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ABSTRACT

As a consequence of the explosion of Intelsat 33e on Oc-
tober 19, 2024, a significant number of pieces of debris
were released in the geostationary orbit, every piece be-
ing a potential threat to any active satellite in this or-
bital region. Even though ground-based radars are not
the sensors of choice to detect, monitor, and track GEO
fragments due to the long distances between the sensors
and the pieces, they can help to characterize GEO frag-
mentation clouds. Indeed, they can deliver complemen-
tary information to optical systems such as range, range
rate, and range-rate rate. This paper presents the results
of an observation of the fragmentation cloud of Intelsat
33e conducted with the space observation radar TIRA on
November 6, 2024. After introducing the developed sig-
nal processing scheme, the statistics of the detected frag-
ments are shown, including their size and parameter dis-
tributions.
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1. INTRODUCTION

On October 19, 2024, the satellite Intelsat 33e [1, 2] ex-
ploded causing several thousand of debris being released
in the geostationary orbit [3, 4, 5]. ESA is estimating the
number of debris larger than 1cm to be around 16,000
[6]. As this event could have catastrophic consequences
for the active satellites in the geostationary orbit, sev-
eral ground-based sensors are currently tracking the frag-
ments generated by this breakup.

Although optical systems are the sensors of choice to ob-
serve, track, and catalog geostationary pieces of debris,
radar systems can also be used to gain complementary
insight into fragmentation clouds in this orbital regime.
Due to the long ranges involved when observing GEO
fragments by ground-based radar, the backscattered sig-
nals are very faint and the received signal power is usually
below the noise power. Indeed, the Signal-to-Noise Ra-
tio (SNR) for radar systems is inversely proportional to

the fourth power of the range, i.e. SNR ﬁ, yielding
an SNR loss of 64 dB for a GEO space object at a range
of 40,000 km compared to a LEO object at a distance of
1,000 km. In order to detect GEO fragments and be able
to discriminate between pieces of debris with similar pa-
rameters, adapted signal processing techniques based on
signal integration have to be applied, as single-pulse de-
tection is inappropriate.

To understand the potential contribution of ground-based
radars for characterizing GEO fragmentation clouds, an
observation of the Intelsat 33e breakup was performed
with the Tracking and Imaging Radar (TIRA) [7] on
November 6, 2024. The paper presents the results of
the data acquisition. After describing the conducted mea-
surement in Section 2, Section 3 gives an overview of the
signal processing scheme developed to detect the frag-
ments and estimate their parameters. In order to assess
the size of the detected fragments, different Radar Cross
Section (RCS) models were used, which are introduced
in Section 4. Section 5 examines the statistics of the pa-
rameters of the detected pieces of debris and Section 6
concludes the investigation by discussing the benefits and
limitations of ground-based radars when observing GEO
breakups.

2. CONDUCTED OBSERVATION

The space observation radar TIRA is equipped with a
34 m parabolic antenna in Cassegrain configuration. The
resulting large antenna gain is essential for detecting
small fragments at long ranges. Two complementary
radars are sharing this antenna, an L band tracking radar
and a Ku band imaging radar. Only the tracking radar
was used to observe the GEO fragmentation cloud as the
radar link budget of the imaging radar is insufficient for
detecting objects in the GEO orbital regime.

As mentioned previously, the data acquisition took place
on November 6, 2024, approximately three weeks after
the breakup. The total duration of the observation was
about 16 min. The TLE of a known piece (hereafter “TLE
fragment”) was used to initialize the measurement. The
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Table 1. TLE data set of a known fragment used to trigger the measurement
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Figure 1. Observation scheme

TLE data set is listed in Table 1. An unmodulated pulse
of a length of 1 ms was transmitted with a Pulse Rep-
etition Frequency (PRF) of about 30 Hz. The resulting
range resolution was 150 km and the range rate resolution
115m/s. The antenna footprint is 350 km at a range of
40,000 km. Figure 1 illustrates the data acquisition geom-
etry. A cylinder with a diameter of 350 km and a length of
150 km was monitored over time to detect the fragments
with a radial velocity within the interval £60 m/s, which
crossed this volume. Three signals, which were output
by the monopulse system, were recorded simultaneously:
the sum signal sx(¢) and the difference signals in eleva-
tion say, (t) and in azimuth sa,, (¢).

