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ABSTRACT

Radio Research Laboratories (RRL) has developed a high precision Very Long Base-
line Interferometer (VLBI), called K-3 system, which is compatible with the Mark-III system
of the NASA, U.S.A. K-3 system is also the first comprehensive VLBI system, including the
process from the observation through the data analysis. On November 4, 1983, the first
VLBI experiment on the trans-Pacific baseline was carried out in close cooperation with
NASA. This experiment enabled us to successfully make fringes which showed performance
of K-3 system comparable with Mark III system of NASA. The results of this experiment
also enabled us to calculate directly the baseline length between Japan and U.S. stations
with an accuracy of several decimeters. This direct measurement is an epoch-making event
for the Japanese geodetic history. The result also shows the discrepancies of several-meters
between observed X, Y, Z coordinates of Kashima and each of the a priori VLBI coordinate-
system, (used in East Coast VLBI group in the U.S.A.) and the result of Satellite Laser
Ranging (SLR) observed at Shimosato Hydrographic Observatory. These discrepancies
suggest the further improvement in the global geodetic system (Japan included) by the
accumulation of VLBI data,

Since the accuracy of decimeters in this experiment is due to the smallness of the
number of observation, the coming one-day experiment with hundreds of observations will
dramatically improve the accuracy. This experiment presented us with a firm base of
centimeter-baseline analysis for our coming experiments.

1. Introduction

Since Very Long Baseline Interferometer (VLBI) is essentially independent of the
geodetic gravitational effects, it is a unique technique which can calibrate the coordinate
system determined by other geodetic methods

Rogers et al. () confirmed the accuracy and the repeatability of the geodetic applica-
tion of VLBI by using a baseline of 1.2 km. The geodetic applications by VLBI were already
summarized in NASA Conference Publication(z), which covered major geodetic applications
in 1970’s, including the domestic, trans-continental and inter-continental baselines. By the
end of 1970’s, the new geodesy with an accuracy of centimeter by using VLBI was es-
tablished by NASA.

Meanwhile, Radio Research Laboratories (RRL) had two experiences of the develop-
ment of VLBI system called K-1(®) and K-2 systems(4).

K-1 was a tape-recording VLBI system applied to 121 km-baseline and K-2 was a real-
time and multi-frequency VLBI system for 46 km-baseline.
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Based on the background of experiences mentioned above, RRL and NASA started in
1979 the joint VLBI project for the intercontinental geodetic purposes. The main targets of
this project are the detection of plate motions around the Pacific Ocean and North Polar
region, the precise determination of earth rotation parameters, and the measurement of
regional crustal deformations,

The experiment conducted on Nov. 4, 1983, mentioned here, is the first observation
between three stations in the U.S. and Japan to make fringes, which enabled us to confirm
the coherence between NASA’s Mark III system and K-3 system of RRL. First, this paper
describes the conditions of observations, such as participating stations, radio sources, and
observation schedules in Chapter 2.

As reported by Saburi et al.(s), the coherence between three stations was successfully
detected both by K-3 correlator at Kashima and Mark-III correlator at Haystack. The over-
view and some details of the preprocessing system both for coherence-detection and
bandwidth synthesis are described in Chapters 3 and 4.

The algorithm used for the accurate calculation of a priori models for the least square
analysis is summerized in Chapter 5. The theory of data analysis is described in Chapters
6 and 7, separately. Q-R method is applied to the least square analysis of this experiment.
The result shows that the data of this experiment are also available for the geodetic applica-
tion, mainly for the estimation of baseline length with an accuracy of decimeters.

This paper discusses the discrepancies of several-meters between observed X, Y, Z values
of Kashima 26 m-antenna and those of the a priori geodetic system. In this paper the results
are compared with the preliminary results of satellite laser ranging (SLR) obtained at
Simosato Hydrographic Observatory, Japan’s Hydrographic Agency.

2. Observation

2.1 Participating stations

Three stations participated in this experiment; those are Kashima (KAS) 26 m, Mojave
Base Station (MBS) 12 m, and Owens Valley Radio Observatory (OVRO) 40 m antennas.
The a priori X, Y, Z coordinates of those stations in VLBI coordinate system are shown in
Table 1 (a). Table 1 (b) shows the baseline components and lengths between three antennas,
derived from X, Y, Z in Table 1 (a). Table 1 (b) also shows that both KAS-MBS and KAS-
OVRO baselines lie almost along the east-west direction (see Fig. 1 (a).).

Kashima is located in a geophysically active area near the boundaries of three crustal
plates (Asian Plate, Pacific Plate, and Philippine Sea Plate) and probably in the part of North
American Plate (see Fig. 1 (b)).

Table 1 (a) A priori X, Y and Z coordinates of three participating stations

Stations X (m) Y (m) Z (m)
Kashima (26 m) —3997895.360 3276579.460 3724116.670
Mojave (12 m) —2356169.150 -4646756.830 3668471.220

OVRO (40 m) —2409598.867 —4478350.448 3838603.785
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Table 1 (b) A priori x, y and z components of three baselines

Baseline Bx (m) By (m)

Bz (m) Length (m)
KAS — MBS —-1641726.210 7923336.290 55645.450 8091924.228
KAS — OVRO —1588296.493 7754929.908 —114487.115 7916737.392
MBS — OVRO 53429.717 -168406.382 —170132.565 245276.444
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MBS and OVRO are both located on the east side of San Andreas Fault and they are
on North American Plate (see Fig. 1 (¢)). San Andreas Fault is considered to be the boundary
between North American Plate and Pacific Plate.

2.2 Radio Sources
Since the baseline distance D (around 8000 km) is very long, the fringe beam-width
(Gf: radian) becomes very sharp. It is approximately given by the next equation:

Bf :%'=. =S 0.9 milli 8TC SEC, .+ v v vttt e 1)
where X is the wavelength of X band radio wave (8.38 GHz). The correlated flux of a radio
source through this interferometer varies complicatedly with an hour angle because of the
extra-fine structure of the source. In order to get strong fringes for this sharp beam, we
selected three strong radio sources, 4C39.25, 3C273b and 3C345, which are all quasi-stellar
objects (QSO).

Table 2 shows the right ascensions and declinations of the radio sources at the epoch
of B1950.0 and J2000.0. As mentioned in the following chapters, the epoch of J2000.0
is consistently used in overall K-3 system.

Table 2 Source parameters used for the first US/Japan VLBI experiment

Sources Right Ascension Declination Epoch Red shift

4C39.25 9h23m5552943 +39°15'23.8283" B1950.0 0.699
9h27m03s01395 +39°02'20.8495" J2000.0

3C273b 12h26m3352460 +2°19'43.4705" B1950.0 0.158
12h29m06s6997 +2°03'08.5917" J2000.0

3C345 16h41m17s6401 +39°54'10.9911" B1950.0 0.595
16h42m58s8099 +39°48'36.9929" J2000.0

2.3 Observation Schedules

The experiment conducted on Nov. 4, 1983 and consisted of six observations, spent
three tapes for each station, and took two hours and 34 minutes. Three radio sources were
observed for twelve minutes each, The schedule of the experiment was kept as simple as
possible to maximize chances for us to make fringes and minimize unexpected mistakes.

