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Differential Interferometry for Precise Tracking
of a Geosynchronous Satellite

T. Shiomi* and S. Nagai}
Radio Research Laboratory (RRL), Japan
. : and '
S. Kozono,t Y. Arimoto,} and M. Isogai}
Telecommunications Satellite Corporation of Japan

~ An experiment was carried out to track a geosynchronous satellite by a differential very-long-baseline in-
terferometry (DVLBI) with a baseline 46 km long, observing seven quasars as reference radio sources. The
geometrical delay observables were obtained with accuracies of 0.3 ns and 10 ~ 140 ns in the cases of satellite
and quasars observations, respectively. The satellite orbit. was fitted to the DVLBI observables with delay
residuals of about 1 ns, where range and angle data obtained by a conventional radio tracking method were
also used in the orbit determination. A covariance analysis shows that the DVLBI observables with an ac-
curacy of 1 ns are effective to attain the orbit determination accuracy of about 100 m. A simulation shows
that DVLBI with two baselines 1000 km long will furnish a prospective method of precise tracking of a

geosynchronous satellite for an orbit determination with an accuracy of several tens of meters.

1. Imtroduction

HE necessity of highly accurate orbit determination is

growing for satellites that are used in precise positioning,
navigation, and Earth observations. In the geosynchronous
orbit, such satellites are also. being used for tracking other
satellites or for locating positions of mobile radio stations on
the Earth’s surface.

The most familiar conventional radio tracking method of
two-way ranging, however, has attained an accuracy of about
100 m at best in the position determination of a geosyn-
chronous satellite. To improve the accuracy, many widely
spread ranging stations with precisely known positions would
be required. The system delays and the propagation media ef-
fects for every ranging station should be corrected accurately,
which requires additional measuring equipment, and even so
the effective corrections are not easily performed.

By adding VLBI observables, we can expect to obtain highly
precise orbits, not only because the VLBI observables are

complements to the range observables but because we can ap-

ply a differential VLBI (DVLBI) technique between the
satellite and one of the natural radio sources of which the posi-
tions are known to calibrate the VL.BI observables. The VLBI
has another advantage in that it is applicable to almost any
type of radio signals from the satellite, even to noise emis-
sions. The usefulness of DVLBI was first proved in deep $pace
navigation,! where DVLBI with baselines consisting of Deep
Space Network (DSN) stations supplied observables
equivalent to the angle measurements with an accuracy of
about 50 nrad, which is five times as accurate as that obtained
by the conventional Doppler measurements. An analysis of
DVLBI navigation of a geosynchronous satellite was also
made,? where baselines 6000 km long were assumed.

We performed a DVLBI experiment with a rather short
baseline of 46 km as well as conventional ranging and angle
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measurements of Japan’s Experimental Communication
Satellite (CS).? The purpose of the experiment was to examine
the effectiveness and- limitations of DVLBI with a short
baseline as a precise tracking method of a geosynchronous
satellite. This paper describes the system of the experiment
and the results of orbit determinations and covariance analysis
made by using the DVLBI observables in addition to the range
and angle data. An analysis of the information contents is also
made for several models of DVLBI observations to evaluate
quantitatively the effectiveness  of the DVLBI observables.
The covariance analysis also includes a simulation, in J apan,
with two baselines about 1000 km long, which suggests the ef-
fectiveness of DVLBI for the position determination of CS
with much improved accuracy.

II. Differential VLBI Method for Tracking
a Geosynchronous Satellite
Pnnclple of Differential VLBY

A VLBI measurement gives us the travel time delay of a
wavefront received at one of the stations from the time it was
received at the other station. The delay estimate generally con-
tains not only the geometrlcal delay but also other delays due
to observation system noise, receivers and backend equip-
ment, propagation media effects, and clock offset between the
two stations. )

A DVLBI can remove the common delays between two
observations made under nearly the same conditions. Figure 1
shows a geometrical configuration of the DVLBI for tracking
a geosynchronous satellite, where the satellite and a quasar are
observed alternatively.

The delay estimate 7, of a quasar observation is described as

F,=7,40, (1)
where 7,

error.
The delay estimate 7, of a satellite observation is given by

, 18 the geometrical delay and n, is an observation

Ts=Dy—Dy+1H; 2)

where p, and p, correspond to the geometrical propagation
times between the satellite and VLBI stations 1 and 2, respec-
tively, and n, is an observation error. :
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The DVLBI observable 7, is defined by the difference be-
tween 7, and 7, as

To =Dy ~Py—TgtNn;—H, 3)

In an ideal DVLBI, the term (7, —n,) contains no systematic
error and the remaining random component can be reduced as
sufficient signal-to-noise ratio of the observation is achieved.
Assuming that 7, is a known quantity, the geometrical delay
(p1 —p,) of the satellite is obtained from 7,.

