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In the course of processing of radar data with the aim of satellite catalog maintenance a share of
measurements does not correlate with cataloged and tracked satellites. These measurements can be
used for detection (primary orbit determination) of new unknown objects. The work briefly describes
the theoretical foundations and algorithm for solving this task. The characteristics of the algorithm
are investigated using mathematical simulation. The efficiency of the suggested method (regarding
characteristics of time efficiency and reliability of detected orbits) is demonstrated using the case of
satellite break-up in near-circular orbit with insignificant atmospheric drag.

1. INTRODUCTION

The task of detecting of unknown satellites is a part of the general task of satellite catalog maintenance.
The theoretical foundations and the description of the algorithm for solving this task used by Russian
Space Surveillance System (SSS) are presented in [1,2]. Some practical results are presented in [3].
However, the orbit detection (primary orbit determination) problems are still a subject of interest for the
specialists dealing with processing of significant data fluxes in real time. The recent collision of Kosmos-
2251 and Iridium-33 spacecrafts which generated more than 1300 fragments observed by US and Russian
space surveillance networks gave additional impulse of interest to this problem. This paper presents certain
plausible considerations forming the basis for more strict foundations for the algorithm used in Russian SSS
and gives the brief description of the algorithm itself.

The break-ups of tracked satellites are the most severe challenge for orbit detection procedures which most
explicitly reveal their features. The most interesting are the characteristics of time efficiency and the relia-
bility of primary determined orbits. The paper suggests to evaluate these characteristics using mathematical
simulation of the processes of satellite break-up and the acquisition of radar measurements produced by
the fragments. We describe the algorithm used for simulation of radar measurements of the fragments of
disintegrated satellite. The algorithm accounts of the basic factors which influence the characteristics of
interest.

The catalog maintenance algorithm includes two major processes permanently interacting with each other:
detection and tracking. !> Only the consideration of these processes in their interaction can lead to reliable
assessment, of the characteristics of detection. We briefly describe the joint detection-and-tracking algorithm
used in the simulation procedure.

The work presents the results of the simulation of the operation of the detection-and-tracking algorithm for
the break-up of a satellite in near circular orbit with insignificant atmospheric drag with altitude about 800
km. This was the altitude where the collision of Kosmos-2251 and Iridium-33 occurred in February 2009.
We demonstrate that the described algorithmm has rather high efficiency. It is demonstrated as well that the
characteristics of time efficiency and reliability of determined orbits significantly depend on the density of
the observed break-up fragments.



2. DETECTION ALGORITHM

2.1 Task setting and the used method

The measurement hereafter is the six-dimensional vector of positions and velocities in the radar coordinate
frame range, azimuth, elevation angle (RCF), which is the result of "smoothing” of unit measurements *
of radar coordinates within one pass of a satellite through the radar field of view (normally not more than
50-100s).

In the course of processing the radar data for catalog maintenance a share of measurements does not correlate
with already cataloged and tracked satellites. These non-correlated measurements participate in the detection
(primary orbit determination) of new (not cataloged) satellites. The satellite is considered newly detected
in case it is missing in the catalog and the primary orbit determination on the basis of non-correlated
measurements provides the accuracy sufficient for reliable correlation of future measurements. We will call
this detection condition.

The group of non-correlated measurements will be called complete, if all the measurements of the group
belong to one satellite and the orbit generated on their basis satisfies the detection condition.  There is
always a temptation to use as the initial orbit of a not known satellite the orbit based on one non-correlated
measurement, since one measurement always belong to one satellite.  If after incorporating into the catalog
as a new satellite this orbit always started the process of stable automatic tracking this simplest algorithm
would have been the most efficient solution of the detection problem. This would be the case if the errors
of the velocity components of the measurement vector have been less than 1my/s. However, for Russian and
US radars these errors are of 1-3 orders of magnitude greater [4,5]. Thus the simplest scheme of detection
based on one measurement can not be enough efficient.  Detection of new satellite requires accumulation of
several measurements,

Two measurements with distance of one revolution or more usnally provide enough accurate primary orbit
determination, sufficient for good quality of selection of other measurements. However, rather often we can
hardly say that two measurements belong to one satellite with probability close to 1. After a multi-element
launch or satellite break-up this situation is typical, since two measurements on two elements with significant
errors in velocity components may "inscribe” into one orbit good enough.  Therefore, two measurements
often do not constitute a complete group.