The first four observations were preprocessed at Kashima and the last two observations
were made at Haystack Observatory. Because of the weakness of phase-calibrating tones,
Haystack did not try the bandwidth synthesis. Thus the first four observations were used in
the following analysis.

Table 3 shows the observation schedule of this experiment. It also shows hour angles,
azimuths and elevations, of each source at three stations. At Kashima hour angles of sources
are covered the range from -1 h to -7 h, while at MBS/OVRO the range from -3 h to +5 h.
The wide range of hour angles and declinations assured, to some extent, independence
among the observations.
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Table 3 Schedule of experiment: hour angles, azimuths and elevations of the sources

# uT Source Station Hour angle Azimuth Elevation
20:00 4C39.25 KAS —-1h04m 71.1° 77.1°
MBS +5h41m 302.2° 23.7°
OVRO +5h41m 300.9° 25.7°
2 20:40 3C273b KAS —3h24m 113.3° 31.8°
MBS +3h24m 246.9° 32.2°
OVRO +3h19m 244.6° 32.5°
3 21:10 3C345 KAS —7h10m 48.3° 11.0°
MBS —0h20m 39.5° 84.0°
OVRO —0h26m 60.3° 84.4°
4 21:40 3C273b KAS —2h24m 126.8° 42.2°
MBS +4h24m 257.5° 20.6°
OVRO +4h19m 255.8° 21.2°
S 22:01 3C273b KAS --2h04m 132.5° 45.6°
MBS +4h45m 260.8° 16.4°
OVRO +4h40m 259.3° 17.2°
6 22:22 3C345 KAS —5hS7m 56.2° 22.5°
MBS +0h53m 297.4° 78.7°
OVRO +0h46m 289.5° 80.5°

3. Overview of Preprocessing and Analyzing Software

RRL developed the comprehensive K-3 software system on basis of the consistent
database system(s). The necessity of the consistent database has been repeatedly pointed
out by Ma(”) and Yoshino et al.(s), because the VLBI data analysis needs the long-term
managements of VLBI data in large amount and of various kinds. In order to satisfy these
requirements, RRL developed a network-type database management system KASTL(®
and backup-uti_lities(g) to maintain or update KASTL.

Mark-III software system was thoroughly investigated to design the new K-3 software
system. Fig. 2 shows the rough sketch of the K-3 software system. This system mainly con-
sists of three groups: preprocessing group, analyzing group, and database system KASTL.

The preprocessing group consists of three parts of software: cross-correlation software
KROSS(IO), bandwidth synthesizing software KOMBUD) and data-transformation software
KONV{!2),

By synchronizing two or more data recorders, KROSS controls K-3 cross-correlating
processor, KROSS acquires a large amount of cross-correlation data and stores onto the disc
of host computer HP/1000 as mentioned in Sec. 4-1. KOMB synthesizes these correlation
data through both coarse-search and fine-search processes, and it determines the observed
delay and delay rate precisely. The algorithm used in KOMB is described in Chapter 4.

The analyzing group mainly consists of three parts of software, namely database-setup
software KASET(”), a priori model software KAPRI(*) and baseline analyzing software
KLEAR(!S),
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K-3 Database Management System

KASTL
Preprocessing Analyzing
KROSS KASET
KOMB KAPRI
KONV KLEAR

Fig. 2 Overview of K-3 preprocessing
and analyzing software system

KASET places the database items, for example, information of weather, planetary
ephemerides or earth rotation parameters onto KASTL. Those items are necessary both in
preprocessing and analyzing groups. KAPRI calculates a priori delays, delay rates, and their
partial derivatives with regard to the adjustment of parameters. International Latitude
Observatory of Mizusawa (ILOM) and Geographical Survey Institute (GSI) supported us in
making some of the a priori physical models.

KLEAR estimates the baseline vectors, the clock offsets among the stations, and the
carth rotation parameters by the least square method. It adjusts “‘C”alculated value (C:
calculated by KAPRI) to explain the “O’’bserved values (O: determined by KOMB).

Besides these two groups, K-3 database is maintained by many utilities.

4. Preprocessing

A most likelihood method to decide the delay time between two Gaussian noises is to
minimize the next square integral Q (1), which shows the square errors between two
noises(16)

Min [Q (] =Min [ | [X@®-Y@+n|2a, ... @)

where, X (t) and Y (t) are two Gaussian noises, including some coherent components. Eq.
(2) can be expanded to three terms as follows:
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Q (1) =_£ X2 (t) dt +_£ Y2 (t+7)dt— 2_! X@Y@E+Ddt. oo 3)

The first term is independent of 7; this is a constant. The second term is also independent
of 7, because the integration limits are always far larger than 7. Thus, Eq. (2) is equivalent to
maximizing the cross-correlation function Rxy (7), as follows:

Reyy (M= XOYE+D At oo )

The cross-correlation and bandwidth synthesis are the methods to search such a delay
to maximize Ryy (7); the delay is equivalent to the most likelihood value of delay.

4.1 Data Compression through Preprocessing

On this experiment, the received signals of eight channels were sampled at the rate of
4 mega bits/sec for each observation; they are integrated and synthesized for 120 seconds in
preprocessing. The total amount of integration data reaches up to 3.84 giga bits.

Through preprocessing, we can improve the signal to noise ratio of a coherent flux to
the system noise, and skim the desired precise information of delay. Fig. 3 shows the sequen-
tial data compression by preprocessing.
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The first step is a simple accumulation by binary counters. To compensate Doppler shift
by earth rotation, the integration with fringe-rotation (or fringe stopping) is utilized in the
second step; a three-level-fringe-pattern shown in Fig. 4 balances the fringe phase. The third
step is a fractional-bits integration to recover the small loss of the coherence power just at
the occurrence time of bit-shifts. And the last step is a bandwidth synthesis (B.W.S.) using
2-dimensional Fourier transformations.

The boundaries among these four steps are determined by the fringe-period, the bit-
shift-period, and the maximum integration time in K-3 correlation processor. In the case of
3C273b of this experiment, the periods of fringe and bit-shift are about 62 micro-seconds
and 126 milli-seconds, respectively, and the maximum integration time is 4 seconds.

Fig. 4 is a schematic figure of the data compression through preprocessing. The raw-data
bits, sampled at 4 megabits/sec, are simply accumulated for 30-80 bits at the first stage.
Three-level fringe pattern consists of the positive, zero, and negative levels. On the positive
level, all the binary counters of K-3 correlator accumulate the data positively. At the
negative stage, the accumulating results by the counters are subtracted from the total
integrator. On the zero level, the accumulation counters stop and no effect appears in the
total integrators. In K-3 correlator, the fringe rotation is controlled in a programmable way
by a host computer.

0101 Raw-data bits
Simple accum.
3-level fringe

rotation
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o€ 126ms —>

Bit shift

Fractional bit correction

4s

Band-width synthesis
(Integ.time:120s )

Fig. 4 Schematic figure of data
compression in preprocessing
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Rotating the three-level pattern, we can integrate the accumulated data up to 126 msec
(period of bit-shift). At the timing of the bit-shift of the programmable delay, n x 90°-phase
jumps are available to decrease the coherence-loss. This technique is called ‘““fractional-bit
compensation”.

