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Very-long-baseline interferometry (VLBI) is a novel observing technique for measuring the relative posi-
tons of widely separated points on the surface of the Earth with centimeter-level accuracy. Such accuracy 
is two or three orders of magnitude better than was available with classical techniques only a few decades 
ago. This enormous improvement in accuracy has opened up for study a broad new spectrum of geophysi
cal phenomena. The new measurements allow direct observation of the tectonic motions and deforma
tions of the Earth's crustal plates, observations of unprecedented detail of the variations in the rotation of 
the Earth, and direct measurement of the elastic deformations of the Earth in response to tidal forces. 
These new measurements have placed significant constraints on models of the interior structure of the 
Earth; for example, measurements of the variations in the Earth's nutation have been shown to be particu-
lary sensitive to the shape of the core-mantle boundary. The VLBI measurements, coupled with other 
space-based geodetic observing techniques such as the Global Positioning System, allow construction of a 
global reference frame accurate at the centimeter level. Such a frame will be essential to studying long-
term global changes, especially those changes related to sea-level variations as recorded by tide gauge 
measurements. 
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I. INTRODUCTION 

The history of observational science is punctuated by 
the invention of revolutionary instruments such as the 
telescope and spectroscope for astronomy, the micro
scope for biology, the particle accelerator for physics, 
and the seismometer for geophysics. These critical in
ventions often redefined whole branches of science by al
lowing the study of entirely new classes of phenomena. 
The effect of many of these new instruments was to in
crease attainable measurement accuracies by several or

ders of magnitude. Very-long-baseline interferometry 
(VLBI) is a recent example of such a revolutionary devel
opment in instrumentation. 

The invention of the telescope in the 17th century is 
perhaps the closest historical parallel to the development 
of VLBI. The telescope improved the angular resolution 
of optical observations by about two orders of magni
tude, from roughly 1 minute of arc (achievable with the 
naked eye) to a fraction of a second of arc. By compar
ison, VLBI improved angular resolution by an additional 
three orders of magnitude, to the level of a fraction of a 
millisecond of arc. The telescope revolutionized astrono
my in the past, and VLBI is having a similar effect on as
tronomy today, although the impact of VLBI on astrono
my is beyond the scope of this article. [See Reid and 
Moran (1988, pp. 7-355) for recent papers.] 

Less well known is the fact that the telescope was the 
critical instrument for a sequence of important 
discoveries in geophysics, including the discovery of nu
tation by Bradley and the measurement of the flattening 
of the figure of the Earth by Bouguer, both in the middle 
1700s, the discovery of isostasy by a geodetic survey in 
India in the middle 1800s, and the discovery of polar 
motion by Chandler in the 1890s. By improving the ac
curacy and sensitivity of position determinations on the 
Earth by about three orders of magnitude over what is 
possible with telescopic observations, VLBI allows us to 
greatly refine some of these measurements, such as polar 
motion and nutation, and to observe entirely new 
categories of phenomena such as the tectonic motions 
and deformations of crustal plates, the effects of core-
mantle interactions on the rotation of the Earth, and the 
details of the angular momentum interchanges between 
the atmosphere and solid crust of the Earth. Many of 
these uses of VLBI were first pointed out by Shapiro 
(1967; Shapiro and Knight, 1970). Continued and regu
lar VLBI observing programs will be needed to make 
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effective use of the extraordinary capacity of these obser
vations to provide a wealth of new information about the 
structure and behavior of the Earth. 

The basic idea that underlies geodetic VLBI observa
tions is conceptually very simple: The fundamental mea
surement is the time delay or difference in the arrival 
times of a signal from an extragalactic radio ^ource re
ceived at two (or more) radio observatories. Figure 1 
shows a schematic illustration of the geometry of a VLBI 
observation. The extragalactic radio sources are at a 
sufficiently great distance from the Earth that their sig
nals arrive as essentially plane-wave fronts. Thus to a 
first approximation the measured VLBI time delay is pro
portional to d, the component of the wave vector baseline 
between the VLBI stations in the direction of the radio 
source. (This is an oversimplified picture that will re
quire a number of small corrections for effects such as at
mospheric refraction and clock errors.) In Sec. I l l we 
shall show that a sufficient redundancy of these baseline-
vector-component measurements can contain enough in
formation to estimate not only all three components of 
the baseline vector, but also other parameters of interest 
including the coordinates of the radio sources, Earth ro
tation parameters, Earth tide strains, clock errors, and 
atmospheric refraction variations. 

