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Monitoring of Geostationary Earth Orbit Satellites
in Russian Space Surveillance Center

Zakhary N. Khutorovsky
“Vympel” International Corporation, 101000, Moscow, Russia

Cataloging of geostationary-Earth-orbit (GEO) satellites commenced in the Russian Space Surveillance Center
(SSC) in the 1980s. Enhancement of the software tools for catalog maintenance has continued since that time.
The current status of this software complex is described. The characteristics of the sensors and the observed
satellites that determine the structure of the catalog maintenance algorithms are discussed. There are certain
essential limitations of the range of the observed longitudes of GEO satellites, the frequency of the observations,
and their accuracy. Under these conditions, the loss of measurement data is unacceptable; the algorithms must
use any observational data for catalog maintenance. The correlation of measurements with the cataloged orbits
and subsequent orbit updating must be possible for the very wide range of the accuracy of the measurements. A
fast and accurate prediction algorithm was developed to solve this task successfully. Thus, it became possible to
develop and implement in the SSC an efficient complex of software tools for catalog maintenance. The general
scheme is described of this complex and of its most significant components: primary determination of orbits,
correlation of the observations with the cataloged satellites, updating of orbits using the measurements, planning
of the observations and targeting of the sensors, and preliminary tracking of new satellites. Some results of the

testing, based on real data, are presented.

Introduction

EFERENCES 1 and 2 describe the general structure, charac-

teristics, and the algorithms for maintenance of the catalog of
low-Earth-orbit (LEO) (perigee altitudeless than 300 km) satellites
in the Russian Space Surveillance Center (SSC). This paper treats
the same issues for satellites in geostationary Earth orbit (GEO).
The domain of the phase space will be considered geostationary
when the orbital parameters satisfy the conditions

1-6T <T <1+6T, 0 <e < e, 0<i<sdi (1)

where T, i, and e are the orbital period, inclination,and eccentricity,
respectively,and 87, 67, and §e are constants. We choosed T = 0.125
days, §i =30 deg, and 6e =0.2.

First we analyzethe initial backgrounddata, describingthe condi-
tions for catalog maintenance. These datainclude the characteristics
of the sensors and the characteristics of satellite motion. Then the
general scheme and its components are described, in particular, the
algorithm for primary determination of orbits (i.e., estimation of
the satellite parameters using one measurement and a priori data),
the algorithm for assigning the measurements to cataloged satellites
(i.e., the procedure, making the decision of assigning certain mea-
surements to cataloged satellites), the algorithm for updating the
orbits using the data of the measurements, the procedure for plan-
ning the observations and calculating the target indications for the
sensors, and also the process of preliminary tracking of new satel-
lites that arrived in the catalog (i.e., the tracking of the satellites that

are not correlated satellites cataloged by the SSC immediately after
their arrival).

In the course of the study, we compare the resulting procedures
with the processof maintenanceof LEO satellitecatalog and analyze
the observed difference.

Sensors and Measurements

The basic source of data for cataloging LEO satellites are the
detection radars.? These are the designated sensors of the ballistic
missile warning system and BMD system, used for space surveil-
lance purposes.

Currently, Russia does not have designated sensors capable of
monitoring the geostationary belt. To solve this task, the SSC uses
optical sensors. Their location, type, and affiliation are given in
Table 1.

Let us consider the major features of this network.

1) The sensorsof the network do not providecomplete coverageof
the GEO ring. The monitored longitudes of satellite projections(the
point on the surface of the Earth where the straight line connecting
the position of the satellite in space and the center of the Earth
crosses it) range from ~30° W to &160° E, that is, about one-half
of the ring.

2) The detection radars continuously monitor the space within
their fields of view. The optical stations cannot operate like this.
They are subjected to certain limitations related to meteorological
conditions and positions of the sun and the moon and also to the
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Table1 Optical sensors

Location Type

Affiliation

Uzhgorod (Ukraine); ~49° N, ~22° E
Simeiz (Ukraine); ~44° N, ~34° E
Zvenigorod (Russia); ~56° N, ~37° E
Zelenchuk (Russia); ~41° N, ~44° E
Ashkhabad (Turkmenistan); ~38° N, ~58° E
Kourovka (Russia); ~57° N, ~60° E
Dushanbe (Tadzhikistan); ~38° N, ~69° E
Alma-Ata (Kazakhstan); ~43° N, ~77° E
Mondy (Russia); ~52° N, ~101° E

Photography

Photography
Optical-electronic
Optical-electronic

Optical-electronic
Optical-electronic

Photography, optical-electronic

Photography, optical-electronic
Photography, optical-electronic

Uzhgorod State University

Institute of Astronomy, Russian Academy of Sciences

Institute of Astronomy, Russian Academy of Sciences

Scientific Center “Cosmoten”

Astronomical Center “Asman”

Urals State University

Institute of Astrophysics, Tadzhikistan Academy of Sciences

Astrophysics Institute of Kazakhstan Academy of Sciences

Institute of Sun and Earth Physics Siberian Branch, Russian
Academy of Sciences

limitationsrelated to the specific planning of the observationsat the
sites. For optical stations, the work for the SSC is by no means their
onlyjoband veryseldomhas the first priority. Thus, all of the stations
operate with significant gaps that may last as long as several months.

3) The optical sensors measure the angular coordinatesof a satel-
lite: the right ascension « and declination § in the local equatorial
coordinate frame. The errors of single measurements normally are
within therange 1-10". In distance values, this correspondsto the or-
der of the errors of the range measurements by the detectionradars.
Thus, the accuracy of the measurements is rather high [measurment
is defined as the set of single measurementsacquired for one satellite
at differenttimes within one observationsession of a specific sensor
(the session lasts for one or several nights)]. However, in distinction
from the radars, the optical sensors do not measure the range. Thus,
the acquisition of the complete six-dimensional vector of the same
order of accuracy, as for the radar measurements of LEO satellites,
requires several single measurements (marks) over a rather long
time interval (a mark is the measurement of the right ascension «
and the declination § in the topocentric equatorial coordinate frame
of the sensor for a certain time #). The analysis revealed that the
orbit can be determined with accuracy sufficient for the SSC when
the marks belong to at least two nights and, for one of the nights,
there are at least four marks uniformly separated in time within an
interval not shorter than 2-3 h. This is the SSC requirement for the
optical sensors’ measurements. However, for several reasons, the
measurements do not always satisfy this requirement. More than
one-half of the measurements are acquired during only one night
and do not cover the required time arc. In this case, one or two
(out of six) orbital parameters cannot be determined with sufficient
accuracy. (Note that one of these parameters is always the orbital
period because the errors of its determinationon the basis of a group
of marks can reach several tens of minutes.)

4) Several optical-electronic stations (Alma-Ata, Zelenchuk,
Mondy) maintain their own catalogs of the objects within their zone.
The measurements acquired by these sensors are correlated there
with the on-site catalogs, and when such measurements arrive, the
SSC already knows to what satellite it is correlated (according to
the on-site correlation). However, the majority of the optical sta-
tions (all of the photography stations and some optical-electronic)
do not correlate the measurements with the catalog, and the SSC re-
ceives the measurement without reference to a satellite. The groups
of measurements from these stations sometimes (normally, less than
10% of cases) include the marks produced by several (more than
one) satellites.