Geometrical Sensitivity of DVLBI Observable

The DVLBI observable is described using the station posi-
tion vectors x;, x,, the satellite position vector r, and the unit
vector § in the line-of-sight to the quasar as

c(py—py—7g) =lr—x; I =lr—x,1-8- (x;~x,) )]

where c is the light velocity. According to Eq. (4), the sensitiv-
ity of #, with respect to small variations of 7, x;, x,, and S is
formulated as

CAT, = (plu =Dz, ) Ar+ (S—py,) - Ax,
- (S=p)-Ax,~ B-AS ©)

where A is a small variation, p;, the unit vector in the line-of-
sight to the satellite at the station i, and B the baseline vector.

The first term of Eq. (5) shows the sensitivity of #, to the
satellite position. It is desirable to use a baseline that makes
vector difference (p,, — pz,,) large. The remaining térms
denote the sensitivity of 7 7, to the station location errors and
quasar position errors. It is usually true that smaller angular
separation between the satellite and a quasar makes 7, more
insensitive to the station location error. The quasar position
error directly affects the DVLBI observables because quasars
are used to calibrate them. In the station location error, we in-
clude not only the geodetic location data errors but also UT1
and polar motion errors. Consequently, in order to obtain ac-
curate geometrical delay of the satellite 7,, we need precise
positions of the stations and quasars in an inertial coordinate
system. Since VLBI is also used to measure such positions,
DVLBI can be a highly self-calibrated méthod.

L. DVLBI Applied to Japan’s
Experimental Communication Satellite
VLBI System

A real-time VLBI called K-H VLBI system* was used to
observe CS. The K-1I VLBI consists of two Earth stations, at
Kashima and Hiraiso, of the Radio Research Laboratory,
Ministry of Posts and Telecommunications, Japan. The
baseline is about 46 km long and it is located near Tokyo (Fig.
2); the observation frequencies are in the 4-GHz band. The
digitized and formatted observed data at Hiraiso station are
transmitted via a microwave ground link to Kashima, where a
real-time correlator cross-correlates the observed data, in-
tegrates the fringe-stopped correlated data for every 10 ms,
and records the results on a computer tape. The observation
can be made at up to five channels. The observation channel is
sequentially alternated and the dwelling period of each chan-
nel is 100 ms. Some main features of the K-II system are sum-
marized in Table 1. Our observations were made by using two
channels of 4041 MHz (CH 2) and 4061 MHz (CH 3), which
are within the 200-MHz bandwidth of one of the two C-band
transponders of CS

DVLBI Observations

The noise emission from the C-band transponder of CS was
observed by DVLBI method for 17 hrs on June 16, 1982.
Seven quasars were selected as reference natural radio sources.
Figure 3 shows the viewing angles of the quasars and CS at

-Observation
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each observation epoch time at Kashima station. Since the
baseline vector is almost in the north-south direction, the
VLBI observables are sensitive to the north-south component
of ‘the satellite position and motion. In fact, the north-south
component of the sensitivity vector (py, —p,,) in Eq. (5),
which is the major component, is 9.14x 10~ —4. This means that
a position change 100 m of CS corresponds to a DVLBI delay
change of 0.3 ns. Using the quasars, eight sets of DVLBI
observations were made. A set of DVLBI observations con-
sisted of three 10-min observations, first of a quasar, then of
CS, and again of the quasar.

Quasar

Statlon 2
Sqtellite

X
Station 1
Fig. 1 Geometry of DVLBI observations.

Fig. 2 Tracking of CS by the K-II VLBL

Table 1 * K-II VLBI system

VLBI stations

Kashlma ‘ Hiraiso
Receiving antenna, m 26 10
Antenna gain, dB 58.9 ) 48.9
System noise, K 111 130

CH 1: 4031, CH 2: 4041, CH 3: 4061,

frequencies, MHz CH 4: 4091, CH 5: 4131

Bandwidth 2 MHz/CH
Sampling rate 4 Mbits/s
Frequency standard Cesium ‘ Rubidium
(stability 10 s) (2.5x10712) (<1.6x10-1%)
Data transmission Raw data of Hiraiso transmitted to
) Kashima via microwave data link
Correlator Real-time correlator, lag 32 bits,

integration 10 ms
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As the DVLBI observables were not sufficient by themselves
for the orbit determination, we also made conventional radio
trackings, that is, ranging and angle measurements. The rang-
ing was carried out by using a 100-kHz range tone in the
4-GHz frequency band. The satellite angles were measured by
a 13-m antenna that tracked the beacon signal of 19.45 GHz
from CS. In order to reduce the calibration errors of at-
mospheric refraction and of deformations of the antenna dish
and the sustaining structure, including the building on which
the antenna was installed, angle data measured during the
night were used as the tracking data. Figure 4 shows the obser-
vation points of those tracking data.

