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ABSTRACT

An experiment was carried out to track a geosynchronous satellite by AVLBI method
for 17 hours in the 4 GHz frequency band. A real time VLBI system with the baseline of
46 km was used, in which the system the observed data at the sub-station were transmitted
to the main station via a microwave data link. Seven quasars were observed as reference
sources. The geometrical delay was estimated with the accuracy of 0.3 nsec in the case of
the satellite observations and 10 ~ 140 nsec in the case of the quasars. The finally obtained
accuracy of the AVLBI observables was approximately 2 nsec (60 cm). The satellite orbit
was determined with the accuracy of 100 m by using the AVLBI observables in addition to
range and angle data which were obtained by a conventional radio tracking method. It was
proved that AVLBI with appropriate baselines is a prospective method of precise tracking of
a geosynchronous satellite for highly accurate orbit determination.

1. Introduction

One of the most established methods to track a geosynchronous satellite is the ranging
at two or three earth stations. The accuracy of the range measurements has been improved
up to approximately 1 m. In some cases, a ranging instrument is provided at a station A, and
the other station B only retransmits the ranging signal which comes via the satellite from the
station A. At the station A, the two-hop range from the stations A to B via the satellite is
measured. In other case, the angles of the satellite are measured as well as the range at a
station. In this case, high accuracy of the angle data is essentially required for the precise
orbit determination. When the satellite transmits a beacon signal in a high frequency band
(for example in 20 GHz band), an auto-tracking antenna with a narrow beam can provide
angle data with the accuracy of 5§ X 107* deg(1). The orbit determination accuracy using
those tracking data is approximately from a few hundreds to thousands of meters in the
uncertainty of the satellite position. Some geosynchronous satellites (for example, the
Tracking and Data Relay Satellite which has a function as a tracking station on the geo-
synchronous orbit), however, require higher accuracy in the orbit determination, that is to
say, position uncertainty of within 100 m. Generally speaking, the requirement for higher
accuracies of the orbit determination is being increased for satellites aiming at remote sens-
ing, navigation, space VLBI, and so on.

On the other hand, a tracking method using VLBI has solved a problem which is an
obstacle to the accurate orbit determination in the deep space navigation(2). That is, it has
been proved that VLBI measurement can provide angle data of a spacecraft in the deep space
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with the accuracy of less than 107 deg and it takes less than one day of tracking span. On
the contrary, a conventional radio tracking method of Doppler measurement supplies angle
data with the accuracy of 1075 deg, where the tracking span of several days or a few weeks
is necessary.

It is expected that the VLBI method of tracking can be also applied to a geosynchronous
satellite. In order to prove it, we carried out an experiment to track a geosynchronous
satellite by differential VLBI (AVLBI) method. In the AVLBI, the difference between the
observations of the satellite and a quasar which can be seen near the satellite produces highly
accurate VLBI observables of the satellite under the assumption that the position of the
quasar is known. As a method of tracking, VLBI has the following advantages: The earth
stations need not have transmitting facilities, they only receive the radio waves emitted by
the satellite and quasars. The VLBI can observe any kind of radio waves such as modulated
communication signals, a beacon signal, or noise emitted from transponders of a satellite.
The VLBI usually has very high sensitivity of signal detection and high accuracies of the
observables. The AVLBI method provides absolutely calibrated observables by using quasars
of which the positions are known precisely.

The Radio Research Laboratories (RRL) conducted an experiment of tracking the
geosynchronous satellite ATS-1 by VLBI (not by AVLBI) with 2 MHz of receiving band-
width and 125 km baseline spanned by Kashima and Yokosuka, both stations being located
near Tokyo(3). In the experiment, the differential ranges of the satellite at the two stations
were obtained with the accuracy of approximately 4 m.

This paper describes an experiment which was carried out to track the geosynchronous
satellite CS (Japan’s Communications Satellite for Experimental Purposes) by AVLBI
method with a length of 46 km, north-south baseline spanned by Kashima and Hiraiso sta-
tions of the RRL in June 1982. Seven quasars were used as reference natural radio sources.
In the experiment, the differential ranges were obtained with the accuracy of 60 cm, and
was proved the usefulness of the AVLBI method for highly accurate orbit determination of a
geosynchronous satellite.

In Chapter 2 are described the principle of AVLBI method and the observational sen-
sitivity of the VLBI with Kashima-Hiraiso baseline with respect to the orbit of.the CS.
Chapter 3 describes the system of the experiment and analyzes the errors due to system
noises of the receiving systems and to other factors. Chapter 4 refers to the description on
the method of the experiment and the schedule of the observations. Chapter 5 shows the
methods of data reductions and the results. Chapter 6 is devoted to the analysis of the ac-
curacy of orbit determination and of simulation studies to show the effectiveness of the
AVLBI with higher accuracies and three longer baselines which are assumed in Japan.
Finally, Chapter 7 gives the conclusion.