Satellite Motion

The observed objects (artificial space bodies, moving in orbit
about the Earth) are moving in space. A model of their motion (i.e.,
the algorithm for calculation of the orbital parameters for the time
t using their values at the time 7;) is needed to design the catalog
maintenancealgorithm. The orbital parametersa of any space object
satisfy a system of first-order differential equations of motion, thus,
a(t)="Ula(t — 1), t]. The precise functionalrelationshipU(a, 7) is
not known, and in practice, the approximate relationships Uy (a, 7)
used are those for the specific algorithm for prediction of the orbital
parameters.

Real prediction errors V = a(t) — U, result from the inexact ac-
counting of the perturbing factors and comprise two components:
systematic error V| and the nonremoved error V,. The systematic

error is the result of the inexactaccounting of the perturbations.The
nonremoved error originates from not accounting for certain real
perturbing factors.

The three basic requirements for the prediction algorithm are as
follows:

1) Real prediction errors should not make the correct correlation
of measurements to cataloged satellites impossible.

2) Real prediction errors should not exceed the values of the
order of 3-5', defined by the maximum permissible errors of target
indication for an optical-electronic sensor.

3) The CPU time of the computer code must be acceptable.

Because the basic operationsof the algorithm (correlationof mea-
surements with catalogedsatellitesand orbitupdating) often mustbe
performed involving measurements and orbits significantly distant
in time (up to several years), the creation of the relevant procedure
is not an easy task. However, we managed to solve it.

We will not treat this algorithm in detail here because it is de-
scribed in an earlier paper* and Refs. 5 and 6 consider the subject
as well. The basic characteristics of this algorithm are as follows:

1) Systematic errors of the prediction algorithm do not exceed
3'(~38 km) for propagationintervals up to four years.

2) The real prediction errors for propagation intervals up to
500days do not exceed 1' (12 km) for 50% of the passive satellites
of the real catalog. (The “Results of Trial Operations” section treats
the issue of real orbit determinationand propagationerrors in more
detail.)

3) The computation time #.,y, of the propagator (for Elbrus-2
computer, computation rate 3.5 million average operations per sec-
ond) can be assessed using the formula

feompls] = 0.003N,, + 0.001N; (2)

where N,, is the number of the integration steps (the step for the
integration is chosen within the range 10-20 days) and N, is the
number of the points for which the propagation is fulfilled (within
the total prediction interval).

The processing of measurements often requires the propagation
of all of the orbits of the catalog to a certain epoch. The following
sections will illustratethat this operationsimplifies the data process-
ing. The characteristics presented allow propagation of the whole
catalog for one year in 0.5-1.0 min. This is quite acceptable.

Structure of the Algorithm

The structure of the catalog maintenance algorithm in general is
similar to the structure of the procedure used for LEO satellites.
However, some specific features, determined by the structure of the
initial data, do exist.

The measurements received by the SSC enter the procedure of
primary orbit determination. For each measurement, the parameters
of the orbit and the errors of their determination are estimated on
the basis of the single measurements (marks) and the a priori data.
Then for each measurement, we determine whether the satellite that
produced it exists in the catalog, that is, the task of assigning the
measurements to the cataloged satellites is solved. As a result, the
measurementbecomes either assigned (correlated) to a certain satel-
lite or remains free (uncorrelated).

The correlated observations update the orbital parameters of the
satellites that produced them, that is, the task of orbit updating is
solved. If we manage to correlate the measurements to a certain
satellite and update its orbit regularly, the satellite is monitored
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or tracked, that is, the process of correlating new measurements
to the satellite and updating its orbit using them. When the flux
of the measurements of certain object ceases or weakens signifi-
cantly, the tracking of the satellite may stop. The break of tracking
occurs.

The uncorrelated measurements are included into the catalog as
new satellites and participate in the tracking process together with
the other cataloged objects.

At the initial stage of this process, the preliminary tracking, the
new satellite is identified with the objects already present in the
catalog and with the lost ones. In case the satellite is identified with
the previouslycatalogedobject, the dataon this satellite are renewed
andits trackingis thusrecovered. When the decisionis made that the
orbit belongs to a new, not previously, cataloged satellite, its origin
(international designator) must be determined, that is, the satellite
identification task must be solved.

In contrast to the catalog maintenance process for LEO satellites,
the interactionwith the network of optical sensorsincludes the feed-
back, that is, the sensors work under the control of the SSC. The
feedback means planning of observations and calculation of tar-
get indications for the sensors. The objects for the assumed future
work of any optical station are selected, and the respective target
indications are calculated.

The following sections describe the basic algorithms used for
maintenance of the catalog of GEO satellites in more detail.

Primary Determination of Orbits

The detailed consideration and analysis of the algorithm for pri-
mary determination of orbits is given in Ref. 4. Because many up-
grades have been introduced into this procedurein the course of the
past 10 years, we will give a new description here.

The estimation of the orbital parameters is the point of the mini-
mum of the functional
p@ =Y {oula, - a,@F + s[5, - 5,@7}

p=1
2 2 2
+ @1 (al - ala) + wa2(02 - a2a) + wa3 (03 - a3a)

+ W4 (04 - 040)2 + waﬁ(aﬁ - aﬁa)2 + Was (a6 - a6a)2 (3)

where (a1, 8;), (a2, 85), ..., (a,, §,) are the marks of the measure-
ment with time references f; <f, <--- <t o,(a) and §,(a) are
the functional relationships between parameters «, and §, of pth
mark and parameters a = (a;, a,, .. ., as) of the satellite; w,, and
ws, are the weights of the components of pth mark (the values in-
versely proportional to the variances of the components’ errors);
a,=(ay, ay, ..., ag) is the vector of a priori values of orbital pa-
rameters; and w,, W,2, - . . , Wqe are the weights of the components
of a, (the values are inversely proportional to the variances of the
errors of these components).

For the vectora of orbital parameters, we take the six-dimensional
vector of the elements a= (A, L, p,q,h, k), derived from the
known Keplerian elements M, a, i, e, 2, and o using the formulas

L =pa,

h=esin(w+ ), k=ecos(w+ Q)

A=Mto+Q, P = sin(i /2) cos 2

q = sin(i/2) sin 2,

where p is the gravitational constant. Vector a is referred to the
certain time f,,(t; <t,, <t,).

The components of the a priori vectora, are the averageexpected
values for GEO satellites.

Next we describe the organization of the computations, the min-
imization of the functional, and the construction of the initial ap-
proximation.

Organization of the Computations

The marks of the measurement are tested for reliability using the
a priori range of the possible variation of the parameters and the
smoothness. The marks considered unreliable are sorted out. When
the primary orbit is determined, these marks are again analyzed. In
case the rough errors can somehow (either obviously or using the

repeated request for the sensor) be corrected, the corrections are
made, and the primary orbit is recalculated.

In case the epoch to which the coordinates of the measurements
are referred to does not coincide with the epoch of the measurement,
the construction of the primary orbit includes the transformation
of the angular coordinates to the epoch of the measurement.

The initial approximation used in the minimization of the func-
tional ¢ (a) is then constructed and this algorithmis describedin the
“Determination of Initial Approximation” section. Then the mini-
mum of ¢ (a) is sought. The minimizationuses the multipassscheme,
selecting during each pass the abnormal components of all of the
marks using the normalized residuals between the measured and
assessed values. For the first pass, all of the marks are taken with
the weights calculated according to the variances of the errors. Be-
fore each next pass, the components of the marks are tested for
abnormality by comparing to the threshold c,, the squared normal-
ized residual [the respective component in ¢(a)] for the point of
the minimum, obtained for the previous pass. The weights of the
discovered abnormal components are set to zero, and the normal
components of the marks, mistakenly excluded from the previous
processing,are reintroducedinto the process by the recovery of their
weights. When the minimization shows that the weights are chosen
correctly, the passis completed. The algorithm for the minimization
of ¢(a) used at each pass is described in the “Minimization of the
Functional” section.