Compensating the fractional bits, K-3 correlator can integrate the total amount of data
up to 4 seconds. The integrations, above mentioned, compress the raw data into one
hundred millionth (107%). Since the further improvement in S/N is difficult in the hardware,
the software for bandwidth synthesis, mentioned in Sec. 4.4, is used for the further in-
tegration.

4.2 Cross Correlation

The tape-recording VLBI system always needs the synchronization between two or
more data recorders before and throughout the cross correlation. K-3 correlator reads the
time-codes of the reproducing signals from data recorder and it changes the transporting
velocity of one data recorder, referring to the time-codes of the other. At the synchronized
stage, the difference between the two time-codes is within 1,000 bits (250 micro-seconds).
The data recorders (Honeywell Model 96) and software KROSS have special designs to make
the quick synchronization, despite of very high speed of tape (3.43 meters/sec). Since the
data consumed for the synchronization cannot be used for the cross-correlation, they should
be considered to be the loss of data. In this case we reduced the loss to around 2917

It is necessary to provide K-3 processor with two kinds of parameters, namely delay-
parameters and phase-parameters. The delay-parameters mainly consist of three parameters
which are a delay-bit-lag, an initial phase of fractional bit, and a period of bit-shift. In the
phase-parameters there are also three major parameters: those are an initial phase, a fringe
rate, and a fringe acceleration. Since the phase parameters depend on the receiving
frequency, each correlating channel needs the respective phase-parameters. These correlation
parameters of KROSS are calculated through the same algorithm as used in KAPRI of the
analyzing software. The consistency of algorithm between KROSS and KAPRI, as men-
tioned in Chapter 5, is very distinguished feature of K-3 system, and it saved time to develop
and debug both KROSS and KAPRI. This consistency, based on the comprehensive data-
base KASTL, also helped the feedback of the calculating results to and from each other.

The preprocessed data from K-3 correlator are stored in the cross-correlation data files
on the disc of HP1000/45F computer system. Since one observation produces one data
file, the typical one-day schedule produces more than one hundred files per baseline. To
prevent the confusion of files, the database KASTL manages their names.

4.3 Coarse Processing

In the cross-correlation data file, there is a three-dimensional complex array indexed by
m (m=1-8:bit lag), k (k=1-n:integration time), and n (n=1-N:synthesizing frequency of each
channel). One component of this array is given by the following expression:

R (m, k, n) = R¢os (m, k, n) +iRgjn (m, k, n), (5)
where Regg and Rgip are the real and imaginary parts of R, corresponding to the cosine and

sine components of fringe stopping pattern, respectively.
The first step of the synthesis is called “‘coarse processing”. In order to integrate coarse-
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ly, we have to make Fourier transform of Eq. (5) with regard to the bit-lag m, thus the
video-cross spectrum S (j, k, n) is given by the following equation:

S@,k,n)= R(m,k,n)exp (iw;'mTg), .............. . ... 6)
1

where wvj is j-th angular-frequency dividing the video bandwidth (0-2 MHz) into eight parts,
and 7g = 250 ns. The coarse search function F (n, &7, 47) of n-th channel is calculated as
follows:

F (n, &7, 47) =j2281 él S (4, k, n) exp (—iwo " &F Atek) exp (—iw;Y A7), ... .. (7
where A7 and AT are the search parameters in delay domain and delay rate domain, respec-
tively. wo™ is the receiving angular-frequency of n-th channel and £t is a time unit (nominal-
ly 2 or 4 seconds) for the correlation data-output. F (n, &7, A7) is equivalent to the cross
correlation function ny considered in Eq. (4)

Since there exists a two-dimensional Fourier transform in Eq. (7), it is very easy to
calculate this equation by two-dimensional FFT. The total summation of absolute value of
F (n, &7, &F) with regard to channel n is called “Coarse search function”. The maximization
of this function, as shown in the next equation, corresponds to the coarse synthesis, in
which the phase calibration of an each channel being neglected.

Max [E I'F (n, &7, 57)1 ] = &7, AT ................................ (8)
AT, A7 N=

where A7 and A7", searched through Eq. (8), will be adopted as the new a priori values of
delay and delay rate in the bandwidth synthesis. Fig. 5 shows that the coarse-search aligns
phase-vectors straightforwardly both in delay and delay rate domain,
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The important role of coarse processing is to detect the cross-correlation power of radio
sources’ signal against the ambient noises. It is often difficult to get the big signal-to-noise
ratio enough to detect fringes in the single 2 MHz channel. Thus it is necessary to upgrade
the S/N of fringes by integrating both in time and frequency-domain. The coarse processing
is often suitable and sensitive for this purpose. We used this search to detect the fringes with
large S/N for all six observations at three baselines. This allowed us to confirm the funda-
mental success of the experiment.

Fig. 6 (a) shows an example of coarse-search function for the quasar 3C345. Since S/N
of 3C345 was enough high, the peak-search of the function was succeeded with an accuracy
of 20 ns.

(a) 3C345

2ns

Delay residuals AT

Fig. 6 (a) An example of a coarse-search function (3C345,21:10 UT,
Nov. 4, 1983)
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Fig. 6 (b) An example of a fine-search function (3C345,21:10 UT,
Nov. 4, 1983)
4.4 Bandwidth Synthesis N

The delay residual AT and the delay rate residual A1.", obtained through the coarse

processing, are used as a priori values for the bandwidth synthesis:

o N K 8 )
D &1 A7 > 2 2 SG,k,n)-
n=1k=1j=1
A
exp [i{wj VR 4+ wot (BT + AF) Atk + AT + 81 1], 9)
where D (&7', A7) is called as the search fu on with re to new parame a7 and
A% The bandwidth synthesis us the residuals and & to m ize the

amplitude of Eq. (9), where we™ and A¢, are a receiving frequency and a calibrated phase of
the n-th channel, respectively. Fig. 6 (b) shows an example of the fine-search function for
the quasar 3C345. This function enables us to calculate the fine-search residuals within an
error of 0.1 ns. Fig. 7 illustrates how the fine-search aligns multi-frequency phase-vectors

ncies is maxim

and how the length of vector summation of all t:{ is
7' L% them um likelihood delay

Using both coarse and fine residuals 47, &F
?o and delay rate 7o are calculated by the following equations:
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T():’;o + A7+ AT (10)
° s < o
T0=T0+AT+AT, (11)

where ;0 and Ty are the calculated values of delay and delay rate, respectively. The
maximum likelihood delay 7, is referred to as “O:observed value” in the following Chapters.

Table 4 shows the first four observed delays processed at Kashima and their S/N errors
of the delay in X-band for this experiment. (Since phase-calibration signal was weak in
X-band, Haystack did not search the fine-residuals of last two observations.) If the closure
errors, which are the results added in a cyclic manner as “KAS-MBS”’-“KAS-OVRO”+“MBS-
OVRO”, are around sub-nanoseconds, the bandwidth syntheses are considered to be suc-
cessful. The closure errors often have some ambiguities of n x 100 ns or n x 10 ns. The
ambiguities usually come from the periodicity of fine-search function with regard to
delay(ll). After the corrections of the ambiguities, the residuals are smaller than 0.3 ns, as
shown in Table 4; the observed delays are precise enough to judge the experiment to be
successful.