Three measurements in different revolutions have much more chances to form a complete group, since
connection of three measurements for different revolutions and generated by different satellites into one orbit
is a much harder task than doing this for two measurements.  Thus it is hardly probable to unite in one
orbit three measurements among which the two boundary ones (regarding time reference) arve generated by
one satellite and the middle one by another. This is due to the fact that the error of determination of the
position by the time of the middle measurement, calculated using the orbit based on the boundary ones,
for the observations in close latitude arguments is of the order of the error of position determination for the
time of boundary measurement. Certainly, we ean not state for sure that three measurements generated
by different objects can not be bonded into one orbit.  If the boundary measurements belong to different
elements of a break-up they are often united in one orbit and the measurement on some third element may
by chance inscribe into this orbit. However this situation is realistic only for the first phase of a break-up
when a part of observed fragments have not separated enough and fly within one "tube™.  Further this
becomes less probable.

Thus, the minimum possible size of the complete group of radar measurements in not less than three. That
is why the primary orbit determination algorithm looks for three non-correlated measurements for different
revolutions for which we can find the orbit inscribing into them. Inscribing of the measurements into the
orhit means that the residuals between them are the evaluations of the errors of the measurements and
prediction and thus do not contradiet with the models of these errors. In case the triplet of measurements
and the orbit inscribing all the measurements of the triplet is generated we make an attempt to inscribe other
non-correlated measurements into this orbit. If we do find some, the orbit is updated and the attempt is
repeated until no non-correlated measurements inscribes into it. The primary orbit determination algorithm

* acquired during one pulse,



based on exhaustive search of triplets is rather laborious. Therefore only relatively high efficiency can justify
its use in practice.

The initial information for decision making is the set of non-correlated measurements M,,,. Here we can
find measurements on:

1. Objects newly arrived in space due to launches, separations, break-ups.
2. Ohbjects previously tracked but lost due to long gap in observational data.

3. Objects new to the space surveillance system which exist in orbit for a long time but have not been
observed.

4, Tracked satellites in the case of incompliance of the actual errors of the measurements with the models
accepted in the measurement correlation process.

5. Phantom objects generated at the sensor by detection of new orbit based on noise marks.

The measurements arriving in M, due to first three causes constitute the set My,. They contain useful
information needed for solving the detection task., The last two groups of measurements constitute the set
Mi.. These measurements form the interfering background for the primary orbit determination process.
We are not indifferent to the share of measurements M, in M,,, since the major characteristics of the
algorithm: probability of missing the detection, frequency of false detections, time efficiency depend on it.
We will assume that this share is insignificant.

Being part of the catalog maintenance software complex the primary orbit determination code runs periodi-
callv in real time scale. Thus the set M, can be divided into two parts: M and My, The set Mo,
comprises previously arrived (old) measurements for which the detection procedure have already run and
which were not included into the orbits generated previously. The set My, comprises the newly arrived
measurements which have not vet participated in the detection process. Let for the new measurement
Xpew, which will be called the reference one, we decided to run the detection computer code. Then the
sequence of data fusion is as follows:

1. preliminary selection of triplets containing the measurement ..,
2. generation of the primary orbit for the selected triplet;

3. selection from M,,, the measurements inscribing into generated orbit and updating of this orbit by the
selected measurements;

4. check of reliability of the updated orbit.

If in the process of the enumerative search we manage to generate the orbit satisfying the reliability criteria,
the search with participation of the measurement x,., as a reference one is finished. The reference
Measurement. Xqe, 18 changed by the other new measurement from M, and the process of the enumerative
search starts again.*  Note that in the selection of the new triplets the measurements included into the
already generated orbit do not participate. This process keeps running until all the measurements from
My, are processed.