If the completed cycle of minimizations yields the decision (see
the “Minimizationof the Functional’section), its reliabilityis tested.
The decision is considered reliable if both components of at least
three marks have completely inscribed into the determined orbit
(in case the measurement comprises only two marks, both of them
must inscribe into the orbit) and the share of the marks acquired
during each night, for which both components have inscribed into
the orbit, exceeds the specified threshold, depending on the number
of the marks for this night.

This scheme of the computation process is close to the scheme
used for the tracking of LEO satellites> However, the specific fea-
tures of the task require a somewhatmore sophisticatedscheme. The
number of the marks is often small, and the presence of even one ab-
normal essentially results in its selection. Therefore, the following
additional operations are performed.

First, in the beginning of the minimization cycle, the high thresh-
old ¢, =10,000 is used for selection of abnormal components. If
this threshold results in the successful selection of abnormal com-
ponentsand areliablesolutionis obtained, the thresholdis decreased
10 times and the new minimization cycle is performed, etc. The last
minimization cycle uses ¢, = 10.

Second, when the described scheme does not lead to a reliable
solution, we try to obtain the solution using all of the marks but
one. The marks of the measurementare sequentially excluded from
the processing. The procedure continues until a reliable solution is
obtained.

If we still do not manage to obtain a reliable orbit, the analysis
of the initial data and the process of computation are completed.
Sometimes the changes of the parameters of the procedure or the
splitting of the set of the marks into specific parts, used separately
for orbit determination, yields the reliable solution.

The most frequent situations are the following two:

1) An orbital correction occurred within the interval of observa-
tions. The analysis of the residuals between the determined orbit
and the marks, parameters of the orbit, and the parameters of the
marks reveal such a situation. In this case, we try to determine the
orbit using the marks of each night separately.

2) The observed object has an orbit with significant eccentricity
(normally greater than 0.1), and the failure to obtain the reliable
solutionis caused by the incorrectchoice of the weights w,s and w,e
in Eq. (3). The analysis of the components ¢ (a) and the parameters
of the determined orbit can reveal this situation. In this case, the
weights w,s and w,¢ are changed (decreased), and the primary orbit
is calculated once more.

Minimization of the Functional
The algorithm was developed by Boikov. This algorithm is also
used for the maintenance of the LEO satellite catalog? A detailed
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analysisof the performanceof this algorithmis givenin Ref. 4. Here
we present only a brief description.

A combination of two classical minimization techniques, the
Newton-Gauss technique and the fastest descent technique, de-
signed specifically for the determination of orbits on the basis of
measurements (of rather general structure) is used in the algorithm.

The algorithm has three levels (0, 1 and 2). Each of the levels
uses its own technique for determination of the step. The tran-
sitions between the levels are performed following the scheme
0—1—2—0— ---- Transition to the higher level is performed
when no significant (more than 10%) decrease of the functional was
achieved at the current step.

After one step of the second level, the transition to the zero level
always takes place (disregardingthe relationshipbetween the initial
and the final values of the functional).

Iteration always starts from the zero level. Here either the Gauss-
Newton or the fastest descent (according to the step of Gauss-
Newton) technique is chosen. The descent is chosen when the
normalized step exceeds the threshold value. (Note that each of
the parameters is normalized by the maximal expected value of the
error of determination of this parameter in initial approximation.)
Otherwise, the Gauss—-Newton step is performed.In case the descent
is chosen, three steps are always performed.

At the first level, the Gauss—-Newton step is always used.

At the second level, a Gauss-Newton step is performed followed
by three descents (corrective descents).

The investigations revealed that for the task under considera-
tion, correction of the step of Gauss-Newton by several sequential
descents often assists the convergence when Gauss-Newton and
the fastest descent techniques fail to be efficient. In this situation,
the corrective descents play the following role. The level curves
of the functional have ravine structure and the long step of Gauss-
Newton leads us out of the unfortunate domain. This step switches
the process to the other side of the ravine from which we candescend
more efficiently.

At all of the levels, the magnitude of any step in the chosen direc-
tion is determined using the minimization along this direction. This
one-dimensional minimization is performed in several iterations.
The process is as follows.

The evolutionof the functional in the chosen directionis approx-
imated by a third-order polynomial. The polynomial is constructed
using four points: the values of the functional and its derivative along
this direction in the beginning and at the end of the calculated step
(of the descent or Gauss-Newton). The point of the minimum of
the polynomial is determined within the interval of the step. The
algorithmis rather simple and, in fact, can be reduced to solving the
quadratic equation.

The experiments performed demonstrated that rather often the
abrupt change of the functional along the chosen direction cannot
be approximatedby the third-orderpolynomial. Therefore, the point
of the minimum is specified iteratively using the polynomial con-
structed for a smaller interval. For the next iteration, the beginning
of the interval remains the same, and the end is the point of the
minimum of the functional for the current iteration. No more than
three such iterations are performed. The iterations stop when the
minimum is achieved at one of the ends of the interval.

The iterations for minimization of ¢ (a) are completed in one of
the following five cases:

1) The value of the normalized step of Gauss-Newton became
smaller than the threshold value and still the relative variation of the
functional does not exceed a specified value (we arrived at the point
of the minimum).

2) A specified number of iterationsis completed and the absolute
value of the functionalis lower than the threshold value (the orbit,
inscribing into all of the marks, is obtained).

3) A specified maximum number of iterations have been per-
formed, but conditions 1 or 2 are not satisfied (divergence).

4) For the fourth time, we enter the second level (we got stuck).

5)Intheprocessof theiterations,the valuesof the parametershave
significantly deviated from the a priori values, and the calculated
values of some of the parameters are outside the interval of physical
limits (we have lost the right way).

Only in the first two cases do we consider that the solution is
obtained.

Calculation of the matrix of partial derivatives of the parame-
ters of the observation with respect to orbital parameters needed
to determine the step is fulfilled using analytical formulas, taking
into account the second zonal harmonic of the geopotentialand per-
turbations from the moon and the sun. When the point for which
they must be calculated is changed, the matrices are recalculated.
A special autonomous mode for numerical calculation of the partial
derivative matrices also exists.

Determination of the Initial Approximation

The iterative process of the minimization of the functional ¢ (a)
starts with the initial approximation of the orbital parameters vec-
tor ay. The convergence of the iterative process, described in the
“Minimization of the Functional” section, depends on the accuracy
of ay.

In the primary determinationof the orbit, the satellite correspond-
ing to the measurement is usually not known, and thus the design
of the algorithm for determination of the initial approximation of
good quality is an original task.

The algorithm was developed by Boikov. This is the modification
of theknown Laplace technique,” whichinits pure formis inefficient
due to high sensitivity to the errors in the initial data.

The essence of the improvement is to gain the advantage from
the a priori data on the orbital parameters. Our algorithm uses only
the a priori data on the semimajor axis, that is, it is considered that
a = ay, where ay is constant,equal to the semimajor axis of the GEO
satellite with an orbital period equal to 1 day. Thus, the developed
technique can be used not only for the objects within geostationary
ring, but also for other important types of objects, for example, for
satellites with half-day orbital period.

The derivation of the formulas for the case p > 3, the computa-
tional aspects, and the analysis of the performance of the procedure
(for real measurementson various classes of satellites) are presented
in Ref. 4. Here we present only a brief description.