2. AVLBI method of tracking a geosynchronous satellite

2.1 Principle of AVLBI

AVLBI method can remove common errors to VLBI observables for two radio sources,
one of which is a geosynchronous satellite and the other is a quasar. Using the AVLBI
method, we obtain VLBI observables for the satellite with the same accuracy as that of
quasar observations under ideal conditjons, that is, with small separation angles between the
satellite and each of quasars and with little variation in receiving system parameters between
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the observations of the satellite and a quasar. The quasars of which the positions are known

precisely are used. Fig. 1 shows a geometrical configuration of AVLBI method of tracking a
geosynchronous satellite.

Quasar

Station 2
X2 P

Y
Satellite

Quasar

Xi
Station 1 Delay

Fig. 1 Geometry of AVLBI observations

The delay observable for a quasar 'fq is obtained by correlating the received signals.
It is described as

where Tq is the geometrical delay and ng means errors due to clock error, differential system
delay between the two stations, differential delay due to the effects of the propagation

media, and system noises. The ng contains fixed or slowly varying term and inherently
random term. The Tq is given as

where

¢ : velocity of light

: unit vector in the line-of-sight to the quasar

B : baseline vector formed by the two stations which receive the same phase of
the radio wave emitted by the quasar.

W

The delay observable for the geosynchronous satellite 7 is given by
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where p; and p, correspond to the propagation times which are required for the same phase
of the radio wave transmitted by the satellite to arrive at the two stations. The term ng
means a similar error to n, in Eq. (1).

In the AVLBI method, we take the observable ?0 which is the difference between
'T\q and ?S, that is,

/7\'0=p1 _p2_7q+ns_nq ....................................... (5)

When the above-mentioned ideal conditions for AVLBI are satisfied, the errors common to
ng and ng are eliminated. The 7, is given by Eq. (2) if we use the quasars of which the posi-
tions are known and the baseline vector is given. Consequently, the AVLBI observable
provides the orbital information of the spacecraft in the form of 74 = p; — p, and it is not
affected by the fixed errors, such as the differential system delays, clock error, the differ-
ential propagation delays at the two VLBI stations, and so on, The remaining random errors
in the term of ng — ng in Eq. (5) can be reduced by obtaining high signal-to-noise ratio in the
VLBI observations. Section 3.2 gives some more explanations on this point.

The 74 is described as

crg=lr—x I=lr=x 1l oo (6)

where

r . satellite position where the satellite transmitted the signal which is observed
at the VLBI stations and correlated to give the delay
X; : position of station i where they receive the signal transmitted by the satellite.

The sensitivity of the observable ?0 with respect to the small variation of the satellite
position Ar, to the error of the station location Ax; and to the error of the quasar position
AS is given by the linearized form of Eq. (5) as
cATo=(Pru—pru) * Ar—piy * AX; +pay * Ax,
“BAS =S (AXy —AX1) (7)
where Eqs. (2) and (6) are used, and
piy ° unit vector in the line-of-sight to the satellite at the station i.

The first term of Eq. (7) means that the AVLBI observable gives the information of motion
of the satellite along the differential vector (p,y ~ p2y). The second and the third terms
show the effects of the station location errors in the spacecraft VLBI observations.

2.2 Sensitivity of AVLBI with the Kashima-Hiraiso baseline -

The sensitivity of AVLBI with the Kashima-Hiraiso baseline with respect to the CS orbit
is evaluated by the first term of Eq. (7). The sensitivity vector (pyy — pay) is given using the
station location data in Table 1 (Chap. 3) as,

Pru TP T CRR PR - v vt e e (8)
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where
Py : unit vector in the line-of-sight to the CS at Kashima station
Phy | unit vector in the line-of-sight to the CS at Hiraiso station
Cyp=9.36 X 107

Pkh © unit vector

1 Punt2)

v

. ~

0.977

135° ~~<_|Cs
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Fig. 2 Sensitivity of AVLBI with Kashima-Hiraiso
baseline on the CS orbit

The unit vector py, is shown in Fig. 2. It is clear that the AVLBI observables with Kashima-
Hiraiso baseline have the observational sensitivity for a position variation of the CS mainly
in the north-south direction. The coefficient Cky, quantitatively represents the sensitivity.
That is, let Aryy, be a position variation of the CS in the north-south direction, then the
corresponding variation in the AVLBI observable A7y, is given as

C ATkh = Ckh Arkh, ............................................. (9)

Then it is possible to evaluate the sensitivity with respect to the CS position variation o, by

Or=CORh /Ol o« o e (10)

where 0y, is the accuracy of AVLBI observations. The 0, is 1070 m for ¢ 03y, =1 m, and it
becomes 107 m when ¢ 0y, = 10 cm. Since the Kashima-Hiraiso baseline is short, the sen-
sitivity is not so high. In order to determine the spacecraft position within the accuracy of
100 m, we should aim to obtain 10 cm accuracy of the AVLBI observables.