Table 4 Observed delays, S/N errors and closure errors (ns)

KAS-MBS KAS-OVRO MBS-OVRO Closure error
# Source
“K - M” “K -0” “M-0” Raw Correct
1 4C39.25 11,874,815.328 11,237,436.866  —637,368.745 9.717 —0.283
+/—.120 +/-.069 +/-.018
2 3C273b —633,806.005 —686,765.918 —52,960.046 0.133 0.133
+/-.037 +/—.021 +/—.002
3 3C345 —17,343,635,191  —-17,338,173.355 5,361.533 —100.303 -0.303
+/—.048 +/-.024 +/—.006
4 3C273b 6,385,280.151 6,181,594.724  -203,685.141 0.286 0.286
+/-.038 +/-.022 +/—.003
5 3C273b weak p-cal.
6 3C345 weak p-cal.

and geophysical models to calculate the a priori values with the highest precision

5. Physical Models

It is commonly believed that VLBI is the most accurate geodetic technique in measuring
a long distance. The analysis of VLBI data requires many kinds of astronomical, geodetic,

7

Our a priori model software KAPRI is based on the following three premises:
(1) Time system: TBD (Barycentric Dynamical Time, Aoki et al., 1982) is adopted as a
time-reference system. TBD is equivalent to the relativistic coordinate time (CT) at the
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Fig. 7 Schematic illustration of phase-vectors’ alignments before and
after the fine processing
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barycenter of Solar System. TBD is also equivalent to the Ephemeris Time (ET) by adding
appropriate constant time.

(2) Epoch: J2000.0 system is adopted in the overall K-3 system instead of the conventional
B1950.0 system.

(3) Spin axis of earth: Mean axis of figure is adopted for the reference spin axis of the
earth, instead of the instantaneous spin axis. Thus the diurnal polar motion, called “Opoltzer
Term”, is neglected in our model.

Based on these premises, RRL designed the new physical model software KAPRI in
cooperation with International Latitude Observatory of Mizusawa (ILOM) and Geographical
Survey Institute (GSI).

KAPRI consists of three groups of physical models. Those relate to the inertial refer-
ence frame, the earth-fixed coordinate system, and the propagation effects.

5.1 Inertial Reference Frame

To describe the a priori geometrical delay precisely, we have to transform the earth-
fixed coordinate system of date into the inertial reference frame. The transformation of
mean axis of figure consists of the precession matrix P, the nutation matrix N, the diurnal
rotation matrix S, and the polar motion matrix W

(1) Precession

KAPRI adopts Lieske’s(18) precession model whose argument of time is Julian centuries
T from epoch J2000.0 (JD2451545.0). This model transforms the coordinate system from
J2000.0 into the mean position of date. Using precession parameters by Lieske: z, £, 8¢
illustrated in Fig. 8 (a), we can calculate the precession matrix P by the next equation:

P=Rz (Z) Ry (—00) RZ (Eo), ..................................... (12)
where Ry and R; are rotation matrices around the Y and Z axes, respectively.

(2) Nutation

It is necessary to calculate the nutation matrix to transform the mean position of date
to the true position of date. KAPRI adopted Wahr’s(1?) nutation table with 106 terms. His
table contains all the terms of the nutation of longitude, larger than 0.0001”, and its size is
80% larger than Woolard’s one which has been used commonly. The time argument T of
this model is the same as Lieske’s one.

By using Wahr’s table, KAPRI calculates the nutation of longitude &y and the nutation
of obliquity 2e, as illustrated in Fig. 8 (b). The nutation matrix N is given by the following
equation:

N =Ry (€4+28€) Ry (AY) Ry (m€). o oveee it et (13)

(3) Earth Rotation
The earth rotation matrix S is equivalent to the counter-clockwise rotation for the angle
of the Greenwich apparent sidereal time GAST around Z-axis. Then,

S=Rz (—GAST), woomeusteum s sai call o000 O S0 Dun @an i 35 Wn 393 (14)
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where GAST=GMST + 1V UT1 +AY COSE, ...vvurerianennnnnnenans (15)
GMST = 6h41m50s. 5484 + 8,640, 184s. 8129 x T + 0s. 0931 x Tx T, (16)

v is the scaling coefficient from the universal time to the sidereal time and € is the mean
obliquity of date of the ecliptic.

The a priori UT1 used in Eq. (15) is reported by IPMS and BIH periodically. The earth
rotation parameters are here regarded as unadjusted ones because of the shortness of the
number of observations, although UT1 and polar motions are to be determined by VLBI
techniques with more observations.

¢+0 5 Nov.4, 1983
Observation

T
1983 Sep 2 +0.4"

X
Position of the pole every
5 days (average uncertainty :.)

Fig. 9 The plots of a priori polar motion
reported by MERIT news letter

(4) Polar Motion
The polar motion matrix W is given by the following equation

W =Ry (-y) Ry (x), aa7)

where x, y are two components of polar motion reported by IPMS or BIH.
The baseline vector Bfjy in the earth-fixed coordinate is transformed into the inertial
reference frame B by the next equation.

B =Pl NT ST WT Bfix: o ovitite it (18)

The accuracy of earth rotation parameters (ERPs) will be discussed later so if they can
be regarded as unadjusted parameters. Table 5 shows the contribution of ERPs to the error
of calculated delay. Chapter 9 will provide the error analysis including these ERPs’ effects.
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Table 5 Partial derivatives with regard to earth rotation parameters

Partials Obs. # KAS-MBS KAS-OVRO MBS-OVRO
1 -16.1 —-17.6 -1.4
aryfow, 2 ~00.1 -02.8 2.6
(ps/m.a.s) 3 —16.8 —-17.0 -1.9
4 —00.1 -02.8 =27
1 80.5 79.7 —0.9
a'rg/awy 2 5.0 4.3 -0.7
(ps/m.a.s) 3 82.8 79.0 =3.7
4 4.8 4.8 -0.0
1.26 1.24 0.03
a‘rg/aUTl 1.97 1.92 0.04
(ns/ms) 0.82 0.79 0.02
1.91 1.87 0.04

5.2 Earth-fixed Coordinate System

Since the conventional geodetic methods determine the station position by referring to
the direction of the gravitational vector, it is difficult to position an antenna globally by
using this method. VLBI is quite a unique technique which makes the calculation of baseline
vectors possible directly without the information of the gravitational field. VLBI is consid-
ered to be very important technique for colocated observation with the conventional tech-
niques in order to calibrate them.

As the a priori coordinates of Kashima, we adopted the Tokyo Datum (Besselian
geodetic system). The transformation described in Appendix A was used to calculate the a
priori global position of Kashima through the WGS-72 system.

Since earth tide and ocean loading perturb the station-position, we need the precise
models to compensate them. KAPRI adopted the models developed by ILOM and supported
by GSI. The outline of these models is as follows:

(1) Earth tide: KAPRI adopted Wahr’s earth tide model compatible with his nutation
model.

(2) Ocean loading: KAPRI adopted Schwiderski’s global ocean tide model and GSI’s
coastal line data around Japan.