A major difference between the observation of a breakup
event in the LEO and GEO orbital regimes is the dwell
time of the fragments. While a piece of debris crosses the
TIRA antenna beam in a few seconds in LEO [8], it can
remain visible for several hours/days in GEO. On the one
hand, the longer visibility time improves the target detec-
tion performance. On the other hand, it complicates the
clustering of the single detections to one single tracklet,
as explained in the next section.

3. RADAR SIGNAL PROCESSING

The signal transmitted by a ground-based radar, backscat-
tered by a GEO object, and received by a ground-based
receiver is usually very faint and below the noise level.
For this reason, the signal has to be integrated over sev-
eral pulses to increase the SNR and enable target detec-
tion. A coherent integration was selected for the present
investigation as it increases the integration gain by a fac-

tor of about v/ N compared to an incoherent integration,
with IV being the number of integrated pulses.

The Coherent Processing Interval (CPI), which is directly
proportional to the number of pulses N, plays a ma-
jor role in the detection performance. Longer integra-
tion times reduce the minimum detectable fragment size.
However, the decorrelation caused by the system phase
instability and the object motion (translational and ro-
tational motion) strongly increases with the processing
time. These decorrelation effects deteriorate the impulse
response by raising its sidelobe levels and broadening its
main lobe. Different integration intervals were examined
to find the best trade-off between signal decorrelation and
integration gain. A CPI of about 7' s was chosen for sub-
sequent processing.

Several coherent filters can be used. To account for dif-
ferent relative motions between the fragments and the
radar, a Matched Filter (MF) bank was applied in the
range rate and range-rate rate dimensions, as introduced
in [9]. To do this, the complex receive signal sx(t) was
correlated with the signal expected for an object moving
with a given relative range rate and range-rate rate. The
tested range rate and range-rate rate parameters were cho-
sen within a specific interval of values. This processing
allows to separate fragments, which are located simul-
taneously within the antenna beam and within the main
lobe of the ambiguity function, as illustrated in Figure 2.
Two objects with different relative motions can be clearly
identified after matched filtering. Due to the low PRF,
very high sidelobes can be observed in the impulse re-
sponses. These high sidelobes can hide the signal of faint
targets, impeding their detection. In addition, it is impor-
tant to consider these sidelobes when deriving an appro-
priate detection threshold to ensure a low number of false
alarms.

The same processing was applied to the radar data ac-
quired during the observation of the fragmentation cloud
of Intelsat 33e. Figure 3 presents an MF processing re-
sult with subsequent detection and preliminary clustering
of the single detections. The data in Figure 2 were sim-
ulated according to the parameters of the fragments de-
tected in Figure 3. A good agreement can be observed be-
tween Figures 2(b) (simulated radar data) and 3(a) (mea-
sured radar data). A range-rate rate in the interval [-8,
8] m/s? was tested during the MF processing. The de-
tection step is realized by comparing the output of the
MF with a threshold. Afterwards, the detections corre-
sponding to the same fragment are grouped together, as
shown in Figure 3(b). For each cluster, the correspond-
ing azimuth and elevation angles are computed using the
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Figure 2. Simulated MF response [Object 1
(0m/s,0m/s), Object 2 (0.15 m/s%,-1.3m/s)]

monopulse dechirping principle [9], which exploits the
ratio between the difference signals sa, () and sa,, (t)
and the sum signal sx(¢). Finally, a second clustering
step in the 4D space (range rate, range-rate rate, azimuth
angle, elevation angle) is applied to regroup the multiple
detections of each identified fragment over time.

4. RCS MODELLING

The RCS of an object depends on a variety of parame-
ters such as its material and shape, the radar frequency,
and the polarization of the waves. The incidence angle,
i.e. the orientation of the object with respect to the radar,
plays also a major role as it impacts the effective surface
of the object and the backscattering process. Deriving the
physical size of an object from an RCS is unfortunately
a complicated task as there is no one-to-one relationship
between these two parameters.