3. Observation accuracy

3.1 System of the experiment

Table 1 summarizes the AVLBI experiment system to track the CS. The VLBI system is
called K-II VLBI4) with two stations at Kashima and Hiraiso. The receiving frequency is in
the 4 GHz frequency band. One of the characteristics of the K-II VLBI is that it is a
real-time VLBI. The raw data received at Hiraiso station are digitized and formatted, then
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Table 1 AVLBI tracking system for the CS

Stations Kashima Hiraiso
Longitude (East, deg) 140.662675 140.621737
Latitude (North, deg) 35.9542028 36.3679429
Geodetic height (m) 77.1346 71.6750
Reference ellipsoid SAQ-C7 : Re=6378.142km f=1/298.255
Baseline length (m) 46057.433

VLBI System Kashima Hiraiso
Receiving antenna 26 m 10m
Antenna gain 58.9 dB 48.9 dB
System noise 111K 130K

Receiving frequencies (MHz) CH1: 4031, CH2: 4041, CH3: 4061,

CH4: 4091, CHS: 4131

Bandwidth

Sampling rate

Frequency standard (stability 10 sec)
Data transmission

2 MHz/CH
4 Mbits/sec
cesium (2.5%X10712) rubidium (< 1.6X107'?)
Raw data of Hiraiso are transmitted to Kashima via a

microwave data link
Correlator Real-time correlator, Lag 32 bits, Integration 10 msec
Clock synchronization using 1 sec pulses exchanged via the microwave link

Clock calibration using JJY with the accuracy + 1 msec

Geosynchronous satellite

Satellite Japan’s Communications Satellite for Experimental
Purposes (CS)

Orbit longitude 135+ 0.1 degE
inclination  0.27 deg

Satellite radio wave noise emission of a transponder in the 4 GHz frequency
band

TT&C station Kashima, tone ranging by 100 kHz tone, angle

measurement by 19.45 GHz beacon

P0949+00, P1055+01, 3C273, 3C279, DW1335-12,
NRAOS530, 3C454.3

Quasars

transmitted to Kashima station via a microwave ground link. At Kashima station raw data of
the two stations are correlated on the real-time base with the lag number of 32 bits (1 bit
corresponds to 250 nsec), then the correlated data are integrated for 10 msec by using fringe
stopping functions calculated through the predicted delay rate. The obtained complex cor-
relation functions of every 10 msec are recorded on a digital magnetic tape with the time
code, predicted delay and delay rate, bit-shifts number, and other necessary information.
The post data reductions to get precise delay and delay rate are conducted later. The receiv-
ing bandwidth is 2 MHz per channel and the maximum number of receiving channels is five.
Each channel is sequentially alternated every 100 msec. In our experiment, Channels 2 and 3
were used. The center frequencies of these channels are 4041 MHz and 4061 MHz, respec-
tively.

The geosynchronous satellite CS has 2 transponders with the bandwidth of 200 MHz in
the 4 GHz frequency band. We observed the noise emissions from one of the transponders.
On the other hand, Kashima station has TT&C facilities for the CS. It is possible to perform
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the ranging using 100 kHz tone signal via the TT&C link in the 4 GHz frequency band. The
angles of the CS are measured by auto-tracking of the 19.45 GHz beacon signal by using a
13 m antenna. The ranging and angle measurements were made simultaneously with the
AVLBI experiment.

3.2 Accuracies of VLBI observations
(1) SNR and estimation accuracies of the delay and the delay rate
The signal-to-noise ratio (SNR) in the VLBI observation is generally defined as(5)

SNR=L"* \/Tm Ta;a’lr;aszg TToTg  2BT e (11)
where

T,i : antenna temperature of the station i (i=1,2)

Tsi : system noise of the station i (i=1,2)

B : receiving bandwidth

T : integration time

L : lossfactor (=0.4)
and T,j is given as

A2

Tai=ﬁSGiCi ............................................. (12)
where

A : wavelength of the receiving signal

k : Boltzmann’s constant

S : flux density of a radio source

G; : receiving antenna gain of the station i (i=1,2)
Cj : polarization matching coefficient at the station i (i=1,2;0 <G<1)
Equation (12) is applied to the case where one of the orthogonal polarizations is received.