Accuracy of DVLBI QObservations

The major random error ¢, in VLBI delay observable is
evaluated by the signal-to-noise ratio (SNR)® as

g, = 1/ (weffSNR) (6)

where w. is an effective bandwidth in the delay estimation
and is given as

K X
weff='\’ E (0;—®)?, o= Ewi/K %)
i=1 ' Coi=1

where K is the number of observation channels and «; is the
observation frequency of the channel i. SNR is given as

SNR = pv2BT 3

0 =L \/ i Tal Ta2 i X
Tal TsZ + Ta2 Tsl + Tsl Ts2

©)

where T,; and T; are signal and noise temperatures, respec-
tively, at the station /; p is a normalized correlation amplitude;

210

2 P0949+00 6 DW1335.12
3 P1055401 8 NRAO 530
4 3c273 9,10 3C454.,3
5 3C279 :

Fig. 3 Viewing angles of CS and quasars at Kashima station; 2~10

denote the quasars. .
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Fig. 4 Tracking data of CS.

PRECISE TRACKING OF A GEOSYNCHRONOUS SATELLITE ' 145

L a coherence loss factor (0< L <1); B the observation band-
width; and T the integration time. In the case of a CS observa-
tion oy is evaluated ‘as about 0.3 ns using we/2=0.5 MHz
and SNR =1050. The SNR value is calculated using L.=0.4,
T=10s, B=2 MHz, the system noise temperatures given in
Table 1, and the signal temperatures calculated by the satellite
power flux density of 1260 J, (1 J,=10-% Watt/m?Hz). On
the other hand, o, in a quasar observation is generally much
larger than that in a CS observation because a quasar signal is
much weaker. For example, SNR is about 7.2 for a quasar
observation, where flux density 5 J, and integration time
T=30 s are assumed, which gives g, =44 ns.

Data Reduction of DVLBI Observations

The observed VLBI data of each channel were processed in-
dependently. The delay observable was estimated by
simultaneous search of delay deviation A7 and delay-rate

~ deviation A+ from their predictions so that they maximize the

following normalized correlation amplitude ps.

1

Pobs = Tow

S S Sxy(w,t)exp{—i(wA'r+woAﬁ)}dtdw||
g IJT Jup ™ |

(10

where S,, (w,?) is a cross spectrum derived every 1 s using the
predicted delay and delay rate, w/2= a video frequency, ¢ an
observation epoch time, wp/27 the observation bandwidth, T
the integration time, w,/27 the observation frequency in the 4
GHz band, and I Il the magnitude. '

Figure 5 shows the estimated delays for all the observations
of the satellite and the quasars. The integration time 7 was 15
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Fig. 5 Estimated delays. Vertical lines show standard deviations
evaluated by correlation amplitudes; A ~C denote four observation
periods. '

-2.7
HSEC
A 8 c ocH2 D
D ®CH3
_2.8 N
-—41—— AVERAGE
(o) STANDARD DEVIATION
‘e ° o ©
23} o] o L
e 9.
. .

—3.0 L

) (*) @
3.1 P S S SR

8 12 16 20 1982.6.16 ur

Fig. 6 System delay estimates with channel 2; ( ): rejected data.



146 SHIOMI ET AL.

s for a CS observation and 30 s for a quasar observation. The
obtained delay accuracies for the satellite and quasars agreed
with the result of the theoretical evaluation given above.
Figure 5 indicates that a systematic delay difference existed
between the estimated deldys for the observations in channels
2 and 3. The differences were estimated using the delays of the
CS observations for four observation periods A, B, C, and D
defined in Fig. 5. They were 152.46, 151.32, 151.56, and

149.68 ns, respectively. Assuming that these delay differences

for CS observations can also be applied to those of quasars,
we converted quasar delay estimates in channel 3 into those
that are equivalent to delays in channel 2. The result is shown
in Fig. 6. The above assumption was applied because the
observed signal of each source (CS or a quasar) had nearly the
same flat power spectrum, which caused the same system
delay, though the power flux itself was different from each
other.

