanon and azimuth axes. The moru o
lished dunii e geodeuc survey, Westford Antenna, 1s indicated in
the figure
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NAVSTACK

TELhSCOPE

WESTFORD
RADIO
TELESCOPE

MICiHU

WESTFORD

Fig. 3. Sketch of the geodetic network. The dashed line represents
the !.24-km Haystack-Westford base line vector

ther telescope is expected to be primarily a function of eleva-

tion angle and to ‘map’ directly into the estimate  the lccal
vertical component in the analysis of the VLBI ionts.
The possible presence of such flexures and their Likeiy eifect

were emphasized by Rogers et al. [1978].

Two actions were taken to (ry to identifyv directly the
source of the discrepancy: (1) NGS employed a specicl tea a,
as mentioned in section 2, to remeasure the base line. The re-
sultant value of Z agreed with the original to within 3 o )
'{aysiack Observatory personnei, witl, the aid of Line
oratory personnel, made a limited set of measurement
mensurate with available resources) of the Tesvral beha
the two telescopes. A relatively large effect was discovers' '
the Haystack telescope: As the elevation angie E of the .

TABLE 1. Results From Geodetic Measurements ol i
Westford Base Line Vector

Base Line C har.u.lensm Vaiue,t m

X component -Il-H 592 H)-li
Y component —462.150 £ 0.3
Z component =30.024 + 0.007
Length 1239390 + 0.00!

*The origin uf lhe stnndard (iefi- h.'mded\ Cartesian coordinate s s-
ter 1s the scterence point at Haystack (see igure 1); the X dirs
15 that of astronomic north, and the Z direction that of the local veiu-

cal, positive upward The coordinate system was oper 1 dater-
nmined in a manner consistent with the FK4 Fundamen ar Cata-
too and the Bureau International de I'Heure publicatios preve

position and universal time (UT1). The astronomic latituoe and lon-
e Jdetermined for Haystack were 42957721807 »
"19.07° W, respectively. The suivey was perfurmed in 176
1 Fhe uncertainties shown are the formal standard errors [Carter el
al. 1979)
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TABLE 2. Results I'rom VLBI Measurements of Haystack-Westford Base Line Vector

Meanof 11 Twelfth
Base Line Determinations, { m Determination, { m
Characteristic* |Rogers et al., 1978) (See Text) Difference, §
X component ~1149.594 + 0.003 =1149.597 + 0.001 0.003
Y component =462.200 £ 0.005 =462.196 = 0.001 ~0.004
GE |s Z component =30.005 + 0.007 =30.002 + 0.003 =0.003
PA Length 1239.394 + 0.003 1239.394 + 0.001 0.000

OF m QUALI *The origin of the coordinate system and the axis directions are the same as those for Tabie i, except
that here the VLBI catalog of positions of extragalactic radio sources [Rogers er al, 1978] was used in
place of the FK4 Fundamental Star Catalog. The two catalogs were intercompared for one member, a
. radio star in the FK4 list, and the difference in position was ~0.1" [Clark et al, 1976), equivalent to a

-

distance of ~0.6 mm for this base line.

$The uncertainties shown are the root-weighted-mean-square scatters of the individual results about

their weighted means.

$The uncertainties are the formal standard errors obtained for the root-mean-square of the postfit re-
siduals set to unity by uniform scaling of the individual measurement errors by a factor of 0.9. (See

Rogers et al [1978] for a discussion.}

§Difference between the mean of 11 determinations and the twelfth delermination (see teal).

tenna increases, the distance between the receiver housing and
the subrefl:ctor increases (see Figure 1). This increase is well
approximated by 13 sin £, mm. The effect of this variation in
the length of the optical path through the telescope exactly
mimics the effect of lowering the reference point on the tele-
scope. The resultant error introduced in the VLBI estimate of
the vertical component of the base line vector was 13 mm.
Other measurements of the dependence on elevation angle of
distances between various parts of the telescope structures dis-
closed no changes more than 2 mm, and the net effect of these
was under 1 mm.

These investigations thus identified the source of approxi-
mately 707 of the discrepancy between the geodetic and the
VLBI determinations of Z (see Table 3). The exister.ce of ad-
ditional significant flexure effects, particularly of the primary
reflectors of the iwo telescopes, has not heen rufed out. Of
course, an accounting for such effects could ecither further re-
duce or increase the discrepancy between the VLBI and the
geodetic results.