Suppose 4 GHz of the receiving frequency and assume Cj = 1, then T is written in decibel
form as

Taj dB (K) =—67.9 + G; dB + S dB (Jy)
where 1 Jy =10726 W/m? - Hz.

In the quasar observations, since the relations Ty, Ta2 <€ Tg;, Ty, are satisfied Eq. (11)
becomes

SNR=L-\/M 7). 3 Iy e Ol 14)

Ts1 Ts2
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The delay is obtained as the slope of the phase spectrum of the cross-spectral function which
is the Fourier transform of the correlation function of the observed signals at the two VLBI
stations. The variance of the estimated phase is inversely proportional to the square of
SNR. So when the delay is obtained by the phases estimated in several observation channels,
the standard deviation 87 of the delay is given as

where
weff : effective bandwidth
K . number of the observation channels

wj : observation frequency of the channel i

The SNR is evaluated for one channel. When the delay is estimated by the phases at several
frequency points in only one channel, wj means the frequency of the sub-frequency band i
in the channel, and K means the number of those bands. In this case, SNR is evaluated for
each sub-frequency band,

The delay rate is obtained as the rate of the phase of the cross-spectral function. The

i gyt e
’ Ao 1 B 1
i C,\JO Trms SNR = wo Teff SNRt ...............................

(0]

SNR;=SNR /v/M, Teft =/ M Typs = (4-1)2,i=2 /M
where
wg : observation frequency

t:

; ¢ epoch time of the integration period i (i=1, 2,..., M)

SNR¢ : signal-to-noise ratio evaluated for each integration period

(2) Accuracy of CS observations

The effective radiation power of the 4 GHz transponder noise (with no communication
signals) of the CS is approximately 46.7 dBm. It gives the flux density of 31.0 dB (Jy) at
the earth stations. Therefore, let S = 31.0 in Eq. (13) and consider that the receiving polari-
zations are matched to that of the CS radio wave at the VLBI stations, we obtain the

TedB (K)=-33.9+G dB amn
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gains for those stations. That is, T (Kashima) = 25.0 dB (K) and T (Hiraiso) = 15.0 dB (K).
The SNR of CS observations is given by Eq. (11) using these antenna temperatures and the
system noise temperatures of the two stations, and the channel bandwidth B = 2 MHz, as

SNRAB=252+1/2"TdB(S8C) . .ovurniineeeiiiaieieeeennnn, (18)

where the loss factor L = 0.4 is used.

Suppose 10 sec of the integration T, then SNR is 30.2 dB. This SNR gives 87- =0.30
nsec (9.0 cm) by Eq. (15) with the effective bandwidth of 0.5 MHz (or weff =27 X 0.5 X
10° rad/sec). Since the flux of the radio wave from the CS is strong, we obtain the desired
accuracy of delay estimate with the integration for 10 sec from the viewpoint of system
noise error.

(3) Accuracy of quasar observations

In the case of quasars, we should use Eq. (14). Using the antenna gains in Table 1, the

antenna temperatures given in Eq. (13), and the bandwidth B = 2 MHz, SNR is given as

SNRAB=-58+SdB(Jy)+1/2 - TdB(S€C) ..o, (18"
Since the correlation flux density of a quasar is mostly a few Janskies, we need much longer
integration time than that of CS observations and observations in many frequency channels
to improve the SNR.

As an example, we take the quasar 3C273 of which the correlation flux density is fairly
strong, that is, in Eq. (18) S is approximately 13 dB (Jy). If we take 30 sec of integration
time, SNR becomes 14.6 dB, which gives 37- =11 nsec (3.3 m) with the effective bandwidth
of 0.5 MHz. In order to obtain higher accuracy of delay estimation, we should integrate the
correlation function for longer time and obtain wider effective bandwidth.

Figure 3 shows the SNR and the accuracies of delay and delay rate estimates. Using
Fig. 3, we obtain the SNR from the correlation flux density of a quasar and the integration
time. Then, the accuracy of delay estimate is evaluated by the SNR and the effective band-
width. The accuracy of delay rate estimate is evaluated by the SNR and the integration time,.
For example, an observation of 3C273 with the effective bandwidth of 20 MHz gives 37- =
0.3 nsec with the integration for 30 sec.

(4) Errors in K-II VLBI

In the previous sections, the system noise errors in VLBI observations were studied.
Here, other errors that affect the VLBI observables are evaluated. Those are position errors
of quasars, station location errors (including geodetic coordinate errors, UT1 error and
polar .motion error), clock synchronization error, and correction errors of propagation
media effects.

(i) Quasar position error

Since the baseline length of the K-II VLBI is 46 km, the quasar position error of 0.01
arc sec (2.8 X 107 deg) gives only 0.008 nsec (0.23 cm) of delay error. This error can be
neglected in our experiment.