In making VLBI measurements, the signal from the ex
tragalactic radio source received at each station is hetero
dyned, clipped, sampled, and recorded digitally on mag
netic tape. This digitization of the signal is carefully 
done so as to preserve high-precision information con
cerning the signal phases (arrival times) measured with a 
hydrogen maser atomic clock (Rogers, 1970; Whitney, 
1974). The tapes from all of the stations are then trans
ported to a common location and analyzed using a cross-
correlation algorithm to determine the VLBI time delay 
or differential arrival time. Section II will discuss this 

Radio Source 

Plane-wave Fronts 

FIG. 1. Plane-wave fronts from an extragalactic radio source 
received at a pair of VLBI stations. The time delay is propor
tional to d, the component of the vector baseline in the direc
tion of the radio source. 

process in more detail. 
The observing frequencies used for geodetic VLBI ob

servations are typically in the vicinity of 8.5 GHz, corre
sponding to wavelengths in the range of 2 - 3 centimeters. 
Since the correlation process can match the signals to a 
fraction of a wavelength, the theoretical uncertainty in 
the VLBI delay measurements is often less than a centim
eter. Unfortunately there are unmodeled systematic er
rors present in the data, including especially atmospheric 
refraction effects, that are commonly larger than this and 
that often limit the accuracy attainable with VLBI mea
surements to about the centimeter level. 

The celestial radio sources that are used for geodetic 
VLBI measurements are typically quasars. These pecu
liar astronomical objects have a number of properties 
that make them ideally suited for use as celestial fiducial 
marks. They are among the brightest objects in the radio 
sky, yet they are believed to be extremely distant, typical
ly billions of light-years away; this extreme distance 
reduces or eliminates problems that would result from 
any proper motions the sources might have. (It is 
perhaps startling to realize that the radio signals being 
used to measure the Earth may in fact be substantially 
older than the Earth.) Quasars tend to have flat spectra 
over the frequency range used by VLBI observations; this 
facilitates the use of wide observing bandwidths as dis
cussed in Sec. II. Finally, these sources tend to have very 
small apparent diameters, typically a millisecond of arc, 
and thus are well suited to functioning as fiducial marks 
for a reference coordinate frame. On the negative side, 
although they are very small, quasars are not always 
pointlike. Instead they commonly have complicated 
brightness structures that may be time variable as well. 
Such variability could pose a problem for the stability of 
the celestial reference frame defined by VLBI observa
tions; however, it should be possible to minimize this 
problem by carefully selecting the sources to be observed, 
eliminating the more complex and variable sources from 
the observing schedules. Most of the observations dis
cussed in this paper involve sources whose structures are 
small and simple on the scale of a millisecond of arc. For 
detailed discussions of the properties of some of the celes
tial radio sources observed with VLBI, see Reid and 
Moran (1988, pp. 7-355). Some caution is needed, of 
course, in interpreting the radio source structures ca
taloged in the astronomical literature as typical of the en
tire population of extragalactic radio sources: The astro
nomical literature tends naturally to focus on the sources 
that have the most structure and time variability. 

There are two essentially independent problems to be 
addressed in the remainder of this paper. First is the de
velopment of the technology required, to make the VLBI 
observations and determine the delay values as sketched 
in Sec. II. The second problem involves the use of the 
VLBI delay values for a variety of geodetic and geophysi
cal measurements as discussed in Sees. I l l - V I . Readers 
who are primarily interested in the geophysical applica
tions of VLBI may wish to skip directly to Sec. III . 
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II. TECHNOLOGY DEVELOPMENT 

The history of the development of VLBI technology 
has often been recounted. (For overviews, see Klemper-
er, 1972; Cohen, 1973; Counselman, 1973; Moran, 1976; 
and Thompson et aly 1986, pp. 29 -33 and 247-249.) 
The development proceeded in three distinct stages start
ing with the Mark-I system developed by the National 
Radio Astronomy Observatory (NRAO), the National 
Aeronautics and Space Administration (NASA), and the 
Northeast Radio Observatory Corporation's Haystack 
Observatory. The Mark-I system was used extensively 
for geodetic observations in the 1960s and 1970s (Whit
ney et al.9 1976). The second stage, called Mark-II, was 
developed by NRAO and used extensively for astronomi
cal observations, but it has seen only limited use for geo
detic purposes and will not be discussed extensively here. 
The currently operational system, called Mark-Ill, was 
developed with NASA support by the Goddard Space 
Flight Center and Haystack Observatory in the 1970s 
and was steadily upgraded through the 1980s (Rogers 
et al.9 1983). It is in wide use throughout the world to
day. Work is progressing on the development of a 
Mark-IV system by the same team, but that system is not 
currently operational and will also not be discussed here. 