The measurements of reliable orbits are taken away from M, and the orbits are forwarded to identification
with already cataloged satellites.  If no identification takes place the new satellite is incorporated into the
catalog, which starts participation in the general tracking process. The newly acquired measurements are
correlated with the orbit and the orbit is updated. The lurther sub-sections briefly describe the basic parts
of detection algorithm formulated above.

2.2 Preliminary selection of triplets

The number of measurements simultaneously present in the array M, is counted by thousands [3]. The
search of the triplets of measurements constituting a complete group is not an easy task for such an array,
since the number of possible combinations of three measurements including the reference ome Xpe is
22 10%£10%. Thus it is expedient to exclude from the search the measurements surely not belonging to the
orbit that generated the messurement Xg.,. For this we use the inclination {, longitude of ascending
node 2, the orbital period T and the time #, of passing the equator at the ascending node which are

*This is done as well in the case, when after the end of the search with ¥p.. we did not manage to generate a reliable orbit with
participation of this measurement.



calenlated using the measurement with rather small errors and with account of these errors simply changes
with time. As a result we leave only the measurements satisfying the conditions:
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where the parameters with index new refers to X0, and without the index - to any measurement
from M,,. Here N - the number of revolutions between I, .0 and fy; e, o, o, o — selecting
strobes, which values are selected experimentally with the purpose to make the probability of excluding the
measurement belonging to the same object as the %,.,, less than 0.1

The set of remaining measurements will be called the group of the measurement Xpen.  Only the mea-
surements of this group participate in the search for triplets.  The number of measurements in the group
Xn s significantly smaller than in M,,,. However, it can reach several hundreds even in the case when
no new observable objects arrive in space.  Within this group we perform the selection of triplets surely
not belonging to one satellite without applying the adequate propagator and minimization of the non-linear
functional of the least squares method.  For this purpose we use the parameter #, of the measurements of
the group.  Among the three selected measurements one (the left one) has the earliest reference time #,,
the other (the right one) - the latest t;, the third {middle one) #, The right measurement is always the
reference measurement Xp.,. In the process of this preliminary selection we run over three parameters:
left measurement, middle measurement, the number of revolutions between the boundary measurements N,
The enumerative search of the triplets is arranged in the following way. The left measurements are selected
according to increasing reference time, beginning with the most "remote”. For the fixed left measurement we
select the middle measurements to provide that all the three measurements belong to different revolutions.
Finally when the measurements are selected the enumeration of possible values of N is performed.  The
selected triplet along with the evaluation of the number of revolutions between the boundary measurements
is forwarded to the primary orbit determination procedure. If certain three measurements were bond into
one orbit with k different values of N (number of revolutions between the boundary measurements) the
calculation of the primary orbit is performed & times.

2.3 Calculation of the primary orbit

If the triplet of measurements has passed the preliminary selection we make an attempt to generate a primary
orhit. For solving this task we perform minimization of the least square functional @®(a). For the vector a
of orbital parameters we take the seven-dimensional vector constituting the six Lagrange’s orbital elements
MEI,p.q bk and the ballistic parameter 5. The ballistic parameter is the area-to-mass ratio (AMR)
matched with the used model of the atmosphere.  We consider that the primary orbit is generated if the
iterative process converged to the certain point a4, #{a) < cg and the value of the functional in this point
is smaller than that of the "competitors”™. The competitors are the orbits constructed for the same triplet
of measurements for different values of N, which have passed preliminary selection. Parameter ey is
chosen experimentally.

2.4 Calculation of the updated orbit

Apart from the found three measurements, M,, may contain other measurements inscribing into the
generated primary orbit.  Therefore the "dredging out” of these measurements from M, is performed.
For this purpose we use the algorithm for preliminary correlation of measurements used in the tracking
process. The decision on the correlation of the measurement from M, to the primary orbit is based on
the residuals of its radar parameters with the primary orbit. The specific decision function is determined by
the model of the real errors of the measurements. For Russian detection radars this model and the adequate
decision function are described in [1,2].  For all the available measurements (the three initial ones and
other correlated) we perform the caleulation of the orbital parameters. As distinet from the procedure used
for caleulation of the primary orbit by three measurements, here:

1. For initial approximation we take the already generated primary orbit.

2. For prediction of motion more accurate algorithm is used (the one used in the tracking process).
4. Parameter s is updated.