(ii) Station location error

Equation (7) shows that the difference of the components of the station location error
vectors in the line-of-sights makes the error in delay observation. Denote the station location
errors Ax; and Ax, for the stations 1 and 2, respectively. The angles between the line-of-
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Fig. 3 Accuracy of AVLBI observations
Read SNR from given flux density of the radio source, then obtain
the accuracies of the delay and the delay rate estimates.

sight of the CS and the station location error vectors Ax,, Ax, are defined as @, and 8,,
respectively, and the separation angles between the CS and a quasar at the two stations are
AB, and A, respectively (Fig, 4). Then, the delay observation error A7y is written as

cArg=—Ax; cos 8, +Ax, cos b, — { —Axy cos (0 +A81)
+ Ax, cos (0, +408,) }
EAx;sin8y A0, —Ax,sin@, A8, L a9
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SATELLITE

STATION 2

STATION 1

Fig. 4 Station location errors and their effects on
AVLBI observables

where the separation angles A#; and A8, are small in AVLBI observations. In the short
baseline VLBI, the components of Ax; and Ax,, which are originated from the UT1 error
and correction error of the polar motion, become very close and their contribution to A‘rS is
negligible since sin ¢, + A9, and sin 0, * A, also become close. The remaining components
to be considered are the errors in geodetic data of the station coordinates. Let 0g; and Og2
be those errors for the stations 1 and 2, respectively. From Eq. (19) we obtain

c¢? Arg? = A0 og + 163 o (20)

Suppose A8, = A@, = 10 deg and Og1 = 0gz> =20 cm, then we get A7g = 0.16 nsec (4.9 cm).
(iii) Clock errors

The clock offset between the two stations is eliminated in AVLBI. But the variation of
the offset between the observation times of a quasar and the satellite causes the error Atpin
the AVLBI delay observables as

ATp=Tc Bt (21)

where, '}c is the rate of the offset variation (or it is equivalent to the frequency difference of
the atomic frequency standards at the two stations), At is the separation time between the
observations of a quasar and the satellite. Let 'l"c =01 X 1072 and At = 10 min, then we
get Arr = 0.06 nsec (1.8 cm).
(iv) Effects of propagation media

The propagation media to be considered are the solar plasma, the magnetosphere of the
earth, the ionosphere and the troposphere. The effect of the solar plasma is effective only in
the quasar observations and it is small enough in our short baseline case. The effects of other
media can also be eliminated by AVLBI within a few centimeters.

Concluding the above considerations, the errors in the AVLBI observables due to factors
other than the system noises are about 0.2 ~ 0.3 nsec, which are within the desired accuracy
of 10 cm.
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4. Method of the experiment

4.1 Observation schedule

The tracking of the CS for 24 hours by AVLBI method using 11 quasars was planned,
and the actual observations for 17 hours with 7 quasars were carried out. Fig. 5 shows the
planned schedule and performed observations. Quasars with more than 1 Jy of correlation
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Right Ascension (QUASARS) (Hour)

Fig. 5 AVLBI observation schedule
2 ~ 10 : observed by AVLBI method
7 : only the satellite was observed
11,12, 13: planned only

flux density were used. Though some quasars were apart from the CS by more than 10
degrees, they were used because of their strong fluxes. Fig. 6 shows the viewing angles of
quasars and the CS at the observation times at Kashima station.

Basically, one set of observations consisted of three consecutive ten-minutes of obser-
vations, that is, first a quasar was observed, then the CS, and again the quasar. It means that
the CS observation is sandwiched between the quasar observations. This method makes easy
to calibrate the CS observation by using the quasar observations. The first few minutes in
the ten minutes pass are kept to point the receiving antennae to the radio source. The VLBI
observation data were recorded for 45 seconds in the case of a quasar observation, and for
20 seconds in the case of the CS. The recordings were made during the last part of the ten-
minutes pass, when the antennae completely tracked the radio source.
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Fig. 6 Viewing angles of the radio sources at Kashima
station

The figures show the observation numbers.,

4.2 Control of the real-time correlator

The real-time correlator controls the bit-shifts of one of the signals received at the two
stations and correlate them to produce cross-correlation function. Then it stops the fringe
phase rotation using quantized fringe-stopping function and integrates the complex cross-
correlation function for 10 msec. In the case of quasar observations, the fringe-stopping
function of 10-levels of quantization was used. In the case of CS observations, no fringe
stopping was applied and the correlation function was directly integrated for 10 msec, be-
cause the delay rate in a CS observation was less than + 5 X 10711, Fig. 7 shows the
predicted delay and delay rate for the CS observations.
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Fig. 7 Predicted delay and delay rate for CS
observations
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4.3 Clock calibration and synchronization

The cesium clock at Kashima station was calibrated by using Japanese broadcast
standard time (JJY) to UTC within the error of + 1 msec. Since the baseline is short and the
difference between the longitude of the baseline vector and that of each object radio sources
(CS and quasars) is small, the accuracy of * 1 msec in the calibration is sufficient for our
purpose. That is, in the K-II VLBI geometry, the * 1 msec of clock errors of the stations to
UTC, in other words, the corrresponding UT1 errors have little effect on the AVLBI
observables.