Briefly, VLBI was first developed in the late 1960s by 
radio astronomers who sought to obtain greater angular 
resolution than could be achieved by conventional 
(connected-element) radio interferometers. In 
connected-element interferometry, the observations at all 
of the antennas are referred to a common clock. The an
tenna spacing is limited to the maximum distance over 
which timing signals can be transmitted by cables or mi
crowave links without suffering serious degradation in 
phase stability; typically, this is a few tens of kilometers. 
In VLBI, each station is equipped with a highly stable 
atomic clock, and the observations are recorded com
pletely independently at each station. Real-time process
ing of the observations is sacrificed; but, in compensa
tion, the spacing of the stations is essentially unlimited. 

As noted in the previous section, the VLBI measure
ment entails determining the difference in the arrival 
time of the extragalactic signal at the two stations. This 
is accomplished by cross-correlating the signals from the 
two stations: 

F(r)=f" Sx(t)S2(t + T)dt , (1) 
— oo 

where F(r) is the correlation function and Sn{t) is the 
signal at station n. The special properties of the correla
tion function are fairly easy to understand heuristically. 
If the signals were infinite bandwidth white noise with 
zero mean, then the correlation function would be zero 
almost everywhere, because the product of zero-mean 
white-noise signals is also zero-mean white noise. How
ever, at the value of r for which the signals from the sta
tions match (they differ only by a time delay), the in
tegrand will be everywhere positive; the correlation func
tion will have a singularity at that point. It is difficult to 

improve on the signal-to-noise ratio of a function that 
has a singularity at the point of interest and is zero every
where else. Again, this discussion is oversimplified. The 
signals differ by more than just a time delay, because of 
effects such as different Doppler shifts at the two sta
tions. However, these effects are easily dealt with analyt
ically by the computer correlation software. 

Of course, in the real world the integration limits are 
not carried to infinity, and the singularity is reduced to a 
finite spike. More seriously, the observing bandwidth is 
not infinite. The bandwidth of the first VLBI observa
tions was restricted to a few hundred kilohertz by the 
capacity of the tape recorders available at that time. To 
understand the problem that the bandwidth limitation 
causes, it is useful to consider the limiting case of zero 
bandwidth, i.e., the case in which the incoming signal is a 
pure sinusoid with a period of At. When such signals are 
correlated, any time delay t for which the signals are 
found to match (i.e., for which the correlation function 
has a maximum) will have a corresponding and equally 
good match at t + nAt, where n is any integer. This 
problem is referred to as the phase-delay ambiguity, and 
it can cause serious problems for geodetic observations 
that are typically made at observing wavelengths of 
about 2 - 3 cm. To resolve phase ambiguities of this mag
nitude it would be necessary to have a priori knowledge 
of the vector baselines and their variations, as well as of 
the other parameters affecting the delay, such as clock 
and atmospheric refraction variations, as well as of the 
other parameters affecting the delay, such as clock and 
atmospheric refraction variations, accurate to much 
better than 2 - 3 cm. 

Rogers (1970) first realized that the availability of 
much wider bandwidth observations could alleviate this 
problem by allowing the use of group delay instead of 
phase delay. If we define the interferometer phase, <j>, as 
the length d (from Fig. 1) measured in wavelengths (X) at 
some observing frequency / , 

^=4 = -^ (2) 
A C 

(where c is, of course, the speed of light), then the phase 
that is measured (<f>m) by correlation of a narrow-band 
signal at this frequency will be different from this phase 
by n cycles because of the phase ambiguity: 

<t>m=^±n. (3) 

If we then measure the phase at a second observing fre
quency, we can construct the group delay as 

where N is the difference between the (unknown) values 
of n at each frequency. The important thing about group 
delay is that we can control the size of the ambiguity 
spacing by proper choice of the frequency spacing A/ . 
The only tradeoff is that if A / is chosen to be very small, 
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in order to maximize the size of the ambiguity spacing, 
then the precision of the determination of the slope, 
A 0 / A / , is reduced. This problem can be alleviated by 
making simultaneous observations at more than two fre
quency channels. The problem of the optimum selection 
of the observing frequency channels will be discussed 
below. 

The technique of constructing the group delay using 
observations made simultaneously at several narrow fre
quency bands is referred to as bandwidth synthesis. In 
Mark-I observations the different frequency channels 
were time-multiplexed on the recording tapes, whereas 
the Mark-I l l tape recorders allow the simultaneous 
recording of signals from up to 28 frequency channels 
(Hinteregger, 1980), although the number of distinct fre
quencies is normally limited to 14 by the number of avail
able local oscillators. 