The details of these model should be referred to Takahashi, Y. et al (14

5.3 Propagation Effects

As the propagation effects, we generally consider the non-dispersive effects by the
neutral (dry and wet) atmosphere, the dispersive effects by the solar corona and the
ionosphere, and the pass-bending through the solar gravity field. Considering the decimeter-
accuracy of this experiment, one pays attention to the two big effects as follows:
(1) Dry atmosphere: The zenith excess path Lg is calculated by Moran’s(2®) model:

Lad=77.6E=6 X R X Po/@/M oo (19)
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where R (= 8.3144 N/deg/mol) is universal gas constant, Pq (milli bar) is a partial pressure
of dry atmosphere, g (= 9.80 m/sec?, dependent on position) is a gravitational acceleration
and m is 2 mean molecular weight of the dry atmosphere (= 0.028966 kg/mol). The excess
path length L through the line of sight with the elevation EX is calculated by Chao’s 1)
model as follows:
L= hd (20)
Sin EQ +

Table 6 (a) gives some basic conditions to calculate the effect of dry atmosphere, and
Table 6 (b) shows the results of the calculations.

Table 6 (a) Calculated zenith path through neutral atomosphere for each station

Items Kashima MBS OVRO
Height (m) 77 m 910 m 1205 m
Latitude 35.95°N 35.33°N 37.23°N
Gravity acc. 9 7759 m/s? 9.7731 m/s? 9.7739 m/s*
Pressure 1018.7 mb 909.8 mb 879.2 mb
Zenith excess path 2321 m 2.073 m 2.003m

Table 6 (b) Calculated excess delay along the line of sight to
sources by using Chao’s model

Observation Kashima MBS OVRO

1. 4C39.25 7.93 nsec 17.05 nsec 15.29 nsec
2. 3C273b 14.62 nsec 12.91 nsec 12.38 nsec
3. 3C345 39.07 nsec 6.95 nsec 6.71 nsec
4. 3C273b 11.45 nsec 19.43 nsec 18.28 nsec

(2) Tonosphere: The zenith excess path I is calculated by the next equation

1
IZ=40.3Z-TEC/f§F ................................ (21)

where TEC means the total electron contents in the unit-column along the line of sight,
which is derived from the observed values of the critical frequency of F2-layer (fgF,) using
“AFCRL mid-atitude TEC Model,”(*?) and fpp; is the receiving frequency of X-band. The
excess path I at the elevation Ef is given by the next equation:

I
= z (22)

R
-1
cos i sin™" ( R+, cos EQ)
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where R is the earth-radius and h;, is the mean height of F,-layer (See Fig. 12). The deriva-
tion of Eq. (22) is shown in Appendix B.

Table 7 gives the calculated total electron content (TEC) and excess delay by using
observed critical frequency of ionosphere (fo F, ) along the line of sight.

Table 7 Total electron content (TEC) and excess delay calculated by using observed
critical frequency of the ionosphere (fo F2) along the line of sight

Observation Kashima MBS OVRO

1. 4C39.25
Elevation 77.1° 23.7° 25.6°
f,F2 3.8 MHz 9.8 MHz 9.3 MHz
TEC 3.85 x 10¢ 4.35 x 10"7 3.74 x 10'7
Excess delay 0.077 ns 0.866 ns 0.744 ns

2. 3C273b
Elevation 31.8° 32.2° 32.6°
foF2 4,3 MHz 9.9 MHz 9.4 MHz
TEC 8.25 x 10'¢ 3.65 x 10" 3.27 x 10'7
Excess delay 0.164 ns 0.727 ns 0.650 ns

3. 3C345
Elevation 11.1° 84.0° 84.3°
f,F2 5.2 MHz 9.9 MHz 9.4 MHz
TEC 1.70 x 10'¢ 2.16 x 107 1.95 x 107
Excess delay 0.339 ns 0.430 ns 0.388 ns

4. 3C273b
Elevation 42.4° 20.6° 21.3°
fyF2 6.6 MHz 9.9 MHz 9.4 MHz
TEC 1.35 x 10'¢ 4.81 x 10'7 4.25 x 10"7
Excess delay 0.269 ns 0.956 ns 0.847 ns

6. Observation Equation

6.1 Observable
The delay observable 7 is given by the sum of the following terms:

1T T oT wT K L )
== i cs+Or +2 X CroUT™, ... ... .. .....
r=—(PTNT ST W' Bgix] - s +47, 4+ 2 ¥ CigUTY, (23)

where the first term called a geometrical delay Tg is a scalar product of a baseline vector B
(see Eq. (18)) at the inertial reference frame and a source-direction vector s. The linearity of
the observable 7 with respect to Bfix is a big advantage of VLBI. In other method, namely
the conventional geodesy or the satellite positioning, it is difficult to get a linear or simple
expression between each of the observables and a baseline vector. Moreover, Eq. (23) does
not need the information where the earth’s origin exists. This allows us to use an arbitrary
origin of the coordinates for VLBI data analysis. KAPRI in K-3 system adopted the position
of Haystack as the reference point of VLBI coordinate system and other stations will be
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relatively determined from it.

The second term in Eq. (23) is the propagation effects mentioned in Sec. 5.3. This term
is just additive to the geometrical delay Tg.

The last term is called ‘“‘clock polynomials”. This term consists of the multi-segments
indexed by k in Eq. (23) and of the multi-degrees indexed by £ in Eq. (23). The details of
the clock polynomials are described in Sec. 6.3.

6.2 Partial Derivatives with Regard to Station-Position

The least square method to estimate a baseline vector requires the partial derivatives of
delay with regard to the station-position. The baseline vector Bfjx included in the first term
of Eq. (23) is the difference between two position-vectors x; and x, for the two stations 1
and 2, respectively. In Eq. (23), we can include the nutation matrix N and the precession
matrix P in the source-direction vector s:

In the following discussion, we consider the following simplified observation equation using
the true source-direction of date s¢. Thus,

T =—1:[sTwT (X1 = Xo) 1, oot (25)

g

where S and W are the diurnal rotation matrix and the wobbling matrix, given by:

cos —sin 6 0
S=| sinf €osB 0 | L. (26)
0 0 1
1 0 —wy
W= 0 1 wy e e e e @7
Wy Wy 1

where 6 is GAST including UT1 as the form (UTC-UT1), and wx and wy are two com-
ponents of the polar motion. Thus, the partial derivatives of delay with regard to X are:

cos 8, sin 6, wy cos @ ~ Wy, sin ]

g_;Sl =—% —sin 8, cos §, —w, sin 6 — Wy COS O) St ma siamvaniienin sl s (28)

wy 1

_WX’

Eq. (28) shows that the derivatives do not include the station-position explicitly and that
they are absolutely the same for all pairs of baselines. Since wy and wy << I, Eq. (28) is
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approximately equal to the next equation:

cosf sinf O
L = i —sin @ cos0 O )iy  cnicvestwien e S s S G e s 29)
a__l c -
0 0 1

6.3 Partial Derivatives with Regard to Clock Coefficients

The least square method for VLBI analysis always accompanies the estimation of clock
parameters. The partial derivatives with regard to the k-th order clock parameters in ¢-th
clock-segment is simply given by the following equations (see Fig. 10):

0 (t is not in £-th segment.)

