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ABSTRACT

Intelsat Ltd. (IS), SKY Perfect JSAT Corporation (SJC)
and THI Corporation (IHI) conducted a joint study to
evaluate accuracies and error covariance of determined
orbits for IS and SJC satellites by using solo optical
observed data from [IHI optical observation
demonstrator, and combined data from tradition ranging
data.  Optical data has proven to be very useful for
space surveillance and close approach monitoring
providing improved orbital knowledge of both active
and non-active space objects. As satellite operators we
are also interested in using optical data to complement
our standard ranging measurements to improve our orbit
uncertainties and help to resolve and calibrate sensor
biases. In the first phase of our join study IHI provided
optical observations for both IS and SJC satellites and
we will present the multi-objectives of our join study
and preliminary results in the orbit comparisons and
error estimations from different fusion techniques.

1 BACKGROUND OF JOINT STUDY

IHI Corporation, SKY Perfect JSAT and Intelsat agreed
to work together on a joint study in late 2012 to study
the feasibility of using optical data to improve satellite
operations with the following objectives: (1) to evaluate
the use of optical data to resolve un-known
measurement range biases in an un-calibrated range
antenna, (2) to evaluate the different data fusion
techniques and the improvement to orbit determination
and orbit error estimates by fusing optical data with
ranging data and (3) to evaluate the feasibility of using
optical data to refine the relative distances between two
closely located satellite to improve conjunction
monitoring and safe operations in close proximity
operations.

2  OPTICAL DATA PROCESSING

For optical observation on geostationary satellites, IHI
Orbital Object Optical Observation Demonstrator
(I04D) was used. 104D was developed by IHI as a
demonstrator for research on orbiting objects
observation technologies and data analysis processes
using small telescope but effectively.

Proc. ‘6th European Conference on Space Debris’
Darmstadt, Germany, 22-25 April 2013 (ESA SP-723, August 2013)

104D consists of four major elements; a telescope with
equatorial mounting, a 16M pixel cooled charge-
coupled device (CCD) camera, GPS time stamp and a
controller with data processing capability. Aperture of
the telescope is 20-cm and its focal length is 800m.
Total sky coverage of the image area of the system is
around 2.58 degrees by 1.72 degrees, and its pixel scale
is about 1.9 arc second. The start and end time of
exposure are recorded in the image header using global
positioning system (GPS) time recorder.

104D is not fixed but mobile equipment, so IHI selected
Test Area of IHI Aerospace Tomioka Works, which is
located approximately in the center of Japan, as the
suitable location for the purpose of observation.

THI Aerospace Co., Ltd. is one of IHI subsidiaries and it
becomes enough dark to observation at night in the Test
Area.

Equipment setting was conducted every evening and
packed up during daytime. Therefore, observation point
is changed a little bit for each observation night and the
position was measured by GPS receiver every day.
Typical number of the position is at 138.933860 deg E,
36.301501 deg N, 208.6m altitude in WGS 84. There
places of decimals for longitude and latitude may vary
on each day.

All images were taken while motion of the equatorial
was stopped. After short exposure, long exposed images
were taken to detect geostationary satellites. Images
processing techniques were applied to obtain positions
of target satellites from images taken through
observation. After correction of noise and photographic
sensitivity of images, positions (x, y) of stars in each
image in short exposure were analysed. Through
comparison of star positions in each image with
positions shown in star catalogue, stars in the images
were identified and right ascension (o) and declination
(0) of center of each image, which is the same as bore
sight direction of the telescope, were calculated. Then
transfer matrix from x-y coordination system in the
image to a-6 equatorial coordination system as function
of time was calculated. Hubble Guide Star Catalog —
Astrographic Catalog / Tycho (GSC-AST) was used for



identification of stars. The centers of long exposed
images were calculated to shift right ascension to time
since time of images in short exposure. Positions (x, y)
of satellites in long exposed images were analyzed and
converted into equatorial coordination system by the
transfer matrix. Satellite positions in J2000.0 were
obtained.

3  OPTICAL OBSERVATIONS

Two sets of observations were taken in November 15-
16, 2012 and March 14-17, 2013. The measurements
were taken on 8 satellites. The summary of the
observation activities is shown in Tab. 1.