The measurement error for bandwidth-synthesized 
group-delay observations, crg, can be expressed in the fol
lowing form (Rogers, 1970, 1980b; Clark et aL, 1985, pp. 
440-441 ; Thompson et aL, 1986, p. 394): 

\2k 
F AxA22Bt 

1/2 , 

where 

k = Boltzmann's constant; 
F— Correlated flux density of the source, or power radi
ated by the source in units of 10~2 6 watts per square me
ter of antenna collecting area per hertz of observing 
bandwidth. The word "correlated" indicates that por
tion of the power that is emitted from a region small 
enough to avoid significant phase differences at the two 
receiving antennas; 
Ts= System temperature at each station, a measure of 
the noise level of the receiver electronics; 
A = Effective area of each antenna, equal to the total col
lecting area of the antenna corrected for losses caused by 
such things as antenna surface imperfections and aper
ture blockages; 
B = Total recorded bandwidth; 
t— Total integration time (2Bt is the total number of bits 
at the Nyquist rate); 
r]= Loss factor to account for clipping and other signal 
processing losses; 
A / r m s = root-mean-square (rms) bandwidth. 

Much of the development of VLBI technology from 
the Mark-I to the Mark-I l l system over the past 20 years 
can be understood as a series of highly successful efforts 
to reduce ag by a systematic assault on the terms of this 
equation to the limits of technology and available fund
ing. For example, the source flux densities F are maxim
ized by utilizing the strongest sources that have accept
ably small structure and time variation (and that are suit
ably distributed over the sky). Ts is presently minimized 
by using helium-cooled amplifiers that employ high-

electron mobility transistors (HEMT's), which provide 
Ts values for modern VLBI systems of typically a few 
tens of kelvins. In contrast, the uncooled parametric 
amplifier systems that were employed in Mark-I observa
tions ordinarily provided Ts values in the range of hun
dreds of kelvins. The effective antenna areas A are ordi
narily maximized by using large, high-quality parabolic 
antennas. Of course, the desire to maximize the observ
ing time t must be balanced against the desire to maxim
ize the number of observations. 

One area in which a great deal of technical progress 
has been made, and more is likely to be made in the fu
ture, involves the recorded bandwidth B, where the 
unprecedented progress made in data storage technology 
over the last few decades can be exploited. The Mark-I 
system employed conventional computer tape drives cap
able of recording a single channel of 0.36 MHz (Whitney 
et aL, 1976). In contrast, the Mark-I l l system tape 
recorders are capable of recording 28 separate channels 
simultaneously, each with a bandwidth of 4 MHz (Clark, 
1980; Hinteregger, 1980; Rogers, 1980c; Rogers et aL, 
1983), although the normal practice in geodetic observa
tions is to use only 14 channels of 2 MHz each. 

The remaining factor that needs to be optimized in
volves the rms spanned bandwidth, A / r m s . This term is 
maximized first by enlarging the total bandwidth of the 
antenna/receiver system. In the Mark-I system this total 
spanned bandwidth typically ranged from 20 to 40 MHz, 
while in the Mark-I l l system a bandwidth of 360 MHz 
has been fairly standard, and 720 MHz was recently em
ployed experimentally. The celestial radio sources (qua
sars) that are observed tend to have fairly flat spectra 
over a much wider bandwidth than this; the observed 
bandwidth is limited much more by the capability of the 
receivers and recorders than it is by the properties of the 
signals being observed. 

The rms bandwidth is a function of the particular 
selection of frequency channels employed. It is in the 
area of the selection of frequency channels that we en
counter some interesting tradeoffs. Rogers (1970, 1976) 
showed that the problem of optimal placement of fre
quency channels is essentially identical to the problem of 
the optimal placement of antennas in a linear array. He 
showed that the effects of the selection of frequency 
channels can be expressed in terms of the ambiguity func
tion or delay resolution function, which is simply the 
Fourier transform of a set of (zero-bandwidth) impulse 
functions spaced at the frequencies of the observing 
channels. This follows in a straightforward manner from 
the Fourier transform properties of the correlation in
tegral. (The delay resolution function is modified slightly 
by the nonzero bandwidth of the individual frequency 
channels, but that small correction is not important for 
the discussion here.) For both the frequency selection 
problem and the antenna placement problem the desired 
response pattern is one that is as close to an impulse 
function as possible, that is, a response pattern that has a 
central lobe that is as narrow as possible (its width deter-
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mines the precision of the group-delay observation) and 
sidelobes that are as small as possible. The sidelobes are 
important because, in the presence of noise, they could 
become large enough to be mistaken for the central lobe. 
As we have seen, the impulse function (with no sidelobes 
at all) is the limiting case in the direction of the infinite 
bandwidth and integration time. 