4. We perform selection of abnormal components and alien measurements.

The measurement is considered alien in case its residuals with the updated orbit contradict the models of
the errors of the measurements and prediction. These measurements are returned to M,,,. The not alien



measurement is considered abnormal in case its residuals for some components exceed the given thresholds.
Omne updating in general vields more reliable and accurate orbit.  Thus for this orbit the correlation of
measurements from M, and updating the orbit are repeated.  This process comes to the end when we
find the set of correlated measurements from M, empty.

2.5 Reliability check

Further decisions depend on the reliability of the obtained orbit.  The reliability eriteria muost provide
further stable tracking of the satellite. The orbit is reliable in case it is obtained and the set of measurements
inscribing into it is complete. The orbit is obtained in case the iterative process of minimization of @(a) used
for its caleulation converged.  The measurement is inscribed into the orbit in case its residuals A in
coordinate parameters are smaller than the thresholds e,. The condition of completeness is satisfied
in case that the number of inscribed measurements is not less than e, and the number of revolutions
e, [or which we have inscribed measurements is not less than e..,. The parameters of the decision
function (the thresholds c., cus and cp.p) must provide stable tracking of the satellite in future. They
are chosen experimentally.

2.6 Orbit identification

Before making the decision that we have detected a new satellite we should check that the newly obtained
orbit is not the orbit of previously cataloged but lost satellite.  This is the task for the algorithm of
orbit identification.  The errors of orbital parameters are several orders of magnitude smaller than the
maximum errors of the measurements.  Thus we have an opportunity to make good decisions for rather
long time intervals. The same factor determines the simple structure of the algorithm. The decision is
made on the basis of comparing the residuals da in orbital parameters with empirically chosen thresholds.
For caleulation of the residuals we use special long-time prediction of the orbit of the cataloged object to
the reference time of the new orbit.  To reduce the computation burden we perform rough selection of
the cataloged objects which for sure can not be identified with the new orbit, using parameters i, £, T
Identification of any new orbit is performed with all the cataloged objects, both tracked and lost.  When
the decision on identification is made the identified cataloged satellite is returned to the tracking process
with renewal of orbital parameters, The orbits which are not identified are included into the catalog as new
satellites which further participate in the tracking process.

3. DETECTION AND TRACKING ALGORITHM

The algorithm for catalog maintenance includes two major components: primary orbit determination (de-
tection) and tracking, These are two permanent processes interacting with each other [1,2].  This is the
real situation for the processing of radar measurements. For the case of simulation we must have the same
process since we can not determine reliable characteristics of primary orbit determination by modeling of
this single process. Both processes should be simulated in their interaction.  The tracking process de-
seribed in [1,2] account of the model of the real errors of Russian radars and thus is rather sophisticated.
In particular, for the correlation procedure the requirement to have acceptable probability of miss leads to
implementation of laborious minimax algorithm, the orbit updating uses computation consuming adaptive
and robust approaches.  In the scope of this work we do not simulate the uncertainties in the statistical
description of the errors. Thus the tracking algorithm used in the simulation process has been significantly
simplified. However, all the mutual relationships between the tracking and detection processes [1,2] were
retained. Further we briefly deseribe the tracking process that was used in the simulation procedure and
the relations with the described above detection process.

The measurements (in reality and in the course of simulation) are processed by the detection and tracking
procedure with the time step dt. First we process the measurements acquired in the course of the interval
i £y, to+ddi), Then within the interval ({,+dt, {; +2df), etec..  The input measurement is correlated with the
already determined and tracked satellites. The conditions of preliminary correlation of the measurement,
have the shape: |dr,| < e, [6] < e, |0b] < e, where dr,. b, 6bs - the residuals of coordinate
parameters of the measurements with the orbit of the tracked satellite along the direction of the motion
and two orthogonal (lateral) directions, e, , o,, o, — the strobes determined experimentally.  If the
measurement was preliminary correlated to several tracked satellites it is attributed to the satellite with



minimum value of functional f = |dr,| + |8b,| + |db|.  Non-correlated measurements are forwarded to the
detection process described in the previous section.