The vectorsr=(X, Y, Z) and r= (X, Y, Z) of geocentric posi-
tions and velocities, used for the determination of the orbital ele-
ments of the initialapproximation,are calculatedusing the equations

r= DDy +r,, F = DDy + DDy + F, )
where D is the distance from the sensor to the object, D, is the unit
vector of the direction D from the location point of the sensor to the
object, and r, is the vector from the center of the Earth to the point
of the location of the sensor;

The value D is the root of the equation

vi(D) + ujag —2u/r =0 (5)

where r and v are the absolute values of the vectors 7 and 7 and are
calculated using Eq. (4):

D = —[D(r,, Dy, Do) + (r,, Dy, #,)1/2(r;, Dy, Dy)  (6)

The expression (a, b, ¢) means the combined product of vectorsa,
b, and c; u is the gravitational constant; and 4, is the a priori value
of the semimajor axis. The vectors Dy, Dy, and D, are determined
in the following way. Using the pth mark, we calculate the direction
cosinesvectorD,,. Then using the vectorsD,, as the measurements,
the vectorcoefficients of the polynomialof the secondorder (in time)
are estimated. These are the vectors to be found.

In the case where only two marks are available (p = 2), parame-
ters Dy, g, 89, Do, cty, and &y of the initial approximation with the
reference time #, = 0.5(¢; + t,) are calculated using the formulas

D, = \/Dgl + R2 — 2Dy R cos ¢, cos(hy — Ag)
ag = 0.5(a; + ), )= (ay —ay)/(t — 1))
8y = 0.5(8; + &), §o=1(8,—8)/(—1)Dy=0 (1)

where o, §1, t; and «y, 8, 1, are parameters of the marks and their
epochs; Dy, is the radius of circular orbit with an orbital period
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of one day; R is the average radius of the Earth; A, and ¢, are
longitude and latitude of the location of the sensor; and A, is the
longitude of satellite projection with coordinates Doy, oo, 8.
After that, they are transformed into the orbital elements Aq, Lo,
Po» 9o, ho and kq. In case the obtained values of L, hg, and k, differ
significantly from the a priori values, they are replaced by the latter.
When only one mark is available, the initial approximation (it
plays the role of the primary determined orbit) is calculated as fol-
lows:
=38, &=0, Dy=0

Qy = oy, Qy = g,

Dy = v/ D2 + R% — 2Dy R cos @, cos(hy — Ag)  (8)

where @, is the angular velocity of rotation of the Earth.

The obtained values are transformedinto orbital elements A, Lo,
Po, 9o, ho and ko, and after that the values of L, hg, and ko are
replaced by the a priori values.

Measurement-to-Satellite Correlation

After determination of the primary orbits, the measurements are
correlated with the cataloged satellites. All of the measurementsare
subjected to this procedure including those that are correlated on-
site. (The on-site catalog may differ from the catalog of the SSC,
and, therefore, the measurements must be correlated to the catalog
once more.)

The algorithmused here differs from the algorithmused for main-
tenance of the catalog of LEO satellites. The basic rationale is as
follows:

1) The flux of optical measurements is 3-4 orders of magnitude
weaker than the flux of the radar measurements, and the number
of cataloged satellites within the geostationary ring is an order of
magnitude less than the number of LEO satellites.

2) The accuracy characteristics of radar and optical observations
essentially differ as well. The most accurate parameter of radar
observationsis the range and for optical observationsitis the angular
coordinates.

3) The character of orbital motion of GEO and LEO satellites is
also different. The most unstable atmospheric perturbations, very
important for the latter, do not affect GEO satellites. On the other
hand, the orbital maneuvers and corrections (which affect the track-
ing process) are performed by less than 0.5% of cataloged LEO
objects compared to more than 30% of maneuvering GEO satel-
lites.

The first reason allows the most accurate, but labor-consuming,
techniquesto be used for maintenance of the catalog of GEO satel-
lites. The second reason leads to differentdecision functions for the
algorithms, and the third one requires a special algorithm for GEO
satellites with corrected orbits.

The accuracy characteristics of radar and optical observations
vary overan extensiverange, thusleadingto increasedsophistication
of the algorithm.

Because active satellites maneuver different procedures are used
to correlate the measurements to active or passive satellites. (An
active satellite is one for which the evolution of orbital parame-
ters cannot be described by the accepted model of orbital motion
due to orbital corrections and maneuvers. A passive satellite is one
for which the evolution of orbital parameters is satisfactorily de-
scribed by the accepted model of orbital motion.) For time intervals
significantly longer than the interval between the neighboring mea-
surements,a passive catalogedsatelliteis characterizedby one orbit,
obtained using all of the observationaldata on the satellite acquired
within this interval. This orbit contains all of the information re-
quired for making decisions regarding correlation of measurements
to this satellite. For an active satellite, one orbit cannot provide
sufficient information because the orbit has been changed by the
maneuver. Efficient decision making for these satellites requires the
knowledge of at least one orbit between the corrections and the a
priori data on the character of the performed maneuver (the best is
the data on the time and momentum of the maneuver).

A priori we do not know which satellite (active or passive) has
producedthe measurement. Thus, each measurementis subjectedto
correlation procedures of both types. The measurement cannot be

correlated to more than one satellite of each class. When a measure-
ment is correlated to certain active and passive satellites, the final
decision on its assignment is the responsibility of the analyst.

The majority of the correlation decisions are made automatically
without the interference of the analyst into the computations. How-
ever, completely automatic performance has not yet been achieved.
Thus, some of the decisions are made by the analyst, working with
the results of the calculations performed by the automatic program.

Hereafter the passive and active satellite cases are considered
separately.

Passive Satellites

The algorithm performs the correlation of measurementsto cata-
loged satellites that were either always passive or were active only
until the time of the observation. (In case the satellite was active
before the time of measurement and after that became passive, the
orbit obtained using the measurements acquired during the passive
interval must be in the catalog.)

Denote the parameters of the primary determined orbit, calcu-
lated on the basis of measurementx, as A, Ly, Pws Gu» Hm, and
k., their time f,,, and the marks and their timing o,,;, &,,j, and #,,;,
j=1,2,..., p. The algorithm uses only one of the values charac-
terizing the accuracy of orbital parameters, the root-mean-square
deviation oy, of the error of the determination of L, which is trans-
formed into o7, the root-mean-squaredeviation of the error of de-
termination of orbital period 7. (The correlation matrix of the errors
of determination of primary orbital parameters is calculated in the
process of minimization of the functional using the Gauss-Newton
technique.)

When the orbital parameters are used, Kepler’s elements, i,,, €2,
Tx, €m, and w,,, and the longitude of satellite projection A,, are cal-
culated. Parameters of all catalogedsatellites,passive at the moment
t,, are propagated to the moment #,, and are transformed into the
same parameters as the measurement. We will denote the result i,
Q;, Ty, ey, and w,;. (We do not indicate the catalog number of the
satellite for simplicity.) The root-mean-squaredeviation of the error
of determination of the orbit of cataloged satellite is denoted or.

For the automatic mode, the decision function is as follows:

1) Preliminary correlated satellites are sought. They satisfy the
conditions

Ai = |lm - l;l < Cip, AQ = |Qm - Q.;lmodZn < CQp/i.;

AL = A = Aslmod2n < Cip, AT=|T, - T| <cp, 9)
where ¢;,, cq,, ¢;,, and cz,, the gates, are chosen to provide a
low frequency of false correlations. (The gates ¢;,, cg,, and ¢;,, are
constants; the gate for the period ¢, depends on o7, and o7,.)