)
a”s ® _ i (30)
Cke uTk (t is in %-th segment.)
0=8 Clock Jacobilan Matrix
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Fig. 10 Relation between residuals and the clock Jacobian matrix
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where UT means Universal Time. Since the cross-correlation coefficients among the clock-
parameters are often close to the value 1, it should be careful not to estimate too many
clock parameters. In this analysis, one clock segment is estimated for three baselines, because
the number of observations are limited.

6.4 Multi-baseline Jacobian Matrix

The observations of each baseline at one time are considered independent of each other.
We can make the multi-baseline Jacobian matrix from one of single baselines. If Ag is a
Jacobian matrix for a single baseline, the multi-baseline Jacobian matrix A for three base-
lines is given as follows:

1)

where 0 means a zero matrix. Since we consider the position of Mojave as a reference point
for Kashima and Owens Valley, the first row is for Kashima-Mojave baseline, the second one
is for Owens Valley-Mojave baseline and the last one is for Kashima-Owens Valley baseline,
respectively. The left column is for the position and clock parameters of Kashima and the
right one is for Owens Valley.

7. Least Square Method

7.1 Conventional Least Square Method
One begins with n observations which can be modeled by

Y= i +y + (random S/N error ¢), (32)

where Y is a “O”’bserved-delay vector, i is a “C’alculated-delay vector, y is a “O-C”’ vector
and ¢ is a random error vector. The dimensions of all vectors are represented by n. One
introduces a transformation f defined as follows:

Y=fX)+g (33a)

and

Y=1(, . (33b)

where X and X are an estimation parameter vector and an a priori parameter vector, respec-
tively. Their dimensions are all represented by m. When the a priori parameter is in the
neighborhood of a true value, one can use the following approximation:
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> . m afr(x)
fFX=fX)+2 ——
®=r@+2 7

The observation errors vector forms the error matrix Ey as follows:

GG=K) (34)

0,° 0

Then, the weighting matrix W is given:

1
(5} Z 0
1
W= X7l =BT e o R S S S e NG (36)
|
0 Ot

In this case, it is assumed that W is diagonal and that the errors are independent of each
other,
If one uses the following vector-matrix notations,

x=X- X ................................................. (37a)

Y=Y - (37b)

VimYimFimZ AGX i (38)
where

Ajj = of; (X)/9X; (39)
the least square solution satisfies the next equation:

S®=Z Iy —El A Rj12/02 > Minimum .. (40)

g_’)SZj=—2i=§;1 [yi—jfil Ajj' Xj']oLizAiJ:o ........................... (41)
Then, Eq. (41) is rewrited into Eq. (42):

n 2 nom 1 S

2 (Agloi)yimZ 2 Aij'?if AjjXj' =0 (42)

One makes the normal equation as follows:
ATWy=ATWAR (43)
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If the normal matrix B (Z ATWA) is regular (det (B) % 0), one gets the inverse matrix B!
and the least square solutions x:

=B AT Wy (44)

| %>

SOLVE of Mark III software directly calculates the inverse matrix of B and gets the solu-
tions as shown in Eq. (44). It is, however, often insufficient for this method to prevent the
estimation from being correlative among the partial derivatives. SOLVE displays a correla-
tion matrix and parameter-condition numbers mentioned in Sec. 7.3 to judge the quality
of the estimation. An operator reselects the combination of parameters to minimize the
condition numbers and the cross-correlation among the partial derivatives.

7.2 Q-R Method

As mentioned above, the partial derivatives are generally dependent on each other. By
the use of the modified Gram Schmidt Method, we can resolve Jacobian matrix A into an
orthogonal matrix Q and a triangle matrix R; this method is called “Q-R method” (23

The following procedures make the new orthogonal vectors z(l) @ z(i) S

z(™) from the arbitrary combination of linear independent vectors p(l) p(2) .. p®
p(m).
E(l) - p_(l) N
22 = p (@) — (p @), (1)) (O L 45)

E(a)=E(3)_(2(3)'1(1))1(1)_(2(3)'5(2))_2_(2) J

In these procedures, the degret_a of th(? rank of A = (p(l), .. .p(m)) is easily determined by
comparing the smallness of | z} /1 p(‘)l with the significant digits in the computer.

The normalization of E(l), ..z (m) produces the orthonormal vectors q{1), . . q(™) as
follows:

g(1)=£(1)/|£(1)|,....,g(m)=z(m)/|§(m)| ....................... (46)

Thus Q-R resolution of Jacobian A is given by the following equation

11 Tim
A=QR =(qV q(m)) . 47
0 A ITmm

where the components of matrix R are derived from the term of the scalar products p(i) .
2 of Eq. (45).
As for the weighting, this resolution is applied to the weighted Jacobian matrix W2A

namely:
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substituting Eq. (48) into Eq. (43):

RT QT W%X= RTQTQRx ..o (49)
=RT RX. 5@ s s Sfie ¥a S0070 w00s ata ia0 A0y wesar s amuoss sy gt i (50)
RT 2= RT RX, ittt et i (51)
where
z=QT w? Vi WG ShE R SR T N e S R (52)

After the determination of the rank of the weighted Jacobian matrix, one can make
det (R) unequal to zero. One multiplies (RT)'1 to both sides of Eq. (51). Thus,

ZEREA 2 m e s S e S S TR A TR SR SR (53)

Since R is a triangle matrix, R™! is easily calculated by the inverse-substitution method. The
least square solution X is determined by:

A —_
x=R7z

7.3 Covariance and Correlation Matrix
When the weighted Jacobian matrix is resolved into Q and R, it is easy to get the
covariance matrix Xy, as follows:

Zy=B"1=(AT wa)!
=[RTQTQR]IT=RT@R™MT ... (55)

where R™! is upper triangular and (R~ )T is lower triangular matrices. The diagonal elements
of Ty are called as “formal errors” and the non-diagonal elements are used as ‘“‘parameter
condition numbers” in the following sections. The parameter condition numbers are simple
indicators for the condition of least square estimation, used by Mark III group. If there are
any big condition numbers, they considers that re-selection of parameters is necessary.

By 2y, the components Pij of the correlation matrix C is given as follows:

(Zx)jj

pij =m ...........................................

8. Data Analysis

8.1 Analyzing Scenario

Fig. 11 (a) shows the differences between the observed delays in Table 4 and the high
precision a priori delays described in Chapter 6. Since one baseline has four observations as
shown in Table 4, it is at least possible to estimate X, Y, Z of Kashima and the clock offset
of Kashima with regard to another station by the methods mentioned below. The scenario of
the analysis consists of three steps:



40 Fujinobu TAKAHASHI

(1) In Table 8, final residuals are calculated by the observed delays (O), ion-corrections
(I), and calculated delays (C), namely (O+I-C). Fig. 11 (a) gives variations of the residuals
along the time, and it shows that the clock of MBS with regard to other two stations has a
rate-offset of about 4.9028x107'? and that there is almost no difference in clock rate be-
tween Kashima and OVRO. Fig. 11 (b) shows the eliminated results of this rate-offset.