The clock synchronization between the stations Kashima and Hiraiso was conducted
within the error of 0.1 usec by the method of transmitting pulses of 1 Hz via the microwave
data link. This was sufficient to get a meaningful correlation in the real-time correlator.

5. Processing of AVLBI data

5.1 Method of delay estimation
The complex correlation function which is integrated for every 10 msec and recorded
on a magnetic tape is written as,

ot
Roxy (t, ) = Cy tE Co XU+ yA—Tp) )| e, (22)
i
where
Roxy (1, 7): complex correlation function at the time t;

C,; . a coefficient multiplied to the complex correlation function when it
is recorded on a magnetic tape

C, : coherence loss by infinite clipping (2/m)
x (1) : received signal at Kashima station

y (t) : received signal at Hiraiso station

Th : delay by bit-shifts (1 bit = 250 nsec)
f(t) : fringe-stopping function

ot

. integration for At (= 10 msec) from t;

S

Denote the normalized complex correlation function Rxy (7), it is described as

Ry (1) =Roxy (P) Ca3 /(AL C1 C2) wevuvrinnnnuieiesinniinnennnnnss (23)

where C; is the correction factor for quantization of the fringe-stopping function. The
normalized cross-spectral function is obtained by integration of the Fourier transformed and
phase-rotated cross-correlation function as

1 AT o
Sxy (Wk, t;) =A—t:2 F [Ryy (1, 7)] e 0k(=T0) (24)
i
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where
wk : video frequency, wk =2m Bk / 32,
B=2MHz,k=0,1,2,..,31
t: : start time of the integration

1

F [ny (7)1 : Fourier transform of Ryy )

T : predicted delay
AT
> : integration for AT from t;

We used AT = 1 sec. The phase-rotation in Eq. (24) is needed to correct the difference be-
tween the predicted delay and the delay by bit-shifts.

Let the delay residual Ar, the delay rate residual AT and the delay acceleration residual
AT, then the estimates for them are given as those which make the following coherence
function X maximum, that is,

(A1, A1, AT) = [A1, AT, AT max Xl (25)
Tw . . [
X = 1 > EB Sxy (w, t) eTlwbt miwg (ATt ATt (26)
Twp
where
T . integration time

wpg : bandwidth
i observation frequency (CH2: 4041 MHz, CH3: 4061 MHz)
: video frequency (0 ~ 2 MHz)

: integration with respect to the time span T

€
&€ OS

¢ integration with respect to the video frequency span wWR

In our data reductions, T is 30 sec for quasars and 20 sec for the CS. In fact, the effective
integration time for each channel is the half of T, because the observations were conducted
alternatively in Channels 2 and 3, In the case of CS observations, since the correlated flux
density is strong enough, the above integration time is sufficient. It is better to integrate the
quasar signals for longer time, but there exists practically a limit to the integration time due
to the stabilities of the frequency standards at the two stations.

We processed all the data by the above mentloned method and obtained the delay and
the delay rate estimates 7 = 7 + Ar and 7 = 7 + AF for the CS and quasars. Typical cross-
spectral in the CS and quasar observations are shown in Fig. 8 and Fig. 9.
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Fig. 8 Cross-spectral amplitude and phase of a CS observation
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Fig. 9 Cross-spectral amplitude and phase of a quasar observation

5.2 Estimation of differential system delay

The delay estimates for the CS and quasars are shown in Fig. 10. Table 2 summarizes
the coherences and accuracies of the delay estimates. As is expected by the evaluation in
Sec. 3.2, the accuracy of the CS delay estimates is 0.3 nsec. In the case of quasars, it is in
the range of 10 ~ 140 nsec.

Figure 10 shows the differences of the delay estimates between Channels 2 and 3, which
ate caused by the differences in the hardware performances of those channels. In the case of
CS observations, they are pretty stable. The averages of them in the four time periods A, B,
C and D in Fig. 10 are 152.46 nsec, 151.32 nsec, 151.56 nsec and 149.68 nsec, respectively.