2) For each of the preliminary correlated satellites, we calculate

the functional
F=Ai/c,-1+ASZ/ch+A)»/cM (10)

where ¢; |, ¢, and ¢, are constants. The measurementis finally as-
signed to the preliminary correlated satellite corresponding to min-
imal value of F.

Active Satellites

The algorithm correlates the measurements to the satellites that
were active before the time of observation. The characteristicfeature
of the algorithmis takinginto accountthe data on the correctionsfor
each satellite individually. Almost all of the active satellites perform
orbital corrections to keep the satellite longitude position within
certain limits (different for different objects). For some objects, the
direction to the satellite from a specific point on the surface of the
Earth is also kept within certainlimits during requiredtime intervals.

For the preliminary correlation of the measurementx performed
at t,,, for each cataloged satellite two orbits of orbital data from
the archive are used [for each satellite, the archive of orbital data
includes the orbits determined using all of the measurements, cor-
related to this satellite and also the orbital data, acquired from other
sources (data from other sensors or space monitoring systems, etc.)]
for which timing#,; andt,, satisfy the conditiontiming#,; <1t,, <t,,.
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(In case there are no orbits satisfying #,; > f,, in the archive, two
identical orbits are taken.)

The elements i,,, 2,,, and 7,, and the longitude of satellite pro-
jection X, are calculated using the measurement, and on the basis
of both archived orbits, we determine parameters i, s, Ts1, T2,
Ast, and Ay, without propagation and parameters iy, i52, $2,1, and
Q,, propagated to the time t,,.

For the automatic mode, the decision function is as follows:

1) Preliminary correlated satellites are sought; they satisfy the
conditions

AL = min(l)‘a;l - )‘fmlmodva |)‘f.;2 - )‘fmlmod2n) < Cra
AQ = min(lg.;l - lemodva |Q.;2 - Qm|m0d2n) < CQ(l/i.)‘

Ai = min(li.;l - lmlv |i.)‘2 - lml) < Ciq

Ai = min(li.;l - lmlv |i.)‘2 - lml) < Ciq

AT = min(|T5; = T, |, T2 = Tul) < €74 an

where the first condition for i is tested only for those objects that
maintain the inclination close to a specified value (normally, near
zero) and the second condition is for active satellites that do not
maintain the inclination (for these satellites, the evolution of this
parameter is the same as for passive objects); €, Cia, Caa, and ¢z,
are the threshold values; c¢;, depends on the inclination; and ¢y,
depends on or,,, o751, and o7;.

2) For each preliminary correlated satellite, the functional is cal-
culated. The equation is similar to Eq. (10). However, the constants
Ci2, Can, and ¢, are different.

3) The final correlation of the measurements is completed only
when the preliminary correlation of all of the measurements ac-
quired during the considered observation session of the sensor is
completed. The decision making procedure is more sophisticated
than the procedure used for passive satellites. This procedure coin-
cides with the decision function used for correlation of Russian and
American catalogs of LEO satellites® We select the groups of mea-
surements and objects, characterized by the following properties:
1) each measurement of the group of measurement correlates to at
least one satellite from the group of satellites, 2) each satellite from
the group of satellites correlates at least to one measurement from
the group of measurements, and 3) each of the groups has minimal
possible size.

The process of correlation with the group starts from the pair
object-measurement, characterized by the minimal value of func-
tional (10). The relevantcorrelationis completed, and this pairis ex-
cluded from further consideration.For the remaining measurements
of the group, the process continuesuntil either no uncorrelated mea-
surements remain or each satellite of the group has obtained the
measurements correlated with it. In the latter case, the remaining
measurements are considered uncorrelated.

Regarding the described decision procedure, it is expedient to
note the following. For passive satellites, a more simple procedure
is used. It is efficient because the orbit determination and propaga-
tion errors (for the moment of the observation) for passive satellites
virtually always are smaller than the distance between them.

For active satellites, the situation is different. The lack of com-
plete information on the performed correctionsleads to errors in the
determination of their parameters (for the time of the observation),
which are sometimes comparable or even exceed the distances be-
tween close active satellites. In this case, the decision procedure
for active satellites provides better quality of the decision. For the
most accomplished cases, when the alien satellite is closer to the
measurement than the own one, the correctdecisionis possible only
on the basis of either the data on the time and momentum of the
performed corrections or additional information. The additional in-
formation here means the brightness curves of the satellite, which
can be acquired by some optical-electronic sensors during the ob-
servation sessions. Currently, some stations already use these types
of data in the correlation process.

Our work considers only the issues of track measurements pro-
cessing. The issues of processingnontrack data are beyond the scope
of the work and must be subjected to special investigation.

Note that sometimes the measurement is produced by an active
cataloged satellite, but the correct correlation decision cannot be
achieved. In this case, the measurement, as a rule, becomes uncor-
related and enters the preliminary tracking process. This is charac-
teristic for the situations when the measurement is acquired after
the performed maneuver and the data on the maneuver are lacking.
The maneuver may be performed, for example, to transfer the satel-
lite to another point of the GEO ring or to the graveyard orbit after
the end of the active mission. Compared to correction, the momen-
tum of the maneuver is significantly greater, and the gates, used for
measurement-satellite correlation, are not suitable for such events.
The technique of measurement-satellite correlation for this case is
described in the “Preliminary Tracking” section.

Interactive Mode

To complete this section, we will discuss the issues of the capa-
bilities of the interactive mode used for autonomous operations.

Autonomous works with participation of the analyst are per-
formed in the situations in which the automatic procedures fail to
produce decisions on measurement-satellite correlation with suf-
ficient quality. The decision to carry out these works is made on
the basis of the analysis of the calculations, fulfilled by automatic
programs.

Autonomous works are carried out in the following situations:
1) the measurement is not correlated in the automatic mode; 2) the
measurement is correlated to two satellites (passive and active);
3) correlation of measurements, obtained in the SSC, contradicts
the correlation performed on-site; 4) the measurementis correlated
to the satellite of preliminary tracking stage; 5) the residuals be-
tween the measurement and the orbit of the satellite, to which it
is correlated, are too great; 6) the measurement has low accuracy,
for example, comprises only one mark, or includes the marks that
did not inscribe into the orbit, generated on their basis; and 7) no
orbit is generated using the marks of the measurement. Note that,
for situation 4, the measurements with different satellite numbers
for the sensor are identified with one and the same satellite of the
SSC catalog, or the number of the real satellite, for example, the
international designator, is different from the number, determined
by the SSC.

In general, the algorithm of preliminary correlation for the in-
teractive mode is similar to the procedure used in the automatic
mode.

The specific feature is that the values of the gate constants in
Egs. (9) and (11) can be chosen by the analyst, and their default val-
ues are greater than for the automatic mode. The analyst, having the
residuals in all of the parameters displayed on the monitor together
with the accuracy characteristics of the orbit and the measurement,
makes the final choice of the satellite correlating to the measure-
ment. In addition, at the request of the analyst, the mode of working
with individual marks can be switched on. (This mode requires sig-
nificant CPU time and, therefore, is recommended only for single
marks and also for the measurements for which the automatic corre-
lation failed.) This procedureis not availablein the automatic mode.
In this mode, the decisions are made for each mark separately. The
certain mark is preliminary correlated to the satellites for which the
following conditions are satisfied:

Aa = |oy; — Agjlmodzr < Ca

[8mj — 85j1 < €51 + Cso(Aat)islmj — 8551 < €51 (12)
where «,; and §;; are the result of propagation to the time #,,; (of
the catalog orbit for passive satellites or the archived orbits for ac-
tive satellites with subsequenttransformationinto parametersof jth
mark); &;; is the result of propagation of satellite orbit to the time,
closest to f,,;, for which the calculated value of parameter « coin-
cides with a,,,;; and ¢, ¢y, and ¢4, are constants. The final decision
is made by the analyst.