These goals are somewhat conflicting. For example, 
the width of the central lobe can be minimized by placing 
all of the observing channels at the edge of the observing 
band. This provides the minimum width of the central 
peak at the expense of producing unacceptably large 
sidelobes close to the central peak. Thus part of the 
difficulty of optimizing the delay resolution function lies 
in specifying the desired combination of features to be 
maximized; e.g., how much central peak width should be 
traded off against sidelobe height. 

In the absence of generally accepted criteria for optim
izing the delay resolution function, a variety of heuristic 
approaches and simulations have been attempted. One 
approach that has been found to be useful involves the 
use of nonredundant difference sequences, i.e., integer se
quences will have the property that the difference of each 
pair of integers is distinct from the difference of each of 
the other pairs. More formally, a sequence of integers 
such that (aj — at )z¥^(al —ak) unless j = / and / = k or else 
j =i and I =k. These sequences, sometimes called "span
ning rulers," are of interest in electrical engineering and 
applied mathematics; they have applications not only in 
antenna theory, but also in coding theory, radar pulse se
quences, and a variety of other applications. The simpli
city of the specification of a spanning ruler is 
deceptive—there is no known way of constructing gen

eral spanning rulers other than that of exhaustive com
puter search. As Taylor and Golomb (1985) put it: ". . . 
there are several different contexts in which the problem 
of finding efficient spanning rulers has been identified. In 
at least three cases it came as a surprise to the research
ers that such rulers are not easily obtained/' One of the 
rationales for using spanning rulers for group-delay ob
servations is a natural consequence of Eq. (4): the span
ning ruler provides the maximum number of distinct 
values of A/ . 

The smallest possible spanning ruler for a given num
ber of integers is sometimes called a "Golomb ruler," 
after S. Golomb, who pioneered much of the work on 
these sequences. Table I lists all of the known Golomb 
rulers and is complete up to rulers with 16 elements. 
Most of the sequences in this table were discovered by ex
haustive computer search. Not only is there no other 
known way to construct these sequences, there is no easy 
way to determine even the magnitude of the largest ele
ment or how many distinct rulers exist for a given num
ber of elements. The sequences given in Table I have 
been found to provide excellent delay resolution func
tions, as seen in Fig. 2. 

Of course there is no absolute requirement to use the 
shortest possible spanning ruler, and other rulers have 
been found that are sometimes better matched to a given 
total bandwidth and number of channels. For example, 
the 8-element spanning ruler 0, 1, 4, 10, 21, 29, 34, 36 has 
been used to conveniently span the 360 MHz bandwidth 
of recent Mark-Ill observations, and the 6-element span
ning ruler 0, 1,8, 19, 23, 25 has been used for six-channel 
systems. These sequences were also constructed by ex
tensive computer search. 

TABLE I. All of the known minimum-length spanning rulers ("Golomb rulers"). 

3 
4 
5 (a) 
(b) 

6 (a) 
(b) 
(c) 
(d) 

7 (a) 
(b) 
(c) 
(d) 
(e) 

8 
9 
10 
11(a) 
(b) 

12 
13 
14 
15 
16 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

2 

2 
2 

2 
2 
4 
4 
1 

3 
4 
4 
7 
4 
8 
8 
4 
4 
7 
11 
7 
3 
4 
5 
6 
4 
9 
6 
5 
6 
20 
4 

6 
9 
8 
10 
12 
11 
10 
10 
11 
16 
13 
10 
9 
12 
10 
13 
19 
24 
25 
20 
30 
11 

11 
11 
15 
14 
13 
12 
18 
20 
19 
21 
16 
15 
25 
23 
28 
24 
29 
37 
35 
57 
26 

17 
17 
17 
17 
23 
23 
23 
22 
21 
22 
27 
26 
33 
31 
40 
43 
52 
59 
32 

25 
25 
25 
25 
25 
32 
35 
34 
47 
52 
43 
59 
59 
62 
56 

34 
41 
41 
54 
56 
55 
70 
77 
76 
68 

44 
53 
64 
58 
68 
85 
78 
100 
76 

55 
70 
69 
75 
89 
86 
111 
115 

72 
72 
76 
98 
89 
123 
117 

85 
99 
99 
136 
134 

106 
122 
144 
150 

127 
145 
163 

151 
168 177 
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