JSAT4A | JSAT 13 | JSATSA | JSAT 3A | JSAT 12 15701 15706 158 1519
Long (E) 124 124 132 128 128 157 157 163 166
15-Nov X X X X X X X X
16-Nov X X
14-Mar X
15-Mar X
X
X

16-Mar
17-Mar

X X x
X X x
X X x x
X X x
X X X
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Table 1, the optical data observation summary

IHI has identified some processing errors for the data
taken in Nov 2012 and is re-processing the images to
correct the errors.

Preliminary results of the data for IS701, IS8 and IS19
before the re-processing are shown in Fig. 1 to Fig. 3.
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Figure 1, Data residuals for 1S701 based on reference
solution using 2 station ranging data
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Figure 2, Data residuals for IS8 based on reference
solution using 2 station ranging data
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Figure 3, Data residuals for IS19 based on reference
solution using 2 station ranging data.

Optical data only solutions were computed and
compared against the reference solutions using two
station ranging data. The results of the comparisons are
shown in Tab. 2.
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Table 2, Comparisons of optical data only solutions
with corresponding reference solutions using two
station ranging.

The results showed that there is about 15 km RSS
position differences from the reference solutions for
IS701 and IS19. The large difference with IS8 is
expected due to the large residuals. The observed
differences should be reduced after IHI re-processed the
Nov 2012 data which they have identified some errors
in the original processing.

JSAT has processed a set of the more recent
observations taken in March 2013 on JSAT5A. The
preliminary is showing very good results with the
improved image processing steps.

The measurement residuals as well as orbit differences
are shown below.
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Figure 4, JSAT 5A optical measurement residuals from
reference solution using two station ranging.

Figure 5, JSAT 5A latitude and longitude differences
between the optical only solution and the reference
solution using two station ranging.

4 RANGE MEASUREMENT BIAS
CALUBRATION

One of the goals in this joint study is to evaluate the use
of optical data to calibrate sensor measurement biases.
We have combined the two station ranging solution with
optical data and solve for the two range measurement
biases simultaneously in a single solution. The results
for IS19 are shown in Tab. 3a and Tab. 3b. Tab. 3a
shows the solution with optical data added to the range
data. A change of about 150 meter in the bias and 2 km
RSS change in the orbit position from the reference
solution was observed with the new solved for biases.
Tab 3b shows the simultaneous solutions solving for
two measurement biases using only two station ranging.
The results indicated a highly correlated solution this is
expected due to the collinearity of the two measurement
biases in the normal equations.
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Table 3a, IS19 range measurement bias solution with
optical data
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Table 3b, 1S19 range measurement bias solution using
two station ranging only

In Tab. 4 we show the measurement bias solutions for
IS701 with different data weight used for the optical
data. In these cases the results indicated that depending
on the data weight used for the optical data the final
solutions could vary quite a lot.
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Table 4, 1S701 measurement bias solutions with using
two station ranging and optical data with different data
weight for the optical data. The differences are from
the reference solution using two station ranging.

Based on the above results it is important to determine
the proper data weight one should apply to the optical
data when developing combination solutions.

5 DATA FUSION

In Tab. 5 we compared two orbit solutions using IS8
using single station ranging only solution and a
combination solution with single station ranging and
optical data. The differences are from a reference
solution using two station ranging. It is interesting to
note that the single ranging solutions shows over 60 km
RSS in orbit position differences but the combination
solution using both single station ranging and optical
data shows less than 5 km RSS in orbit position. Please
note that Fig. 2 showed very large residuals for the IS8
optical data. The results in Tab.5 demonstrated that by
combing range and optical data one can greatly
improves the final combined solution results even if
either data type when used individually gives “poor”
results. The important consideration is that the data
weights are applied appropriately. We have shown that
even “poor” can be used to improve solutions if the data
are properly characterized by the data weight used in the
fused solutions.



IS8 solution using single station ranging only

-~ PARAMETER-- ---FINAL VALUE---- -- REFERENCE VALUE-- ~-----DELTA----
K-position : -18070.7702947916 -18060.8548567553 -5.5153980323
¥-position : -38082.3343363068 -38092.2457983358 10. 0154620291
Z-position 458436464211 -7.5053502258 §7.24355664 63