As the result of autonomous work, the measurement either be-
comes correlated to a certain satellite, or remains uncorrelated. [In
case the decision is based on the individual marks of the measure-
ment, different decisions are possible for different marks. Some of
the marks may become correlated (and correlationto one satellite is
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not obligatory), the others remain uncorrelated.] The uncorrelated
measurements (marks) participatein preliminary tracking described
in the “Preliminary Tracking” section.

Orbit Updating

The correlated measurement is recorded in the archive of data on
the object: the orbit in the archive of orbits and the marks in the
archive of marks. After that, the orbital parameters of the satellite
are updated.

The functionalminimized in the process of orbitupdatingis close
to the functional used for updating of LEO orbits. However, the
minimization procedure is essentially simpler. The explanation is
as follows. On one hand, for the objects in GEO, the instability of
the perturbationsof the orbital elements and the predictionerrors are
significantly smaller. This situation makes the problemof estimating
the orbital parameters more linear and, thus, more simple. On the
other hand, the abnormalitiesin optical measurements are more rare
than in radar measurements, and thus the procedure used to reveal
them can be more simple.

Functional for Minimization
Parameters of the updated orbit minimize the functional

M
®@ =y lx, -
p=1

fr @)K, +K,)""[x, — f,(@)]

N
+ Y 14, — a,@] (Ko, +Ka,) ' Ta, — a,(@)] (13)
g=1

where X, X,,...,X) are optical measurements with timings
tyy <ty, < -+ <tyn correlated to a specific object; f,(a) is the
functional relationship between parameters of the observation X,
and parameters of the satellitea; (K,);; = (r 08i; where §;; =0 for
i#jandg; =1 fort =J and(r 1sthe mean  square ¢ ofthe error of
ith component X, i, j=1,2,...,6. Also (K);; =62 .0i;, where
&fp 1sthemeansquareofpredrctmgtheorbrtforthetrmetpm (forpa-
rameter of ith componentof X,), i, j=1,2,...,6;a,,a,...,ay
are the orbital parameters acquired from other sources with timing
ty <ty <,..., <tyys;a,(a) is the functional relationship between
parametersa, and satellite parametersa; K, is the correlationma-
trix_of the errors for a,, structurally similar to K,; K, is similar
to K,; and superscripts / and —1 denote matrix transposition and
inversion, respectively.

Let us discuss the choice of the parameters of functional (13)
in the automatic mode. Measurement parameters vector X, is
a six-dimensional vector (Dp, a,,d,, Dp,ocp, 8,), resulting from
the orbit determination using the marks of the measurement.
The orbital parameters vector a is a seven-dimensional vector
a=0O,L,p,q,h,k,s), where A, L, p, q, h, and k are orbital ele-
ments (see the “Primary Determination of Orbits” section) and s is
the average coefficient of light pressure. Vector a is referred to the
time max(fuy ., tys)-

The variances of the errors o2 . of the components of each mea-
surement are obtained in the process of minimization (along with
determinationof the primary orbit). Certain constantspose the lower
limits for the calculated values for all parameters of the measure-
ment[diagonalelementsof the matrix inverseto the matrix of second
partial derivatives of functional (3)]. The variances of errors in the
components of a, (diagonal elements of matrix K,, ) are constants,
chosen empirically for each data source individually.

The diagonal elements of matrices K, and K, , which character-
ize predictionerrors, were also chosenexperimentally. The residuals
between the observedand calculated using the updated orbit param-
eters for various cataloged satellites were the basis for the analysis.
The result of the analysis is specific functions, chosen for all of
the parameters. These functions are expressed by a combination of
polynomials, are equal to zero for the zero propagationinterval, and
donotdecrease with the increase of propagationinterval. The orders
of the polynomials for parameters D, §, D, &, and § do not exceed
the first and for parameter « the second.

The time interval At = max(ty,,, tys) — min(ty,,, t;;) used to re-
trieve the orbits of passive satellites from the archive is 500 days.

For active satellites, the updated values of the orbital parameters are
the parameters of the last orbit from the archive.

Minimization of the Functional

The classical Gauss-Newton technique is used for minimization
of functional (13). This technique implies that one iteration must
be performed in search of the minimum of Eq. (13). The updated

vector of orbital parameters a,, is calculated using

a,, = a, —[@0@,)] " do@,,) (14)

where a, are orbital parameters, obtained after the last updating,
predicted (extrapolated) to the time max(#y,,, ty,) and d®(a,,) and
d’®(a,,) are gradient vector and the matrix of the second partial
derivativesfor the minimized functional ® (@) in the pointa ,,, which
are equal to

prs

M
d®(@,) =— Y _df,(@,) K, +K,) [,

p=1

- fp(upr)]

N
1
+ Z duq (upr) Kaq + Kaq) [uq - uq (upr)]

qg—1

M
Coa,) =Y df,@,) K, +K,)"df,@,)

p=1

—1
+ Zda,,(ap, ) (K., +K.,) " da,(@,) (15)

g=1

[Note that, in the formula for d*®(a,,), there is no account of
the terms comprisingresidualsx, — f,(a,,) anda, —a, (a,,).] The
matrices df,(a,,) and da, (a,,) of the partial derivatives of param-
eters x,, and @, with respect to parameters a are calculated using a
finite differences technique.

Automatic Mode

Here we discuss the organization of the computation process for
orbit updating in the automatic mode.

Before updating, the weights of the components, that is, coef-
ficients of the squares of the residuals in ®(a), are chosen for x,
and a, (we will call them measurements). This is performed in the
following way.

We selectthe components of the new (not previously participated
in orbit updating) measurements that have significant errors, com-
pared to the thresholdsof the input residuals [the residuals, obtained
before updating, in distinction from the output residuals, obtained
after minimization of @ (a)]. The weights of the selected compo-
nents are nullified. The other components of the new measurements
participate in the minimization with their weights calculated using
Eq. (13) assuming that they are not abnormal.

All of the old (previously participated in the updating) measure-
ments are used with the weights obtained after the previous updat-
ing, thatis, the weights of the components of the measurements that
were characterized by significant residuals during the last updating
are nullified.

After that, the updating is performed using the algorithm de-
scribed in the "Minimization of the Functional” section. The ob-
tained result is tested for reliability. The solutionis considered reli-
able when at least three measurements, including at least one new
have inscribed (have acceptable residuals for all parameters) into
the orbit.

If the new measurementsdid not inscribeinto the generated orbit,
an attempt is made to construct the updated orbit for smaller time
interval (150 days).

When all of the performed operations have failed to produce a
reliable orbit, the autonomous work using interactive mode of the
updating program is performed.



960 KHUTOROVSKY

Interactive Mode

In this mode, the inputresiduals between the last reliable updated
orbitandthe orbits fromthe archive with theirtimings and accuracies
are displayed for the analyst.

On the basis of these data, the analyst chooses the measurements
to calculate the updated orbit and the weights of the individual com-
ponents of these measurements. Note that there are no limitations
on the choice of the weights. In particular, the chosen values of the
weights may correspond to the weights, characterizing the orbit,
obtained using one mark (equal to zero for all components of the
measurement except o and §). The time interval for the measure-
ments selected for orbit determinationis not limited.