We assume that those channel differences for CS can be also applied to the quasars.
Then we convert Channel 3 delay estimates to those which are equivalent to Channel 2 delay
estimates. They are shown in Fig. 11, We consider that the predicted delays for quasar




Precise Orbit Determination of a Geosynchronous 127
Satellite by AVLBI Method
-2.8
Ps Q
’E ¢
S by i
5 . 3§ H
=2 e
° s ¢ e ®
2 3.0
P f
: i
s o ) H
13 % x x x| |« x X +
g S
1T}
4
o -3,2
[
™
]
E
L
]
w
>
@ A B C D
o -3.4
o
¢ CH2
]QUASARS
¢ CH3
s ® CH2
x CH3
-3.6 1 1 1 L i i 1 1 1 1 1 i 1 I Il 1
7 12 18 1982.6.16 UT 24
Fig. 10 Estimated delays
The residuals from the predictions are shown. The bars are
standard deviations. A ~ D mean the observation periods.
Table 2 Accuracies of the delay estimates
Position of objects
. Delay
Ot:ls]:',rrnvggron Objects (1950.0) Coherence (flux Jy) accuracy
right ascension declination (nsec)
2-10 CS - - 0.412 (1240) 0.3
2 P0949+00 09 49 24,800 0 12 24.00 0.00078 ( 2.3) 140
3 P1055+01 10 55 55.330 1 50 03.35 0.00092 ( 2.8) 130
4 3C273 12 26 33.248 2 19 43.26 0.0093 (28 ) 11
5 3C279 12 53 35835 | -5 31 08.03 0.0029 ( 8.7. 38
6 DW1335-12 | 13 35 00.200 | -12 42 10.00 0.00086 ( 2.6) 130
8 NRAOS530 17 30 13.538 | —13 02 45.93 0.0017 ( 5.1) 63
9,10 3C454.3 22 51 29.521 | 15 52 54.30 0.0046 (14 ) 23

observations are error free, then Fig. 11 gives the estimates for the differential system delay
in Channel 2, Excluding the time period A where there are few data points, the differential
system delays 7g, Tc and 7p for the time periods B, C and D respectively are obtained by
averaging the data shown in Fig. 11. The results are summarized in Table 3.
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Fig. 11 System delay estimates for Channel 2
The data of Channel 3 which are converted using the differential
delay between the channels are added. The broken lines stand for
the averages in each period.

Table 3 System delay of Channel 2

Time period System delay (nsec) | RMS (nsec)
A* Tp =Tg -
B T =—2913.51 29
C Tc =—2907.96 23
D Tp =—2918.18 25

* Tg is used in the period A.

6. Orbit determination using AVLBI observables

6.1 Orbit determination

Correcting the estimated delay by the system delay obtained in Sec. 5.2 we get the
AVLBI observables for the CS. The AVLBI observables have neither sufficient quantity nor
quality of information to determine the orbit by themselves, because the K-II VLBI system
has single and short baseline. Therefore, we added the range and azimuth angle data obtained
by the CS tracking system at Kashima station for the orbit determination. The observation
times of those are shown in Fig. 12.

The orbit determination was conducted by using the computer program KODS
(Kashima Orbit Determination System) which had been developed at the RRL. In the
process of it, the AVLBI observables were found to have a bias error of —83.2 nsec (=25.0 m)
with respect to the orbit which had been determined by using the ranges and the azimuth
angles. Excluding the bias error, the AVLBI observables were added in determining the orbit.
The residuals of the AVLBI observables are shown in Fig. 13 as well as the range residuals,
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Fig. 12 Tracking data of the CS .
The figures refer to the AVLBI observation numbers. 7 and 10
means that they are obtained by observations of the CS only (not
AVLBI).

The r.m.s. of all the residuals of AVLBI observables is 2.7 nsec (81 c¢m), and the r.m.s. of
range residuals is 97 cm, Excluding the AVLBI observation at 21 h 17 min because of its
large residual, we obtain an improved r.m.s. of 1.9 nsec (58 cm).
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Fig. 13 Observation residuals in the orbit determination of the CS

Consequently, we consider that the accuracy of the AVLBI observations is approximate-
ly 2 nsec (60 cm), which is superior to that of the range data. The accuracy is higher than
that of the delay estimate for the quasar 3C273. Though the accuracies of delay estimates
for quasars extend from 10 to 140 nsec, the final accuracy of 2 nsec was obtained because of
the following effects. First, using the differential delay between the two channels, which was
obtained by the CS observations, we were able to combine the quasar observations in the
two channels, which was effective to reduce the variance of the AVLBI observables. Second-
ly, the observations of several quasars during each observation period were effective to
average out the random errors in the system delay estimates.
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We may point out four factors which caused the bias error of the AVLBI observables.
First, the system delays in the observations of the CS and quasars were not the same,
because the power spectra of those signals were different. Suppose that the differences of
the system delays between a CS observation and a quasar observation are denoted A, and A,
for Channels 2 and 3 respectively. The error Ag of the differential system delay estimate of
Channel 2 is given by