2.7787202781
-1.3182551153
0.0077366238

K-velocity
f-velocity
Z-velocity

2.7785865738 0.000123370S23
-1.3177430326 -0.0005120828
0.002230488%

IS8 single station ranging and optical data

--PARAMETER- - ---FINAL VALUE---- -- REFERENCE VALUE-- -----DELTA----
K-position : -18065.5857528203 -18060.8548567553 -4.7308560610
Y-position : -38090.5534683622 -38092.349798335¢% 1.7963299737
Z-position — -8.1130589591 -7.5053502258 -0.6077087333
K-velocity 2 2.7785173534 2.7785865738 -0.0000652204
Y-velocicy s -1.3178155185 -1.3182851183 0.0004355958
Z-velocity : 0.0051235060 0.002230488% 0.0028530171

Table 5, IS8 solutions using single station ranging and
optical data

Based on the discussions above it is interesting to
determine what the optimal data weights should be
when considering data fusion. We will propose a
technique based on the subset solution which was used
for the development of GEM gravity models by Lerch'.
The general idea of this technique is to select a data
weights for the different data type so that the differences
of the subset solution and the combined solution
“equals” to the expected values of the differences, i.e.,

(X,—X) (X, - X)=tr{E(X, - X)(X, - X)"]

The implied consequence for this technique is an
optimal data weight of the subset data and thus a
realistic the covariance estimate of the combined
solution. ~ This realistic covariance can be used to
characterized the orbit solution which can then be used
to produce a realistic collision probability for decision
making in close approach situations.

We will derive this data weight calibration technique
following the outline in the paper by Lerch’.

Consider the following observation equation for each
data type t:

r=Ax+n,

Where:

r. = residuals from reference solution: O —C,
n, = measurment noise

A, = observation matrix
Defining:

N,=A"A R, =

The normal matrix for the subset and combined
solutions can be written as:
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We can write the orbit solutions as:

Nx=R
Nx, =R
Where:

x=X-X, x=X,-X,

XRg is the reference solution

X is the combined solution with all the data type
included

X, is the subset solution with data type removed
In order to complete the calibration we need to calculate

EX,-X)X,-X)" =E(x, —x)(x,—x)"
=V(x,—x)

Consider the following covariance:
V(x)=N"=E(xx")

-1

V(x)=N =E(xx)

We will show that under the assumption that the errors
of different type are independent, i.e.,

E(RR")=0
Then:
V(x,—x)=V(x,)-V(x)

Consider the following:



Vi — ) = E(x - x)(x - 27
=V{x) - 2E(x,x" ) +V{x)

E(x,x")=N"E(RR")N™

E(RR")=E(R(R+wR)")
=E{(RR"y+wERR}
=N +wERR")

For a calibrated solution with optimal data weight we
write:

X, -X)"(X,-X)=k, tr[E(X, - X)(X, - X)"]
=k, tr[V(x, — x)]
=k, tr[V(x,) -V (x)]

Where for calibrated solution:

k =1

6 AN EXMAPLE WITH IS19

In order to illustrate this technique we will conduct an
experiment using IS19. We will create the following
solutions:

(1) “Truth” reference solution using two station
ranging data for the entire 3 day span.

(2) “Baseline” solution using only single station
ranging data for 1 day span

(3) “Fused” solutions by combing the single station
range data with optical data with different data
weights

--PARRMETER--

~--FINAL VALUE---- --REFERENCE VALUE--
42165.2913906099 42165.2820240958
0.0002242127 10001263093

00936651389 km
0000979034
0.0859089382
320.1175480763 356.0379684472 3
280.6025753525 259.8751992437 2
96.9328718844 81.7277357682 1
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1464445132 ke
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0.0043850272 8.0015610627
0
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.0065133264 0.0066332732
10334252883 166.0213543940

Table 6, Orbit difference of the “baseline” solution
with the “truth”.

We generated different sample fused solutions by
adjusting the data weight of the optical data and
compute the calibration factor k.

0552508618 degree
9204203709 degree
7273761089 degree
2051361162 degree

D028342647  kw/s

0001199467 deg/re
0120708943 degree

1/w (deg) K
0.003 0.86
0.00S 0.87
0.01 0.91
0.02 1.01
0.025 1.06
0.0 1.37
0.1 2.53

Table 7, Calibration factor k as a function of data
weight for the 1S19 example.

As shown above for k < 1 implies that the change in the
orbit solution with and with the data type is smaller than
the change in the covariance of the two solutions
indicating the data weight is too high. For k > 1
implies that the change in the orbit solutions with and
without the data type is larger than the change in the
covariance of the two solutions indicating the data
weight is too low. An optimal data weight is indicated
whenk = 1.