When the updating is completed, the output residuals are dis-
played instead of the input ones. Analysis is performed again. If the
analyst considers that the updated solution is better than the initial
one, this solution can be introduced into the catalog instead of the
old updated orbit. Then the process of selecting the measurements
and setting the weights can be resumed.

In the course of these works, the analyst can make a decision
that some of the measurements are alien, that is, produced by other
satellites. These measurements are removed from the archive of
the object and are recorded in the catalog as uncorrelated. Their
further processing is quite similar to the processing of other uncor-
related measurements (see the “Interactive Mode” section and the
“Preliminary Tracking” section).

Planning of the Observations and Calculation
of Target Indications

This algorithm has no analog in the maintenance of LEO satellite
catalog because there is no control of radar sensors emanating from
the SSC. For several reasons, currently this algorithmis not worked
out completely. Thus, the share of autonomous work is rather sig-
nificant here.

The planning of measurements is performed by the analyst. The
principles of planning the observations for the purposes of GEO
monitoring are as follows: 1) For passive satellites with an accu-
rately determined orbit, maintenance of tracking requires 1-2 mea-
surements satisfying the requirements of the SSC measurements
per year. 2) For passive satellites when the orbit is not determined
sufficiently accurate, the measurement is needed when the calcu-
lated value of the error of position determination is comparable or
exceeds the maximal acceptable error of target indication. 3) For
active satellites, the measurements are needed for the times when
the change of the longitude of satellite projectionor the orbital plane
exceeds the usual limits for the satellite. Such situationsoccur when
maneuvers are performed to transfer the satellite to the other orbit
or to the point within GEO.

In addition, the observationsare planned when launches or emer-
gency situations occur. The purposesof satellite identification using
nontrack data are also taken into account.Plans are prepared for each
sensor individually taking into account the schedule of the works
conducted on the site. Planning the work of a specific sensor, the an-
alystuses the data on the informational capabilities of this sensor, in
particular,operationmode (photoor optical-electronic), penetrating
capability,capacity,and a set of other factors,importantfor the work.

Selection of the satellites is performed on the basis of the catalog
of the objects that will reside in the field of view of the sensorduring
the anticipated interval of observations. This catalog is called the
partial catalog. The satellites in the partial catalog are prioritized
accordingto the mentioned principles. Priorities of different groups
of satellites may be different for different works, and, therefore, the
analyst can choose the class of objects related to the particular job
(for example, only active satellites with some properties or passive
satellites with poor accuracy of current orbit determination).

The following types of data on the selected objects can be for-
warded to an optical-electronic sensor: either target indications for
individual satellites or partial catalogs for certain space domains.
Photosensors receive the spatial zones where the required (for the
SSC) satellites reside. (The SSC may not need all of the satellites
within these zones. However, under the favorable conditions the
sensor will acquire the measurements on all of the objects present
in the photoplate.)

Let us discuss the algorithm for the calculation of the target in-
dications and partial catalogs. For passive satellites, the algorithm
is reduced to propagation of the parameters of the satellite and the
required transformationinto agreed form. For active satellites, the
propagationis also fulfilled, but the obtained values of parameters A,
p, and g are replaced by the values providing that the longitude of
satellite projection A and orbital inclination i for the time of the
gbservatiog t,, will be equal to anAticipatgd for this satellite values
A(t,,) and i(t,,). The estimations A and i are obtained using aver-
aging or approximating of the archive data. Averaging is used for
the inclination of those satellites that maintain it; approximation is
used for longitude of satellite projection for all active objects. It
is considered that the function A(¢) describing the evolution of the
longitude of satellite projection for the moments of passing through
the perigee is continuousand can be represented as the composition
of linear functions within certain intervals.

Preliminary Tracking

After the processing of the measurements, some may still not
be correlated with the cataloged satellites. These measurements are
incorporated into the catalog as new objects for which the process
of preliminary tracking begins.

In the course of preliminary tracking, the object is under the
permanent control of the analyst. This analysis may lead to the fol-
lowing decisions: 1) the objectis identified with the satellite already
presentin the catalog, 2) the objectis considered unreliable and is
removed from the catalog, and 3) the object is accepted as a new
one not previously cataloged.

In the latter case, satellite identification must be fulfilled, thatis,
its origin (international designator) must be determined. Then the
preliminary tracking is finished and the satellite is transitioned to
regular tracking, for which the basic aspects are described in the
“Primary Determination of Orbits” through the “Planning of the
Observations and Calculation of Target Indications” sections.

The preliminary tracking of a satellite may last as long as several
years. Let us consider the operations of the analyst.

The interactive program, calculating the approaches of the satel-
lite to any cataloged object within a specified time interval, is used
for identification. The principles of such a program are described
in Ref. 9. The results of the calculations sometimes result in orbital
identification for the cases of maneuvers, even when the data on the
maneuver are not available.

When any data received and processed by the SSC can influ-
ence (according to the analyst) the destiny of a preliminary tracked
satellite, an attempt to identify this object with the other ones is
made. The interactive version of the measurement-satellite corre-
lation program is used. Sometimes the attempt is successful. Let
us consider a typical situation. The SSC received a measurement
on the satellite that performed a maneuver. The measurement is re-
ceived at the time when the satellite is already rather far (regarding
the longitude) from the point of its residence before the maneuver.
For the moment of processing this measurement, no information on
the maneuver was available for the SSC. Thus, the measurement
remained uncorrelated. Some time later, the SSC receives the data
on the maneuver. Then the repeated run of the correlation program
in interactive mode leads to the required identification.

Target indications are forwarded to the optical sensors on pre-
liminary tracked satellites to confirm the existence of the satellite
in orbit. In case we are unable to identify the object with the cat-
aloged satellites, but its residence in orbit is confirmed by at least
two sensors, the objectis considered to be a new satellite.

We will not discuss the procedures used for complete identifica-
tion of new satellites because rather often their essence is not within
the scope of orbital monitoring. We will just note that for satellite
identification the nontrack data of optical sensors are used as well
as the data on satellite coordinates. The data from other sources of
information are used also.

Results of Trial Operations
We will now consider some of the results obtained during testing
and trial operations of the described complex of the algorithms for
orbital monitoring of GEO satellites.
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Table 2 Orbit determination and prediction errors

tpr, days kos, °(km)  kos,°(km) koo, °(km)
0-100 0.016 (10) 0.035(22) 0.050(32)
100-200 0.015(9.5) 0.033(21) 0.047 (30)
200-300 0.016 (10) 0.035(22) 0.058 (36)
300-400 0.014 (8.8) 0.031(20) 0.065 (41)
400-500 0.019(12) 0.047 (30) 0.085 (54)
500-600 0.038 (24) 0.090 (57) 0.17(110)
600-700 0.052 (33) 0.14 (88) 0.22(140)
700-800 0.080 (50) 0.18 (110) 0.32(200)
800-900 0.10 (63) 0.27 (170) 0.40(250)
900-1000 0.13(82) 0.30(190) 0.43(270)
1000-1100 0.16 (100) 0.39 (250) 0.62(390)
1100-1200 0.20 (130) 0.49 (310) 0.70 (440)
1200-1300 0.22 (140) 0.50(310) 0.75(470)
1300-1400 0.26 (160) 0.60 (380) 1.0 (630)

1400-1500 0.30 (190) 0.70 (440) 1.3 (820)

1) Real errors of orbit determination and propagation are the
basiccharacteristicsbecausethey determinethe overall performance
of the catalog maintenance algorithm and the characteristics of its
components.