Ag=(A; +A3) /2

That is, the system delay estimate from the data shown in Fig, 11 has the error Ag, which
directly contributes to the bias error of the AVLBI observables. Secondly, the other tracking
data, range and azimuth angles may have errors. Those tracking data had been calibrated
once by an optical tracking method(6), But the tracking systems characteristics may have
changed. Thirdly, we should notice the errors in stations location data. And finally, there are
subtle differences in the frames used in the orbit determination program and the VLBI
supporting programs which were used to calculate the predicted delays for the quasar
observations. However, it is difficult to analyze those factors thoroughly enough in our
experiment because of the insufficiency in the baseline configuration and the observation
accuracies. Therefore, the bias error was introduced to the AVLBI observables.

6.2 Information contents of AVLBI observables

The singular values vi2 (i=1,2, .. 6)of the covariance matrix P of the position and
velocity of the CS are used as a measure to evaluate the accuracy of orbit determination.
Particularly, three of them, that is to say, v?, v3 and v} are the measures for the position
errors of the CS. Table 4 shows them in some simulative cases of orbit determination, where
AVLBI observables with various accuracies and baselines are used in addition to the range
and azimuth angle data shown in Fig. 12. The observation times of the AVLBI observables
are the same as those given in Fig. 12. In the case of the single baseline (K-II VLBI) and

Table 4 Improvement in the orbit determination accuracy by AVLBI observables

Basqline Accuracy of AVLBI Accuracy of S/C position estimates | Information contents
(stations) observables v, v, v, % 1og, (1Pl /1P 1)
Single
Kgsh_ima) o 64 m 130 m 45m 0
Hiraiso im 31m 120 m 43m 1.4

10 cm 10 m 36 m 4.0m 5.8
Three
Kashima
Wakkanai Im 1.9m 8.1m 3.7m 12.8
Yamagawa

or = 1 m, the estimation accuracy of one component (v;) of the position vector is improved
as compared with the case of no AVLBI observations (that is, g5 = ). This is because K-II
VLBI has a good observational sensitivity in the direction of z-axis as described in Sec. 2.2.
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In our experiment, since the accuracy of AVLBI observables is about 60 cm, the orbit
determination accuracy is considered 100 m by Table 4. If 07 = 10 cm is available, it is
expected to obtain the accuracy of several tens of meters.

Suppose that three, domestic long baselines shown in Fig. 14 are used and Oor=1m,
then we obtain a few meters of accuracy of the satellite positions.

Wakkanali

g

Fig. 14 An example of three, long baselines assumed in
Japan

Up to now, only three singular values of P were considered. They correspond to the
position estimates errors of the satellite. Next, we evaluate the improvements in the orbit
determinations using AVLBI observables from the viewpoint of estimations of all the para-
meters, that is, position and velocity of the satellite. Here, the concept of the information
content I of the AVLBI observables is useful. The information content is defined by(7),

I=1/2-log [ 1P, [/ IP1]  cumassiun um i o s s vswonsionsyes (28)

where Poo is the covariance matrix of the estimates obtained without AVLBI observables,
and | | means the determinant of a matrix. The term { |Pool / 1P | } means the ratio of
the volumes of the error ellipsoids of the estimates without and with the AVLBI observables.
Table 4 shows also the information contents. It is evident that AVLBI observables supply
much information concerning the orbit of a geosynchronous satellite, though they greatly
depend on the observation accuracies and the configuration of the baselines.

7. Conclusion

The geosynchronous satellite CS was tracked by using a real-time VLBI (K-IT VLBI) by
AVLBI method. The AVLBI observables achieved the accuracy of 2 nsec (60 cm), which is
higher than that of ranging data obtained by conventional radio tracking methods. The base-
line was short (46 km) and single, so the AVLBI observables were not sufficient for the orbit
determination by themselves. However, it was proved by a covariance analysis and considera-
tions on information contents of the observables that the AVLBI was able to supply
meaningful information of the satellite orbit.
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In our experiment, the achieved accuracy of the orbit determination was about 100 m
of the satellite position. The accuracy is expected to be improved by using AVLBI with
higher accuracy (for example, or = 10 cm). A simple analysis showed that it would be pos-
sible to attain the accuracy of 10 m in the estimate of the satellite position if we use the
AVLBI with o7 = 3 nsec (1 m) and three domestic stations (Wakkanai, Kashima and
Yamagawa).

Consequently, the AVLBI method of tracking is a very prospective one for
geosynchronous satellites which require high accuracies of orbit determination, that is to
say, attaining to a few meters or less.
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