(2) Fig. 11 (b) suggests that Kashima’s position probably has the differences of several-
meters from their a priori values. Since this analysis, however, regards the a priori earth rota-
tion parameters as unadjusted ones, some parts of the difference in Fig. 11 (b) might be
caused by the errors of the earth rotation parameters. As the number of observations is small
in this experiment, it is impossible to estimate the polar motions simultaneously. Here, the
author considers the difference of Fig. 11 (b) caused only by the errors of Kashima’s
position.

KAS-MBS KAS-QVRO MBS-0VRO
50ns 50ns
(a) 0-¢ o
o -
o Q
° 0 v o
Ons ° Ons
(b) After elimination
20ns 2 j&i 20ns
7\ A
/ \
\ ’ ‘\ --=-0----0Q-=--0--
v 7
AY A
\ ,’ \\
g b B o
Ons Ons
(c) Partials w.r.t. position of KAS
X X
% / \ \ x X ——X——X
Y-\x x oy~ x
S ‘z LN Y=y ---y---Y
RS y z Ny s z s
Ry . N Ras
7 Ny, oz "zt Ny, z

Fig. 11 (a) Residuals (Observed delay — Calculated delay)

Fig. 11 (b) Residuals after clock-drift elimination

Fig. 11 (¢) Partial derivatives of delay with regard to (w.r.t.) position
of Kashima
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Table 8 Observed delays (O), ion correction (I), calculated delays (C), and “O + I —C”

(unit: nsec)

Observed Ion Calculated
Obs # Baseline delay correction delay O+I-C
(9)) o ©)

K-M 11,874,805.328 -0.789 11,888,754.21 —13,949.67

K-0 11,237,436.866 —0.667 11,236,253.48 1,182.72

M-0 —637,368.745 0.122 —652,510.43 15,141.81

2 K-M —633,806.005 —0.563 —619,823.14 —13,983.43

K-0 —686,765.918 —0.486 —687,936.58 1,170.18

M-0 —52,960.046 0.077 —68,113.48 15,153.51

3 K-M -17,343,635.191 —0.091 -17,329,659.69 —13,975.59

K-0 —17,338,173.355 -0.049 -17,339,360.01 1,186.61

M-0 5,461.533 0.042 —9,700.67 15,162.24

4 K-M 6,385,280.151 —0.687 6,399,280.87 —14,001.41

K-0 6,181,594.724 —0.578 6,180,424 .40 1,169.75

M-0 —203,685.141 0.109 —218,856.22 15,171.19
Fig. 11 (¢) s ial s of Tg regard to the sta posi -
ponents X, Y, Z. ex the var of Fig. 11. This ns th i

X and/or Z component of Kashima have/has errors of the order of several-meters. It is, how-
ever difficult to adjust X and Z components separately, because the partial’s variation both
of X and Z components are very similar, as shown in Fig. 11 (c).

Since the direction of baseline between Kashima and MBS/OVRO is almost along Y
axis, X and/or Z components’ errors are explained as the rotation errors of baseline.

(3) The errors of Kashima’s position are calculated by the following four methods:

1. Simultaneous equation using four data of KAS-MBS

2. Simultaneous equation using four data of KAS-OVRO

3. Least square method for eight data of KAS-MBS and KAS-OVRO.

4. Closed least square methods using Eq. (46) for twelve data of KAS-MBS-OVRO.

8.2 Weighting

The weighting for the Jacobian matrix has two steps. In the first step, S/N random
errors, calculated at the preprocessing stage, are directly used for weighting. At the second
stage, the constant error 0,44, calculated by Newton-Raphson method, is added to S/N
errors Ogy in order to equalize the chi-square x2 of post-fit residuals to the degree of
freedom as follows:

X*=2

N
i=1

This is a simple and convenient method to prevent the largeness of chi-square, used by
Mark II1 group(24).
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8.3 Solutions and Error Analysis

Two solutions in Table 9 (a) show the solutions of the simultaneous equations both for
KAS-MBS and KAS-OVRO baselines. Since the degree of freedom is, of course, zero in the
simultaneous equation, it is impossible to evaluate the errors of them. The difference be-
tween two independent solutions shows the systematic error between two methods; those
are +/-28 cm, +/-23.5 c¢cm, and +/-20 cm for three estimating parameters &x, &y and 4z,
respectively.

Table 9 (b) also shows the four solutions by the least square method. First two solu-
tions (indicated by “K-M” & “K-O” in Table 9 (b)) are resulted from the combination of
two-baseline observations: K-M and K-O. Since eight observations are used to estimate five
parameters (three positions: Xgag, Ygass Zxag tWo clocks: cgag mpss and cgag.
ovRo), the degree of freedom is three. In the first case, random errors caused by S/N are
used to weight Jacobian matrix. In the second case, some additional errors are added to S/N
errors as mentioned in Sec. 8.2. The chi-square x? of the first case is 16.5 which is much
larger than the degree of freedom: 3. This means that the weighting only by S/N errors must
be underestimated to explain the residual errors. The root scaled-mean-square post-fit
residuals (RSMS), defined by the following equation, is 2.35:

RSMS=+/x*/(n—m) .............. (58a)
The scaled sigmas are defined by a following relation

Ogcaled = RSMS - Oformal® - - - (58b)
where 0y, . is @ formal error given by the covariance matrix. In this case 0,4 COVErs
the range from 9.4 c¢cm to 25.1 cm for the positions and 0.89 ns for the time. These are
comparable with the differences of the solutions of the simultaneous equations, mentioned
above. The scaling method used in Eq. (58b) does not decrease RSMS to unity. The solu-
tions, weighted only by S/N errors, are apt to overestimate the contribution of the
coherence of radio sources to the residual errors. Some additional noises decrease their
contributions. Thus the chi-square x2 becomes 2.23 which is around the degree of freedom
3, and RSMS becomes 0.862 which is near the unity, as shown in the second case of Table
9 (b). The scaled sigmas cover the range from 17.1 ns to 41.2 ns for positions and 1.45 ns
for clocks.

Table 9 (a) Solutions by simultaneous equations

Parameters KAS-OVRO KAS-MBS
aX (cm) 181 237

AY (cm) =31 16

aZ (cm) 581 541
ATy ¢ (nS) 1175.1

oTg pp (05) —13964.2

By M (cm) 809182360.0 809182363.0
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Table 9 (b) Solutions by weighted least square methods.

Method “K-M”&“K -0~ Closed three baseline
Weighting Only S/N Add. noise Only S/N Add. noise
n (OBS #) 8 8 12 12
m (Parameters) 5 5 8 8
Chi-square 16.5 2.23 8.41 2.93
RSMS 2.35 0.862 1.45 0.856

X (cm) 195.0 207.0 143.0 110.0
formal 10.7 47.8 13.6 18.6
scaled 25.1 41.2 19.7 15.9

Y (cm) —-27.0 —24.0 9.0 -18.0
formal 4.0 19.8 5.3 7.5
scaled 9.4 17.1 7.7 6.4

Z (cm) 571.0 562.0 600.0 591.0
formal 9.0 36.0 11.0 14.5
scaled 21.2 31.0 16.0 12.4

Tg.o (8) 1175.5 1176.0 1175.0 1172.8
formal 0.38 1.68 0.48 0.65
scaled 0.89 1.45 0.70 0.56

Tg-M (ns) —13965.6 —13965.2 —13966.0 —13968.0
formal 0.38 1.68 0.48 0.65
scaled 0.89 1.45 0.70 0.56

By (cm) 809,182,361. 809,182,361. 809,182,388. 809,182,387.
formal 6.4 324 22.3 19.2
scaled 15.0 27.9 32.3 16.4

Table 9 (b) also shows the case of solution for the closed least square method for three
baselines. The degree of freedom is four, because twelve observations are used to estimate
eight parameters. The chi-squares are 8.41 and 2.93 in the case of only S/N error and some
additional errors, respectively. The scaled errors are about half of the two-baseline’s ones.
The estimated positions and clocks in Table 9 scatter between the range of +/-60 cm or
+/-2.1 ns, respectively.