The techniqueused for assessmentof the real errors of orbit deter-
mination and predictionis as follows. For each passive satellite, the
residuals between its last updated orbit and all of the archive orbits
were calculated for an interval of 4 years. The distributionsof these
residualsfor all passive satellitesin the catalog were constructed for
15 propagationintervals 7, (0-100 days, 100-200 days, etc.). The
quantities for the distributions of absolute values ks, kg g, and kg o
were calculated for the levels 0.5, 0.8 and 0.9. Table 2 presents the
results for the parameter A. Note that this is the upper estimation
of the real errors along the track of a satellite, that is, the maximal
errors in determination of the predicted position of the object. With
the increase of propagationinterval, this estimation approaches the
estimation of real errors. One can see from Table 2 a) for prediction
intervals up to 500 days, the errors of position determinationdo not
exceed 1’ (12 km in linear values) for 50% of cases, b) for prediction
intervalsup to 1500 days, the errors do not exceed 0.3° (190 km) for
50% of cases, and c) for 80% (90%) of cases, the errors are 2-2.5
(3-4) times greater than for 50% of cases.

2) The main characteristic of the program of primary determi-
nation of orbits is the percentage of measurements from which the
reliable orbit can be generated. Now we have achieved virtually
100% level for automatic production of reliable orbits on the basis
of measurements of optical-electronic sensors. For the photosen-
sors, this parameter is lower. The major obstacle is the presence of
marks from different objects in the measurement.

3) Correlation of measurements with the cataloged satellites is
characterized by the share of the correlated measurements. The re-
sults of data processingin 1997 yield that 91% of satisfactory mea-
surements are correlated automatically, and an additional 7% of
these measurements are correlated using autonomous work. Thus,
approximately 2% of satisfactory measurements become uncorre-
lated. The measurementis consideredsatisfactoryin case it contains
not less than two marks within the interval not less than 2 min and
the reliable orbit was generated on its basis. When only this mea-
surementis used, it is possibleto determinenot less than four orbital
parameters out of six with accuracy, sufficient for catalogization.

4) The majority of the uncorrelated measurements are either of
low accuracy (all of the marks are acquired within the interval shorter
than 0.3 h or there are only two of them) or are generated by the ob-
ject whose parameters do not satisfy Eq. (1). These measurements
are then removed from the catalog. Four uncorrelatedmeasurements
acquired in 1997 are left in the catalog as preliminary tracked ob-
jects. All of them still (September 1998) remain in this position.

Conclusions

1) Development of the complex of algorithms for maintenance
of the catalog of GEO satellites incorporated all of the experience
of solving this task for LEO satellites. Thus, a simple and efficient
system was created.

2) The initial data, that is, the characteristics of the sensors and
the satellites, determine the structure of the catalog maintenanceal-
gorithms. The most important are the following distinctive features

of the initial data for GEO objects: a) optical principle of data ac-
quisition, b) possibility to control the sensors from the SSC, ¢) low
average density of GEO satellites and the flux of measurements,
d) small effect of unstable perturbations on the motion of satel-
lites, and e) significantly greater number (absolute and relative) of
satellites performing orbital maneuvers and corrections.

3) Similar to the LEO region, several essential limitations for the
range of observed parameters, the rate and accuracy of the observa-
tions exist for GEO satellites as well. Therefore, the catalog mainte-
nancealgorithmuses all availabledata thatare storedin the historical
archives, and, thus, the informational losses are not too high.

4) The employed program for predicting the motion of passive
satellites of the GEO domain has acceptableaccuracy characteristics
and very high computation rate. Thus, the process of tracking and
detection was essentially simplified compared to similar process for
LEO satellites.

5) The specific features of initial data led to the increased, com-
pared to LEO satellite data processing, share of autonomous works
using interactive modes. This is especially characteristic for the de-
tection process, which, in fact, is performed autonomously. This
mode is also used for satellite tracking when orbital maneuvers
occur. Planning of the work of sensors and calculation of target
indications also includes manual operations. We hope that in the
future the work with the sensors will be performed automatically.
At present, it is not possible due to several issues not related to the
scope of the present paper.

Acknowledgments

The author expresses his thanks to his colleagues, Candidate
Technical Sciences Lead Scientist V. F. Boikov, Lead Engineer-
Mathematician A. V. Testov, and Lead Engineer-Programmer V. L.
Smelov for participationin developmentand implementation of the
software complex for maintenance of the geostationary-Earthorbit
satellitecatalogin the Space Surveillance Center (SSC). Also thanks
are extended to many specialists of “Vympel” Corporation, SSC,
SRC “Cosmos,” Council for Astronomy of Russian Academy of
Sciences, and the optical stations who participated in the testing,
trial operations, and regular work of the complex. Lack of their
advice and assistance would have made this work impossible.

References

‘Khutorovsky, Z. N., “Satellite Catalog Maintenance,” Space Studies,
Vol. 31, No. 4, 1993, pp. 101-114 (translated from Russian).

2Khut0rovsky, Z. N., Boikov, V. F.,, and Pylaev, L. N., “Monitoring of
LEO Satellites,” Near-Earth Astronomy (Space Debris), Russian Academy
of Sciences Council for Astronomy, Moscow, 1998, pp. 34-101 (in Russian).

3Batyr, G., Veniaminov, S., Dicky, V., Yurasov, V., Menshicov, A., and
Khutorovsky, Z., “The Current State of Russian Space Surveillance System
and Its Capability in Surveying Space Debris,” Proceedings of the First
European Conference on Space Debris, 1993, pp. 43-48.

4Boikov, V. E., Makhonin, G. N., Muratov, Y. Y., Sbytov, N. N., Testov,
A. V., Khutorovsky,Z. N., and Shogin, A. N., “Implementation of the Least
Squares Technique for Primary Determination of Orbital Parameters of High
Orbit Satellites on the Basis of Optical Measurements Acquired in Scanning
Mode,” Observations of Artificial Space Bodies. Observations of GEO Satel-
lites, No. 85, USSR Academy of Sciences Council for Astronomy, Moscow,
1990, pp. 132-140 (in Russian).

5Boikov, V., Testov, A., and Khutorovsky,Z., “Prediction Procedures for
Near-Geostationary Orbits, Used for Satellite Catalog Maintenance,” Pro-
ceedings of the 4th US/Russian Space Surveillance Workshop, U.S. Naval
Observatory, Washington, DC, Oct. 2000.

%Boikov, V., Khutorovsky, Z., and Testov, A., “Experimental Assess-
ment of the Feasibility of the Prediction Procedure for Geostationary Or-
bits in Case of Long-Term Predictions,” Proceedings of the 4th US/Russian
Space Surveillance Workshop, U.S. Naval Observatory, Washington, DC,
Oct. 2000.

7Subbotin,M. F., Introductionto Theoretical Astronomy, Nauka, Moscow,
1968 (in Russian).

8Menshicov, A., Batyr, G., Khutorovsky, Z., Veniaminov, S., Smelov, V.,
Dicky, V., Kamensky, S., Yurasov, V., and Makhonin, G., “Correlation
of Satellite Catalogs, Maintained by Space Surveillance Systems of USA
and Russia,” Proceedings of the Navspacom/Russia Orbit Determination
and Prediction Workshop, U.S. Naval Observatory, Washington, DC, 1994,
pp. 82-99.

9 Khutorovsky,Z. N., Boikov, V. F., and Yu. Kamensky, S., “Direct Method
for the Analysis of Collision Probabilities of Artificial Space Objects in LEO:
Techniques, Results and Applications,” Proceedings of the First European
Conference on Space Debris, 1993, pp. 491-508.