Acknow!v 'gments. We thank T. A. Clark of the Goddard Space
Flight Center and the Haystack Observatory stalf for their vaiuable
assistance Ve particularly thank C. A Knight and A. R. Whitney of
Haystack io: their aid in the VLBI experiments and H. L. Sellers of
Haystack and D. Stuart of Lincoln Laboratory, who measured the
gravitational flexures of the telescopes.

TABLE 3. Comparison of the Geodetic and VLBI Measurements
of the Haystack-Westford Base Line Vector

Difference Between Geodetic Value
and Mean VLB! Value, m

Base Line e —— R o e
Charactenstic® Uncorrectedt Partially Corrected{
] Xcomp rent / 6602 0,6!)2
Y comporont 0.004 0.004
Zcomp - ent =0.019 =0.006
Length =0.004 =0.004
*See Tabic | and 2 for delinitions of cooordinate system.
tUncorre d for gravitational flexure of telescopes (see text)
fAfler pa. 1 correction for gravitational flexure of Haystack tele-

scope (see te )
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GEODESY BY RADIO INTERFEROMETRY:
INTERCONTINENTAL DISTANCE DETERMINATIONS WITH SUBDECIMETER PRECISION

T. A. Herring,' B. E. Corey,'
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Abstract. Analysis of very-long-baseline
interferometer (VLBI) observations yielded es-
timates of the distances between three radio
telescopes in the United States and one in
Sweden, with formal standard errors of a few
' centimeters: Westford, Massachusetts-Onsala,
Sweden: 5,599,714.66+0.03m; Green Bank, West
Virginia-Onsala, Sweden: 6,319,317.75+0.03m; and
Owens Valley, California-Onsala, Sweden:
7,914,131.1940.04m, where the earth-fixed refer-
ence points are defined in each case with re-
spect to the axes of the telescopes. The actual
standard errors are difficult to estimate re-
liably but are probably not greater than twice
the formal errors.

1. Introduction

Very long baseline interferometry (VLBI) has
been used for the past decade to determine
distances between radio telescope: and positions
of radio sources. Improvement in the precision
of baseline length determination in North
America over this period has been substantial --
from a precision of about 1 m [Hinteregger et
al., 1972] to a precision of under five centi-
meters [Robertson et al., 1979] for baselines
from about 1000 km to just under 4000 km in
length. Near the middle of the decade, dis-
tances between North America :nd Europe were
determined with a precision ot about half a
meter [Robertson, 1975; see z.so Cannon et al.,
1979]. In this paper we describe more recent
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VLBI determinations, with subdecimeter preci-
sion, of these intercontinental distances.

2. Data Analysis

The data analyzed consisted of interfero-
metric group delays [Shapiro, 1976] which were
obtained from three sessions of observations
involving up to four antennas, as described in
Table 1. All observations were made with the
Mark I VLBI system with a center radio frequency
of about 8 GHz. A multichannel bandwidth syn-
thesis technique [Whitney et al., 1976] was
Used. FEach recorded channel had the Mark I
bandwidth of 360 kHz, whereas the synthesized
bandwidth was »100 MHz in the first session of
observations and »300 MHz in the last two ses-
sions. A hydrogen maser frequency standard of
modern, post-1970, design was used at each
telescope for each session.

The Cartesian coordinate system used in the
analysis was geocentric and earth-fixed with the
Z axis parallel to the mean pole of rotation of
1900-1905, as defined by the International
Latitude Service and maintained by the Bureau
International de 1'Heure (BIH). The X axis was
defined to be perpendicular to the Z axis and in
the direction of the Greenwich meridian, The Y
axis completed the right-handed triad. Opera-
tionally, the origin of this system was defined
by the coordinates for the intersection cf the
azimuth and elevation axes of the Haystack radio
telescope, obtained from a combination of space-
craft-tracking and VLBI observations made at
various sites. The orientation was defined by
the BIH values for pole position and UT1 (1968
system), with the addition of fortnightly and
monthly terms of small amplitude [Woolard,
1959], and by the models for diurnal polar
motion [McClure, 1973] and earth tides (based on
ephemeris positions of the moon and sun, on the
Love numbers h = 0.61 and £ = 0,09, and on the
assumption of no dissipation). The small ef-
fects of antenna deformations [Carter et al.,
1980], ocean loading, plate tectonics, and other
errors in the model were ignored in view of the
limited precision of the measurements being
analyzed.