Under the assumption that the quasar delay predictions are
error-free, Fig. 6 gives the system delay for channel 2. We
averdged the data in the observation periods B, C, and D, and
obtained the system delays, —2913.51, -2907.96, and
—2918.18 ns, respectively. The DVLBI delay observable for
CS were obtained by subtracting these system delays from the
raw CS delays shown in Fig. 5.

- The fairly large standard deviation of the system delay
estimates were due to the insufficient accuracy of the delay
estimates in the quasar observations.

IV. Orbit Determmatlon
Results of the Orbit Determination

The DVLBI observables were added to the range and the
angle data to determine the CS orbit. In the orbit determina-
tion, the observation bias of the DVLBI observables and the
solar radiation reflection coefficient of the satellite (the
satellite cross section multiplied by this coefficient is effective
on the solar radiation pressure) were also estimated simultane-
ously. The bias of the DVLBI observables was introduced
because of the insufficient quality of the DVLBI data.. The
range and angle measurements had been calibrated using an
optical observation method.® We used system parameters that
have since been updated through orbit determinations opera-
tionally performed in the CS project..

Table 2 summarizes the results of orbit determlnatlon with
four,accuracy models of DVLBI observables, cases 1-4. The
same weights-for the range and angles observables were used
in all cases, which agree with their actual characteristics. Cases
2 and 3 show that the estimated satellite position approaches
that of case 1 as the assumed DVLBI delay accuracy becomes
worse, while the estimates of the delay bias and the solar
radiation reflection coefficient change only slightly. In other
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words, the DVLBI observables become almost meaningless if
their accuracy is lower than about 3 ns. Figure 7 shows the
observation residuals of the range and the DVLBI delay data
for case 4, where the standard deviation of DVLBI delay
residuals is about 1 ns (0.3 m). Therefore it-appears that the
DVLBI observables obtained in our experiment might be ef-
fective in improving the orbit determination accuracy.
However, the expected accuracy of the DVLBI observables
was about.25 ns, as is shown in Fig. 6. So it is reasonable to
consider that the small residuals in Fig. 7 are obtained because
of the small amount of DVLBI. observables and that our
DVLBI data are not useful for a precise orbit determination.
Significant causes of the insufficiency of the DVLBI data are:
1) poor accuracy of the delay data due to small SNR in the
quasar observations and 2) poor sensitivity of the DVLBI
delay .observable to the satellite orbit due to shortness of the
baseline. In the next section, covariance analyses show effects
of some improvement in these two points.

Covariance Analysis

Table 3 summarizes the results of the covariance analysis us-
ing six models. The. DVLBI data were not used in case a,
DVLBI data with different models of accuracy were used in
cases b, ¢, d, and a model with smaller uncertainties in station
locations was used in case e. Simulated DVLBI data obtained
by two baselines by three stations shown in Fig. 8 (Kashima,
Wakkanai, and Yamagawa, all in Japan) were used in case f.

Case d means that if we truly obtain the DVLBI data with
an accuracy of 1 ns, we can expect nearly 100-m-accuracy of
the orbit determination, except for the effect of the uncertain-
ties in model parameters. In that case, we can expect 300-m ac-
curacy, considering the effect of uncertainties in the model
parameters, including 50-cm uncertainties in the station loca- -
tions, which is shown in case e. In case d, the satellite position
accuracy that considers the effect of the parameter uncertain-
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Fig. 7 Observation residuals in an orbit determination of CS.