In case the measurement is correlated to certain satellite we try to update its orbit. We use the same
algorithm that is used for updating the primarily determined orbit by the primary orbit determination
algorithm. The resulting orbit is tested for reliability. The criteria in the whole coincides with the criteria
described for the primary determination algorithm with one addition: the new measurement should be
inscribed into the determined orbit.  If the updated orbit is reliable we select the alien and abnormal
measurements.  The criteria in the whole is similar to the criteria described for the detection algorithm
with one addition, however: the decisions are made only for the measurements which have at least one
measurement with greater time which is inscribed into the orbit.  The alien measurements are correlated to
all the tracked satellites exeluding the satellite from which they have been just now selected as alien. Further
for these measurements we can make the same decisions than for the input measurement i.e. they may be
correlated to certain cataloged satellite and participate in orbit updating or otherwise enter the array of
non-correlated measurements. Such measurements may follow a rather sophisticated way before they stay
with certain satellite or remain uncorrelated.

Assume that we do not have a reliable updated orbit and there are no unexpected changes (maneuvers)
of orbital parameters, Then we will have only abnormal or alien measurements as causes of unreliability, *
In thiz case we do not record the orbit and make no new decisions regarding the measurements. In case
this situation returns several (a parameter selected experimentally) times one after another we consider
the satellite to be lost. The lost satellites are excluded from the tracking process by the flag prohibiting
correlation of measurements with this satellite. All the measurements are declared alien and are removed
from the satellite. The lost satellite has only the orbital parameters with no measurements. The satellite
can be recovered in the case a newly detected satellite is identified with it.

4. SIMULATION OF MEASUREMENTS FOR THE CASE OF BREAK-UP

In this section we describe the algorithm for simulating the radar measurements on the fragments of a
satellite which suffered a break-up. We understand that accurate simulation of the real break-up situation
is a hard task and our simulation procedure is very approximate. Nevertheless we tried to take account of
all the basic factors important for efficiency and reliability of the algorithm of primary orbit determination.

The input data for the simulation are:

1. n, — the number of radars for which the measurements are simulated.
2. Ay @ms by — coordinates of the m-th radar (longitude, latitude, altitude above the Earth surface)
m=12..n,. Theindex m of the number of the radar further is omitted for simplicity.

3. A, — azimuth of the main radiation direction.

4o diins dmars Emin: Emazs Tmins Tmar — boundaries of the field of view of the radar in range, azimuth,
elevation angle in the local radar coordinate frame d, =, « A

5. II - energy parameter of the radar.

6. t, — time of satellite break-up.

T. a=(A L, p, q, h, k) — six-dimensional vector of orbital parameters of the satellite for the time .

8. 8 — area-to-mass ratio of the satellite (AMR).

9. &g, 7., 7, — RMS errors of single measurements (marks) of range, azgimuth and elevation angle.

10. a — time interval between the neighboring marks for each satellite.

11. Atyie — minimum time interval for which the measurement on the satellite can be acquired during one
pass.

12, it — time of finishing the simulation.

13. n — the number of break-up fragments.

In this work we did not simulate the abnormal errors of the measurements and thus the unrelishility may be generated by alien
measurements only.

f Origin of the local coordinate frame for the m-th radar,

! w=dsin s cosy y=dainzsiny s=decos s, where &, y, * — the axes of the local coordinate frame: & in the plane of local horizon
along the main radiation direction, y normal to this plane, = keeps the right character of the frame.



14. p(£, . av, s, 1) - break-up model — distribution of parameters of the break-up with respect to parameters

£, 1, av, 5,1, where £, 9, av — azimuth, elevation angle and the module of the separation velocity in
the orbital coordinate frame ., yo, 2o of the disintegrated satellite®, s, [ - AMR and the average size
of the fragment.

The simulation algorithm operates as follows:

1.
2.