The orientation of this earth-fixed coordi-
nate system in inertial space (with respect to
the mean equinox and equator of 1950.0), was
defined by the pole position, by UT1 and by the
standard formulas for sidereal time, nutation,
and precession, with certain small corrections:
Woolard's [1953] theory as modified by Melchior
[1971] was used for nutation; and 5,0279878 per
tropical century at 1950.0 was taken for the
precession constant. The origin of right ascen-
sion was defined by the value 12 hr 26 min

1647
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TABLE 1. Summary of VLBI Observations
Duration, Number of Declination Range Number of
Session Dates hours Antennas* Sourcest of Sources, Group-Delay
deg Observations®#
1 Sept. 21-25, 1977 88+t H,N,O0 10(6) -5.5 to 50.8 529 (151)
2 Feb., 24-26, 1978 50 H,0,V 8(4) 0.5 to 50.8 291 (77)
3 May 17-19, 1978 us H,0,N,V 10(10) -5.5 to 50.8 830 (258)

* H: 37-m diameter telescope of the Haystack Observatory, Westford, Massachusetts; N = 43-m
diameter telescope of the National Radio Astronomy Observatory (NRAO), Green Bank, West Virginia;
0 : 20-m diameter telescope of the Onsala Space Observatory, Onsala, Sweden; and V = 40-m
diameter telescope of the Owens Valley Radio Observatory, Big Pine, California.

+ The sources observed are listed in the caption to Figure 1. The numbers of sources observed at

Onsala are given in parentheses.

#%* The numbers of observations involving Onsala are given in parentheses.

tt Onsala participated for the last 62 hours.

33.246 sec for the radio source 3C 273B (ellip-
tic aberration removed).

Using this framework and a theoretical model
for the group dgiays [Robertson, 1975; Ma,
19781, we estimated by weighted least squares
the baseline vectors, the source positions, and
the other relevant parameters. Included in the
last category are parameters that allow for the
estimation of changes in pole position and
variations in UT1 when adata from two or more
sessions of observations are combined [Shapiro
et al., 1974, 1976; Robertson et al., 1979]. 1In
addition to these purely geometric parameters
there are parameters in the model that represent
the effects on th: group delays of the propaga-
tion medium and of the behavior of the clocks at
the various radio telescopes. The representa-
tion of the propagation medium includes the
zenith tropospheric delay as a parameter. Since
the signal delay through the troposphere varies
with time and with location, a number of such
parameters are utilizod with this model. The
effects of the ionosphere, always under »1 ns in
the zenith direction, but not separately model-
ed, are largely absorbed by these parameters
because of the similarity in the signature in
the group delays of the ionosphere and the
troposphere. The representation of the behavior
of the clock at one site relative to that at
another consists of a polynomial in time of low
order with the coefficients as parameters, the
first two denoting the epoch and rate offsets.
Since the clocks drift unpredictably with time,
a number of such polynomials are usually employed.

The choice of the number of parameters to
represent the combined effects of the tropo-
sphere and the ionosphere and the behavior of
the clocks as well as the choice of the time
interval of applicability of each parameter are
to a certain extent subjective. We therefore
investigated the effects on the results of a
variety of such choices. As extremes for the
representation of the troposphere and the iono-
sphere, we considered for each telescope the use
of one parameter for the zenith delay for each
session of observations and one such parameter
for each 12-hour period of observations. For
the clock behavior we chose the clock at

Haystack as the reference and considered ror
each other telescope for each session the use [
one parameter each for the relative offsets in
époch, rate, and (in several instances) rate of
change of rate. The intervals of applicability
of such 'clock polynomials' ranged from 7.5 to
24 hours; only for this latter case was a para-
meter included for the rate of change of rate.
The variations in the estimates of baseline
lengths resulting from these different parame-
terizations were up to 1.8 and 1.2 times the
corresponding standard deviation obtained for
the adopted parameterization for the data from
each of the first two sessions and from the
third session, respectively. In view of this
stability, we deem it unlikely that either the
propagation medium or the behavior of the clocks
has introduced errors in baseline length much in
excess of the formal standard deviations. The
adopted choice of epochs and intervals of
applicability for these parameters (see section
4) was based primarily on examination of the
postfit residuals, especially those from obser-
vations at low elevation angles for the para-
meters representing the behavior of the propa-
gation medium.