Table 2 Result of orbit determination

. Orbit determination by case

1 2 3 4
Observation weight
Range, 0.52 m
Azimuth angle, 0.98 x 1073 deg
Elevation angle, 0.85x 1072 deg )
DVLBI delay, ns (not used) 16.7 3.33 1.0
(m) (5.0 (1.0) 0.3)
Estimated parameters
DVLBI delay bias, ns - —83.79 - 83.82 —83.66
Solar radiation
reflection coefficient 1.5084 1.5083 1.5071 1.5060
Satellite position
at epoch time Deviation from Case 1
X, km 41918.261 —0.002 -0.030 -0.055
Y, km —4528.804 0.013 0.188 0.409
Z, km —194.97 —0.037 -0.496 —0.992
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ties is not improved from cases a, b, and c, although the better
accuracy of the DVLBI data is assumed. This is because the
uncertainties in the VLBI station locations are more telling in
case d than in the other cases. Case f shows a possibility of
precise orbit determination with an accuracy of nearly 70 m by
a combination of the conventional radio tracking and DVLBI
with two baselines nearly 1000 km long.
The information content I, which is defined by’
I.=1/21og,(1Py |/ 1PI) (11)
is also shown in Table 3, where P is the six-dimensional
covariance matrix of the estimated position and velocity of
CS, and | | denotes the determinant of a matrix. P, stands for
the covariance with no DVLBI observables in the orbit deter-
mination. I, is a measure of the information content of the
DVLBI observables because it represents the reduction of an
error ellipsoid by the information given by them. It is quan-
titatively clear that the more information is given by DVLBI,
the more accurate are its observables. Case f shows that
DVLBI delay observables with longer baselines contain much
larger amounts of information even if the delay accuracy is
about 3.3 ns than the amounts with a short baseline with a
higher delay accuracy.
_ In order to improve the orbit determination accuracy within
100 m in the satellite position, it is effective to use longer
baselines. It is also expected that if we use longer
baselines—for example, intercontinental baselines—we can
obtain an accuracy of less than 10 m in the position of the
satellite.® The DVLBI observables obtained using more than
two baselines can determine the angular position of the
satellite. It means that such DVLBI observations for-about 24
h can effectively determine the orbit of a geosynchronous
satellite. In our experiment, we used the range and the angle
data obtained by the conventional radio tracking method as
well as DVLBI data. In such a case, many types of tracking
methods involved increase the number of parameters, such as
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calibration factors and observation system parameters, in
which uncertainties easily degrade the orbit determination ac-
curacy. On the other hand, the DVLBI observables have an
advantage in that they are essentially free from bias errors or
can be calibrated by themselves. The station locations are also
obtained by appropriate VLBI observations of quasars. So it
would be advisable to use only DVLBI observables with truly
long baselines to determine the orbit of a geosynchronous
satellite with a high degree of accuracy.

In our experiment, the poor quality of the DVLBI delay
observables is mainly due to the insufficient accuracy of delay
estimates in the observations of quasars. Much better-quality
quasar delays would require some improvement that acts to in-
crease SNR in the VLBI system. For example, a hydrogen
maser frequency standard would be effective in achieving
much longer intergration time. It would also be important to
use a phase calibration system that makes possible a band-
width synthesis with observations in different-frequency
channels.

Wakkanai
E
:>
Hiraiso
Kashima

Fig. 8 An example of three long baselines assumed in Japan.

Table 3 Result of covariance analysis

Covariance analysis by case

b c d e f2

Observation weight
Range, 0.52 m
Azimuth angle, 0.98 x 103 deg
Elevation angle, 0.85x107%
deg
DVLBI delay, nsec 0
(m)

Parameter uncertainty
Solar radiation
reflection coefficient, 0.003
Earth’s gravity
constant, 0.04 km?/s?
Station location, m . 1.0

Satellite position accuracy

Parameter uncertainties
are not considered
Gy, M 47
0y, M 158
0,, M 455

Parameter uncertainties
are considered
Oy, M 47
Gye, M 173
Oper T 469

(5.0)

16.7 3.33 1.0 1.0
(1.0)

3.33
(1.0)

1.0 1.0 1.0 0.5 1.0

46 33 18 8 2.9
158 146 128 128 17
446 318 129 129 20

46 54 96 51 8.8
172 170 367 220 65
459 463 510 278 28

Information content
of DVLBI observables 0

0.13 2.09 6.74 6.74 23.6

2DVLBI delay observables are replaced by those obtained by two baselines shown in Fig. 8.
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V. Conclusion

The geosynchronous satellite CS was tracked using a dif-
ferential VL.BI method. Since the baseline was short and the
data quality of quasar observations insufficient, the obtained
DVLBI delay observables were not actually useful in improv-
ing the accuracy of orbit-determinations. However, orbit
determinations and covariance analysis using various error
models showed the possible effectiveness of DVLBI with a
delay accuracy of about 1 ns and with appropriate baselines
obtained in Japan’s territory for accurate orbit determinations
of geosynchronous satellites. The DVLBI has these advan-
tages: the observables are essentially free from bias errors or
they can be calibrated by themselves, and the method is
passive, with no necessity for uplink facilities; it is also ap-
plicable to many types of signals radiated from a satellite.
Since a covariance analysis shows that a DVLBI with long and
independent baselines is very effective for an accurate orbit
determination, further experiments with long baselines in-
cluding inter-continental ones can validate fully the usefulness
of the method.
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