Using the brealk-up model caleulate the parameters £, n;, avg, s, I of all the fragments (i = 1,2, ..., n).
Determine the state vectors (r;, r;) for all the fragments for the time £,:
ri=r 1'-;=1"+r_w: |:'2:|

where r, ¢ = (X, Y, Z, X, Y, Z) — the state vector of the parent satellite for the time #,, calculated
from a. av; — velocity impulse of the i-th fragment, caleulated from r, ¥, &, 1y, av; in the following
way "
avy = (avjcos&eosm; Avgsing cosy av; singg)’
re=rt'/r t.=1%/F b.=r.xr, n.=1.xh, (3
E=(f. b.n.) av;=Eavy,

. With the step A from #, until t.,4 we propagate the parameters of all the fragments of the break-

up. For each step the propagated positions and velocities of all the satellites are transferred to radar
coordinate frame d, £, 4 of all the sensors and we check the conditions of being in the sector

Ain < d < dpar  Emin < £ < Emax Tidn < T < Vinax |:4]|
If the satellite is in the sector we check the condition of detection
P-[lﬂﬂﬂfd]l"-{lzfﬂ.lj =1 ()

If the detection condition is satisfied, the point (parameters d, =, -, d, £, 4, reference time  , number
of the radar m) is marked.

. Among the marked points with the same number of the sensor and reference time we retain only the

isolated ones. For these points in the domain
(d — by, d+ 5ag) N (e — b, &+ 5o ) N (v — by, v+ Boy) (6G)

there are no marked points from other fragments.

. Among all the remaining marked points we retain only the points corresponding to representative pene-

trations of the break-up fragments. The penetration of certain fragment is considered representative in
case the penetration interval is longer than at;;,. 1t means that for this satellite we have marked not
less than [{ﬂf-mmf a] + 1 point consequently, where [A] — entire part of A, rounded up.

Among all the marked points of each penetration we retain only the point within the interval at,;,, For

this purpose by turns from each end of the penetration interval we remove one point until the remaining
interval becomes shorter than At,g,.

. For each penetration we select the point corresponding to its middle. Its reference time is mostly close

to the middle of the interval where the other points corresponding to the penetration are located. Its
parameters d, £, v, d, £, 7 along with the reference time ¢ are fixed as the precise parameters of the
measurement.

As a result of the fulfilled operations (items 1-T) we have formed the precise parameters of all the
measurements and all marks.

. The precise values of the parameters of the measurements and marks are superimposed with the errors

of the measurements.? We consider that the errors of all the measurements are not correlated and have
normal distribution with zero mean and given RMS ervors (different for different parameters and different
sensors).  The RMS of the errors of the single measurements are the input values oy, o., .. RMS

i Origin in the point of satellite location in orbit, axis 2. along velocity vector, g, normal to the orbital plane, z, keeps the

fraome right-hand.

* x — s the sign of vector product.

T One of the known technigues used for generating stochastic numbers 18 used.



of the errors &4, 7., &, 7, 72, 74, superimposed with the parameters of measurement d, €, v, d, £, 4,

are:

G4 =04 0. = 0:[\/ng Gy =04 [\No

Fi=3.504/h  F:=350./h  F,=35a,/h, (7)
where n, = Atyin /A, h = /ng-atnin.

5. RESULTS OF SIMULATION

The following initial data have been used for the simulation:

an da B3 BO =

©mao

10.
11.

. The number of radars: n, = 1.
. Radar location: A=10, ¢=0.35, h=0

Energy parameter of the radar: I1=27.
Errors of the measurements:  the RMS of the uncorrelated errors of the measured parameters oy =

0.05km, o, = 0.001, g3 = 0.001; no correlated and abnormal errors;  normal distribution of the
EITOrS;

. The field of view of the radar has the limits:  for the elevation angle by the minimum value 1° and

maximum 60°%, for the range o respectively 100 km and 7000 km.
The rate of performing single measurements of the satellite: a=5s.
The time interval within which the measurements are performed::  ad,, ;=50 s,

. Time interval of simulation of radar measurements: 30 days.
. The orbit of the break-up satellite:  almost circular with inclination 65 and average altitude above

the Earth surface 800 kimn;
The number of break-up fragments:  n = 300;

the distribution of the parameters £, 9, of the directions of relative velocities of the fragments:  uniform
within the intervals (0, 2x) and (—=7/2, #/2) respectively.