The inverse of the weight for each group
delay was obtained from the sum of the variance
found from a signal-to-noise analysis [Whitney,
1974]) and an ad hoc term included to account for
error sources that were not a function of signal
strength, The inclusion of this term was moti-
vated by the desire to (1) allow for the effects
of systematic errors, and, relatedly, (2) weight
the observations of the different sources more
evenly, since for some strong sources the
signal-to-noise analysis yielded uncertainties
that were well below the suspected contributions
of other errors. The magnitude of this ad hoc
term was assumed constant for the data for a
given baseline for a given session of obser-
vations., Its value was obtained from the con-
straint that chi-square per degree of freedom be
unity, and its square root ranged from 0.10 to
0.25 ns. Omitting this ad hoc term from the
variances changed the estimates of baseline
length by up to 1.2 times the standard devia-
tions obtained with this term included.
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3. Results

T Table 2 gives our estimates of the distancas
- between the radio telescope in Sweden and the
three in the United States, The reference point

for each telescope is the intersection of the
azimuth and elevation axes, except for the NRIO
telescope where the reference is the point on
the polar axis closest to the (nonintersecting)
e equatorial axis (Hinteregger et al., 1972].
= e | Typical postfit residuals from the simultan-
+ ' eous analysis of the data from all sessions are
shown in Figure 1. The root mean square of
3% these residuals ranged from 0.13 ns for the
—~——r— Haystack-NRAO data from the last session to 0.49
: ns for the Onsala-NRAO data from the first
% session, the ratio being approximately as ex-
- | pected in view of (1) the threefold smaller
- : synthesized bandwidth used in the first session
- o 1 of observations, (2) the generally larger corre-
-"——wr lated flux densities obtained from observations
v involving the shorter baselines, and (3) the
= slightly higher sensitivity of the Haystack-NRAO
system compared to the Onsala-NRAO system,

The repeatability of the estimates of the
baseline lengths shown in Table 2 indicates that ’
the formal standard errors may not be much
smaller than the actual errors. However, one
fact detracts from the importance of this indi-
cation: The uncertainties of the estimates of
baseline lengths from the third session of
observations were much smaller than those from
the second which, in turn, were smaller than
those from the first. The disparity between the
uncertainties from the first and second sessions
was due primarily to the contrast in synthesized
bandwidths. The further discrepancy between the
uncertai ties from the first two sessions and
those frum the third was due mainly to geometry;
the schedule of observations for the first two
sessions was controlled by requirements of other
experiments involving only the U.S. antennas and
therefore did not properly provide for Onsala's
participation.

The estimates for the propagation delay
through the atmosphere and ionosphere in the
zenith direction ranged from 6.7 ns (NRAO) to
8.2 ns (Onsala); the estimates for the clock
. parameters were also each in approximate accord
with expectations, ranging up to 23 ys for epoch
offsets and from «3x10°'* to »2x10"'? for rate
offsets.

The estimates for the source positions, the
distances between the radio telescopes in the
United States, and the pole position and UT1
variations will be given elsewhere and discussed
there along with a much larger collection of
VLBI observations that involved only the tele-
scopes in the United States.

Difference,t
m
0.180
-0.019

Error,
m
0.169

Standard
0.043
0.040

1 in order of listing,

Owens Valley - Onsala
Formal

1.173

7.914,131,192

Length,
m
7,914,131,372

0.404
0.024

5
Difference,t
m

m
0.354
0.036

Formal
Standard
0.034

NRAO - Onsala
Error,

7.776

Baseline Length Estimates
6,319,318.156
6,319,317.752

Length,
m
The number of parameters estimated in each solution

The speed of light used to convert light seconds to meters was 299,792,458 m s

t+ Differences from adopted solution.

#% Adopted solution.

TABLE 2.
Difference, +
m
0.288
-0.144
0.026

Standard
Error,
m
0,301
0.120
0.028
0.027

Haystack - Onsala
Formal

4.516
4.686

m
5,599,714.660

Length,
5,599,714.948

4, Conclusions

Combination of data from three sessions of
VLBI observations involving sites in Sweden and
the United States yielded results of subdeci-
meter precision in the determination of the
intercontinental distances. Since sufficiently
accurate and well-distributed observations to
determine baselines to Sweden with subdecimeter
precision were available for only one session,
the data are not useful for the establishment of