Based on Tab. 7 the optimal data weight (1/w) is 0.02
degree. The optimal solution differences from the
“truth” are given below.
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Table 8, Optimal fused solution differences from the
reference solution using two station ranging.

Comparing Tab 6 and Tab. 8 we observed great
improvements when optical data are added to the
“baseline” solution using only single station ranging
data.

Results comparing the differences over the data span are
shown in figures below:

R8S Orbit Differences from Reference Solution

0+
1111512 0:00 11/16/12 0:00 1117412 0:00 11/18/12 0:00 111912 0:00

Figure 6, IS19 RSS orbit differences from reference two
station ranging solution over 3 day span
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Tangential Orbit Differences from Reference Solution
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Figure 7, IS19 Tangential orbit differences from
reference two station ranging solution over 3 day span

The results from above figures are consistent with the
results displayed in Tab. 8 that the optical data
significantly improved the orbit solution using only
single station ranging data over the 3 day span. Note
that the solutions are computed with only 1 day of data.

One other criterion for the optimal solution is to obtain a
realistic covariance. We computed the error estimates
of the combined solution and compared that with the
actual differences with the reference solution, the
“Truth” in this experiment.

RSS Error Estimates for Combined Solution

Solution Sigma_=e= Oribt Difference from reference
111512 0:00 11/16/12 0:00 11712 0:00 11/18/12 0:00 1119712 0:0C
Date

Figure 8, comparing the orbit differences with the
predicted orbit error.

Note that we have only about one day of optical data
and in the figure above the comparisons to the right of
the yellow line are predictions outside of the data span.
We noticed that the absolute error estimate seemed to
optimistic and it is also interesting to notice that there
seemed to be a phase offset between the error estimates
and the orbit differences. This implies the data weight
may be too high.

There are a few limitations to the current
implementation to the subset solution calibration
technique. We applied the calibration using only the
orbit position components at the solution epoch. We are
considering modifying the implementation to include
sample data points within the data span and to consider
also the velocity components when computing the
calibration factor k described above.

7 CONCLUSION AND FUTURE PLANS

IHI has completed two sessions of optical observations
using IHI mobile telescope in Nov, 2012 and March
2013. Based on preliminary results the data are
providing good results. IHI has identified an
improvement to the process the images for the 1%
session of the telescope observations and are working to
re-process the data. We have demonstrated that the
optical data provide much improvement to calibrate the
range measurement biases if the optical data are
weighted properly. We have proposed two criteria for
determining optimal data weights: (1) improved
solutions and (2) realistic covariance. Having a realistic
covariance is very important. One application from
having a realistic covariance with the orbit solution is to
provide realistic conjunction probability to help with
decisions on potential close approaches. We have
demonstrated the feasibility to use the subset solution
technique to determine the optimal data weight. The
results showed encouraging results but also some
limitations in our implementation of the technique. We
will continue to experiment this technique with the 2™
sessions of the telescope data and the re-processed data
from the 1% session. IHI is also planning to build
another permanent telescope site about 400 km from
this current mobile site. The plan is to have it ready for
observation by end of 2013. It will be add strength to
the optical data.

IHI has also taken optical data with both satellites
(JSAT3A/JSATI12) in the same FOV to provide the data
to study the concept of using optical data to assist
conjunction monitoring for close approach objects. It
was also discussed by chan® and the idea is that if a
potential conjunction involves an active satellite and a
non-active space debris one will try to solve for the
orbit solution of the non-active satellites using the
relative angles data from the image with both satellites
in the same FOV. Fig. 9 and 10 describes the scenario.



Figure 9, describing the concept of computing the orbit
of the non-active object using relative angles form the
active satellite which is also tracked with two station
ranging.

JCSAT3A & JCSAT12

Image Taken on March 16

Relative position accuracy ~ 0.2 arc seconds

Absolute position accuracy~ 1 to 4 arc seconds

Figure 10, showing the improvement to the uncertainties
when using relative angles for orbit determination

The improvement for this approach is due to the great
reduction in the uncertainties of the relative motion of
the two satellites. As shown in Fig. 10 the relative
position accuracy for relative angels on the image is
about 0.2 arcseconds while the position accuracy for
absolute position ranges from 1 to 4 arcseconds. Using
this approach we will improve the relative orbit
differences between the two satellites enabling precise
decision making concerning this close approach
encounter.
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