We considered two versions of the values of the average size [, the area to mass ratio s and the
velocity aw in the orbital coordinate frame. Without brackets we present the characteristics for the first
variant ("significant™ dispersion), in brackets - for the second variant ("weak” dispersion). For the "weak”
dispersion all the values of [ and av are 3 times smaller, and the values of s are 3 times greater than for
the "significant” one.

Table 1. Characteristics of the distribution of the parameters fragments for "significant” (" weak” ) dispersion

sat.class  number of fragments [ {m) s (m® fkg) av{mfs)
1 1 30 (1.00) 0003 (0.0089) 1 (0.3)
2 4 0.5 (0.17) 0.018 (0.054) 6 (2.0)
3 15 0.3 (0.10) 0.030 (0.090) 10 (3.3)
4 80 0.2 (0.07) 0.045 (0.135) 15 { 5.0)
] 200 0.1 (0.03) 0,090 (0.270) 30 (10.0)

Parameters of detection and tracking algorithm were selected as follows:

1.

2,

Strobes for generating groups of non-correlated measurements:

ei=0.6°, e,=0.8% e,=3min, c;=0.3min.

Strobes for correlation of measurements with tracked satellites (ln):

e, =5+B6A00-0-( 3oy 1ty +|aT|-02,,.), cp, =5, =5, where

a. v - the absolute value of the velocity in km/s,

b. oy — RMS of the error of the period caleulated from the measurement [days),

. AT — decline of the period by the revolution for the tracked satellite {days),

d. Mpey — number of revolutions between the times of the measurement and the orbit of tracked satellite,
The thresholds for the residual of the measurement with the orbit of the tracked satellite for making

decision "alien measurement™:  10gy4, 0., 5o, 5o, respectively for the components d, e, v,d of the
measurement where oy, o, @, 7; - RMS values for the errors of these components,



4. The thresholds for the residual of the component of the measurement with the orbit of tracked satellite
for making decision "abnormal component™: 3o, where o - RMS value of the error of this component.

H. The strobes for making the decision on the reliability of the orbit generated by the detection algorithm:
eag=max (3rg, LO), ¢. = do., o = do., Cobe = B(7), cpep = 3(4), il the time interval used for
determination of the orbit is less (more) than 2 days,

6. The number of consequent unreliable updates to make the decision that a satellite is "lost™ — 2.

The computation time for running the detection and tracking program code for the computer with the rate
about 3 GHz, may be comparable to the time interval of simulation. To reduce this time we made some
important simplification in the computer implementation of the detection and tracking algorithm.  For
determination of orbit by the measurements for all the phases (for primary determination and for tracking)
the measurements used in the least squares procedure were not the single measurements of range, arzimuth and
elevation angle but the six-dimensional vectors of radar coordinates and velocities obtained by "smoothing”
of single measurements within the time interval at,,;,, =505 This simplification reduced the computation
time at least 3 times. However, this reduced the "resolution” of the algorithm regarding detection of close
fragments and the detection process took some more time.

The simulated measurements on the break-up fragments were fed with time interval df = 20 minutes. The
overall number of measurements for 20 days for the first variant of the break-up was 10530, and for the
second variant — 10115, The quality of performance of the detection and tracking algorithm was evaluated
using the following basic indicators:

. The total number of measurements for all fragments — mp,.

The number of detected and tracked satellites — nget oo,

. The number of objects with alien measurements — o wios.-

The number of alien measurements for tracked objects — ngp ops-

. The number of measurements correlated to tracked satellites — mi.p ops,

The number of measurements not correlated with tracked satellites — 100 obs.
. The number of lost objects — nge g

=1 S o s 3 hY

Table 2 presents for each of the 5 classes of satellites the average (for all satellites of the class) the values
of the following parameters: number of measurements per day (meas/day), the number of measurements
used for orbit detection (meas. det.), time vsed for detection (time interval {in days) within which the
measurements participating in the detection are located). The data in the table 2 without brackets (in
brackets) refers to the "significant” (" weak”) break-up.