1
2
3
was 47, 41, 56, and 102,

# See Table 1 for definitions and text for discussion.

1 42 + 3%

Observation
Session(s)*®
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Fig. 1. Postfit residuals from the adopted sol-

ution (see Table 2) for the Haystack-Onsala
group-delay measurements from session 3 (see
Table 1). The root mean square of these resi-
duals is 0.25 ns. The vertical bars represent
+1 standard deviation. Each letter in the fig-
ure denotes a different radio source: A = NRAO
150; B = 3C 84; C = 4C 39.25; D = 3C 273B; E =
3C 345; F = VRO 42.22.01; G = 2134+00; H = 3C
454.3; and I = OJ 287. One other source, ob-
served on some baselines in session 3, was 3C
279. See Clark et al., [1976] for approximate
values of the coordinates for each source.

subdecimeter repeatability. Neither are the
earlier VLBI determinations [Robertson, 1975]
useful since they were less precise, and, in
addition, involved a different telescope at
Onsala which has yet to be located accurately
with respect to the one we utilized (Table 1).
Further, to assess inherent accuracy, compar-
isons would best be made with results from a
more accurate technique. None now exists, The
most accurate alternate technique currently
available for the determination of these parti-
cular intercontinental baselines is based on
observations of the Doppler shift of radio
signals transmitted from satellites, plus stan-
dard ground surveys to tie the reference points
for the Doppler measurements to those for the
VLBI determinations. Such Doppler data exist
(W. E. Carter, private communication, 1979), but
the analysis and the ground surveys have not
been completed and so no comparisons can yet be
made.

Periodic repetitions of these intercontinen-
tal VLBI measurements are also planned with more
radio telescopes in the interferometer array and
with use of our new, more powerful, Mark III
VLBI system. This system, among other attri-
butes records data simultaneously from two well
separated radio frequency bands, thus allowing
ionospheric effects to be virtually eliminated
as a source of error. The purpose of these
further VLBI measurements will not only be to
check on the repeatability of the present base-
line determinations but, more importantly, to
improve the precision to the level at which the
expected [Minster and Jordan, 1978] +1.7 em/yr
spreading rate between Europe and the United

States could be detected reliably within a
decade.
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GEODESY BY RADIO INTERFEROMETRY: 1
A CRITICAL REVIEW s

Irwin I. Shapiro '3
Department of Earth and Planetary Sciences
and
Department of Physics
Massachusetts Institute of Technology
Cambridge, MA 02139

Introduction

Almost fifteen yerars ago, while plans for the first experi-
ments in very-long-baseline radio interferometry (VLBI) were
gestating within the minds of Canadian and United States radic
astronomers (1), it occurred to me that this technique could be
used to measure the motions of the earth's crust [2]. The poten-
tial accuracy in the determination of intercontinental baselines
with VLBI -- one centimeter uncertainty from less than one day of
observation -~ was so dazzling thal many people treated the idea
like pie in the sky. Funding to develop VLBI for geophysical
applicaticns was thus initially very difficult to obtain, None=-
theless, by January 1969, the first baseline length was being
determined with VLBI with the use of a bandwidth synthesis tech-
nique (2] and a rather considerable amount of borrowed cquipment,
The result [4]) gave the distance between reference points on the
Haystack radio telescope in Massachusetts and on a radio tele-
scope of the National Radio Astronomy Observatory in West
Virginia as 845,131:0,002 km, The most recent VLBI determina-
tions of this length yield [5] £45,1299040,00005 km, Still the
potentisl centimeter accuracy has not been achieved. Nor have
motions of the earth's crust been detected. The National Aero-
nautics and Space Administration has organized the Crustal
Dynamics Project [6] to pursue these goals.

189

In the remainder of this paper, I will outline the basic
principles underlying the cdetermination of baselines by VLBI and
discuss the major error sources along with the possible means for
their reduction. Most of these topics have received considerable
attention in the past [7), with one exception: the pitfalls of
data analysis; I shall therefore place stfess on this issve,

Instrumentation

A VLBI system consists of an array of at least two antennas
that observe the same radio source simultaneously. A direct
electrical connection {5 not mointained bLetween the antennas,
thus allowing them to be se?arated by thousands of kilometers,
The local-oscillator signals, used at each antenna to convert the
radio-frequency signals from,the source to Lhe video (low-fre-
quency) band, are derived from a frequency standard at the site.
These standards are sufficiently stable that the rclative phases M
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Ryan, J.W. et al., in preparation.
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Vessot, R.F.C., private communication, 1980.
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