The error of baseline length oy is calculated by using the errors of X, Y and Z com-
ponents, in consideration of the cross-correlations Pij between parameters, as shown in
Eq. (59):

Pij Ox; Ox; (59)

where Pij is given by Eq. (56). The scaled sigmas of baseline length covers the range from
15 cm to 32 cm, as shown in Table 9 (b). The estimating lengths scatter between the range
of +/-14 cm. The errors of earth-rotation parameters do not affect the length’s error. The
mutual independence of X and Z components produces only small effect on the length.
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Thus, the baseline length is expected to be estimated with the accuracy of several decimeters
by this analysis,

On the other hand, we can not make a hasty conclusion about the discrepancies of
several-meters of position-vectors bécause of the mutual dependence of X and Z components.
The following US/Japan experiment will decide the main cause of these discrepancies
between the components of positions.

9. Discussion

The datum-shift of Eq. (60) should be applied to the transformation from Tokyo
Datum to WGS-72(25), as mentioned in Appendix A:

U=-1400m
V=4516.0m ... . (60)
W =+673.0 m.
I'he last case of Table 9 (b) requires further shift; the datum-shift correction becomes:
=-138.1m
V=+5158m (61)
W=+6789 m

Simosato Hydrographic Observatory reports the preliminary results of the shift correc-
tion from Tokyo Datum to the coordinate system LPM81.12 of SLR:(26)

U=-142.8m
V=45107m oo (62)
W=+681.0m

These two results are almost coincident to each other. To explain the several-meters differ-
ence between Egs. (61) and (62), more observations of VLBI and SLR will be necessary.

The error-budgets in our results are discussed here. The érrors of a priori ERPs con-
tribute to improving the accuracy of the components of baseline. Meanwhile, the model
error of propagation-effects affects both the components and the length of the baseline. The
errors of ERPs from IPMS or BIH are expected to be around 0.01” for polar motions and
0.5 ms for UT1. Table 5 shows that they cause at most 0.168 ns (5.0 cm), 0.828 ns (24.8 ¢cm)
and 0.985 ns (29.6 cm) errors of delays with regard to the x and y components of polar
motion and UT1, respectively.

The model errors of propagation effects cause the errors of calculated delay. The model
errors of the zenith excess paths of dry atmosphere are around 7 ns and their model’s ac-
curacy is expected to be about +/-1.0 cm. The zenith excess paths of water vapor and
ionosphere in that season are considered to be around 3.0 cm and 5.0 cm, respectively.

Table 10 summarizes the error-budget to be included in this analysis. Total r.m.s. error
of this analysis is expected to be within +/-44.1 ¢m.
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Table 10 Major error-budget for ‘‘decimeter-accuracy” of this experiment

ERPs Maximum errors of ERP
Wobble-x 5.0 cm
Wobble-y 24.8 cm
UT1 29.6 cm
Propagation effects Error at zenith path Error at mean El (30°)
Water vapor 3.0 cm 5.9 cm
Dry atmosphere 1.0 cm 2.0 cm
Ionosphere 5.0 cm 8.9 cm
Total 1.m.s. error by both ERPs and propagation 44.1 cm

10. Conclusion

The VLBI experiment conducted on Nov. 4, 1983, mentioned here, was the first trans-
Pacific one, whose initial purpose was to confirm the coherence through the overall K-3
system. This paper shows that the results are also useful to calculate the baseline-length with
an accuracy of several decimeters. This accuracy meant an epoch-making event as the direct
geodetic measurement between Japan and the U.S.A. Moreover the coming VLBI experi-
ments with one-day schedule will dramatically improve the precision and accuracy of the
results. However, this experiment already included almost all subjects for the inter-conti-
nental experiment.. This experiment presented us with a firm base of centimeter-baseline
analysis for the coming experiments which will be more fruitful ones.

Other major results besides the one mentioned above are as follows:

(1) High-precision observed delays are determined by the techniques of K-3 cross-correla-
tion (KROSS) and bandwidth synthesis (KOMB).

(2) Comprehensive and consistent a priori-physical models (KAPRI) enable us to calculate
tlre accurate delays corresponding to the observed one.

(3) The new Q-R method is adopted for the baseline analysis. This will play an important
role in the multi-baseline VLBI analysis.

(4) The chi-square test and the reweighting process produce reasonable results for the
combinations of baselines.
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Appendix A.

Transformation from Tokyo Datum to VLBI coordinate
The position of Kashima-26 m antenna by Tokyo Datum (Besselian ellipsoid a =

6377397.155 m, f=1/299.1528) is:
35°57'3.20"N
140°39'57.83"E
45.18 m (height from ellipsoid)

or
x =-3997745.50
y=43276072.85m .. ... e (A-2)
z =+3723438.44

The datum-shift from Tokyo Datum to WGS-72 is:

U=-1400m
V=a4516.0m ..o s (A-3)
W =+637.0 m.

Then, the position of Kashima-26 m antenna by WGS-72 is:
x =-3997885.50
y=43276588.85m ... ... (A-4)
z =+3724111.44

The transformation from WGS-72 to VLBI coordinate is as follows:
z=14.0m
Scale factor =3.263 x 107 ... ... ... .. (A-5)
Rotation around Z-axis = -0.54"

The position of Kashima-26 m by VLBI coordinate is:
x =-3997895.36
y=43276579.46m .. ... ... (A-6)
z =+3724116.67 m

Appendix B.
Calculation method of ionospheric excess pat
The total electron content (TEC) is calculated from foF, (MHz) by “AFCRL mid-
latitude TEC model”:

h-9 . D-60
TEC = 1.24 x 10" (f,F2)? [261 + 26 sin 19 T+ Ksin oo 7 (B-1)
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where h is local time, D is a total day number and K takes the following values:

K =73 (06h~19h Local time)
K =36 (05h & 20h Local time) (B-2)
K =0 (21h-04h Local time)

R Rty

Center of
Earth

Fig. 12 Configuration of a radio-wave
path in the ionosphere

Fig. 12 shows the configuration of a radio-wave path in the ionosphere. Elevation factor
mentioned in Sec. 5.3 (2) is derived from:

R R hm (B-3)
S5 T

where R is the earth’s radius, hy, is a mean height of F, layer and ¢ is defined by Fig. 12.
Thus, ¢ is:

¢ =sin "< (B-4)
and the elevation factor is:
cols 1 (B-5)
¥ cos (sin™ )
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