Table 2. Average characteristics of detection for satellites of ditfferent classes for "significant”™ ("weak™) break-up

sat.class meas. [ day meas.det time det,
1 6 {6} 6 [ 6) 0.8 {0.8)
2 3 13) 6 (7 0.9 (1.0
3 3 (3) & (10) 28 (3.5
4 2 (2} B (10 3.3 {4.3)
5 1 (1) 7 (10) 47 (8.1)

The Appendix presents the figures 1-6. Figs. 1 and 2 illustrate how the parameters Tgps, Meorobs and
Thunc.obs. Change with time for "significant” and "weak” break-ups respectively. Figs.3 and 4 for both variants
of break-up presents the temporal change of parameters nyge ops. and fige oq. Figs. 5 and 6 illustrate the
temporal change of parameters ngp op, and 1a obs/Meorobs — absolute and relative number of measurements
which were correlated to alien satellites and remained with them.

We can see the following from the figures.

1. For both variants of the break-up the detection and tracking algorithm has been fed by =400 measure-
ments.  The number of uncorrelated observations nypeass for significant (weak) break-up initially was
increasing and by ==23.0 (=3.7) days of simulation reached =1400 (=1770). Then the 1,000, decreased
and stabilized at the level of 12 (36) by =10 (=220) days of simulation,

2. All 300 break-up fragments were detected and further stably tracked for the variants of "significant” and
"weak” break-ups after 10.5 davs and 18.5 days respectively.



3. The number of alien measurements for the objects initially increased and decreased further and with
respect to the number of correlated measurements the decrease began from the level of 4%, The number
of alien measurements for the objects of the "weak” break-up is always by the order of magnitude greater
than for the "significant” break-up.

The detailed analysis shows that all the alien measurements remaining with the objects are acquired in the
very beginning of the break-up, when the objects have not separated vet.  We can see as well that the
residuals with the orbits of alien satellites to which these measurements have been correlated, are * at least
for one of the 4 parameters of the measurement d, =, v ,d greater than the thresholds 3ey, 3o, 30, 30,
and for all the parameters d, =, 7, d are smaller than the thresholds 10y, So., boy |, 5.

One satellite was lost. This happened at the 10th day of simulation for the weak break-up. Part of the
measurements of the lost object went to the array of uncorrelated measurements. The satellite was detected
again and has been identified with the lost satellite, No such events happened further to this object,

We should make one important note. The more dense is the flux of the break-up fragments the longer 15 the
delay of the detection process. For the significant break-up the number of measurements for the satellite by
the time of its detection usually coincided with the threshold value (6 or 7 depending on the time interval
of the measurements) or exceeded the threshold by 1 and for the weak break-up with fragments having 3 or
less measurements per day the difference reached three. The result was the delay of the detection process.

6. Conclusions

1. The considered detection and tracking algorithm demonstrated rather high resolution and efficiency of
detection for the most simple case when the break-up occeurs in the almost circular low Earth orbit with
insignificant atmospheric drag. However, even for this case there are some unused possibilities for further
enhancement of the efficiency. First we should mention:

a. using of single radar measurements for determination of orbits and testing their reliability;
Ir. using the fact that for the time of the break-up all the fragments were in the same point in space.

2, It is expedient to consider in future the more difficult case of the break-up in lower orbits where the
atmospheric drag is the major perturbation factor. Here we face additional difficulties since the ballistic
characteristics of the fragments (the functions characterizing for each fragment the change of area-to-mass
ratio (in the direction of the velocity vector) in time) are not known. The simulation of measurements
should take into account that this ratio is not uniform in time.

3. The equally difficult is the case of the break-up in the orbit with altitude more than 700 km, where solar
radiation pressure execeeds the atmospheric perturbations. Here we have problems similar to the case of
atmospheric drag - the area to mass ratio as function of the direction to the Sun is unknown. In addition
for higher orbits regular acquisition of radar measurements is an issue, and without them we can hardly
solve the detection and tracking problem.
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