Figure 4 presents different shapes of a metallic object,
whose RCS have been modeled in Figure 5(a) assuming
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Figure 4. Simple metallic object shapes considered for
RCS modeling

a backscattering regime in the optical region [10]. The
RCS corresponds to the maximum RCS that can be mea-
sured over the incidence angle. Indeed, while the RCS is
constant for a sphere, it strongly depends on the incidence
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Figure 5. RCS modeling and minimum detectable object
size for the TIRA system

angle for a flat plate for example. We assumed geometric
shapes of unit aspect ratio (e.g. a cylinder whose diame-
ter is equal to its length and a plate whose width is equal
to its length). One observes that the RCS of a sphere is
much smaller compared to the RCS of the other object
shapes. This raises the question of modeling the shape of
afragment. While very small fragments of a few centime-
ters in size can be reasonably modeled by a sphere, it is
questionable if this modeling applies to larger fragments
of around 1 m in size. As a consequence, several RCS
models should be used for larger fragments to roughly
derive lower and upper bounds for their dimensions. It
has to be mentioned that additional parameters such as
the incidence angle and the material, which also impact
the RCS, were not considered in the RCS modeling of
Figure 5.

The minimum detectable object size can be derived for
the different object shapes and the parameters of the
TIRA system according to the integration length. The se-
lected CPI length of about 7 s is represented by the dashed
line in Figure 5(b), where we can see that fragments of
around 40-50 cm in size should be detectable in GEO.
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Figure 6. Parameters of the TLE fragment

5. DETECTED FRAGMENTS

This section presents the statistics of the detected frag-
ments. While Section 5.1 concentrates on the TLE frag-
ment (see Table 1) for validating the developed process-
ing scheme, the other sections examine the parameter dis-
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Figure 7. Parameters of the detected fragments

tributions of all the detected pieces of debris.

5.1. TLE fragment

The TLE fragment could be identified in the detection
list by correlating its expected parameters with the pa-
rameters of the detected fragments. Figure 6 shows the
measured parameters of the TLE fragment over time.
The black lines in Figures 6(a) and 6(b) indicate the ex-
pected parameters of the fragment, which were derived
after propagating the TLE data set. A good agreement
can be observed for the four measured parameters (i.e.
range-rate rate, range rate, azimuth angle, and elevation
angle). As the quality of the TLE data set is unknown,
only a qualitative comparison can be done. Note that
the measured range rate can be ambiguous due to the
low PRF. Although the range rate can be unwrapped over
time using proper data clustering, it still remains ambigu-
ous. The beam crossing direction can be estimated from
the azimuth and elevation angles using a weighted Least
Square (LS) fit. Figure 6(c) exhibits that the estimated
beam crossing direction of the TLE fragment (black line)
is consistent with the one derived from the TLE data set

(green line).

5.2. Detected fragments

Figure 7 presents the estimated parameters of the detected
fragments. Fragment 1 in Figure 7 corresponds to the
TLE fragment introduced in the previous section. Five
different fragments were detected during the observation,
all with a range-rate rate in the interval [0, 0.3]m/s?.
As mentioned previously, the tested range-rate rate in-
terval was between -8 and 8 m/s2. No debris with large
range-rate rates were detected. Figure 7(a) reveals that
the range-rate rate of a fragment is nearly constant over
time. Furthermore, Figure 7(b) indicates that the de-
tected pieces of debris crossed the average antenna beam
around its center. In Figure 7(c), the estimated latitudes
and longitudes of the fragments over time are plotted in
an Earth-Centered inertial reference frame (as opposed to
the Earth-Centered Earth-Fixed (ECEF) reference frame
where the longitudes of the fragments would be around
67.5deg). The low estimation accuracy observed for a
single estimate is caused by the low SNR. Indeed, the es-
timation accuracy is inversely proportional to the square
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Figure 8. Estimated fragment size using different RCS models

root of the SNR. As the visibility time of GEO objects
is longer compared to LEO objects, this parameter can
be exploited to increase the overall estimation accuracy
by combining all the temporal detections in an adapted
weighted LS model. As expected and evidenced in Fig-
ure 7(d), each fragment has a different visibility time.
It can be explained by the fact that the pieces of debris
have to be simultaneously in the antenna beam and in the
same range/Doppler cell after pulse compression to be

detected'. As shown by the simulation of the breakup

As previously mentioned, this fact is a limitation of the current
tracking radar system. The TIRA system is currently being upgraded
[7]. In the upcoming development stage, it will be possible to trans-
mit user-defined waveforms, sample several range cells, and compress
the data according to a wide range of expected Doppler shifts (single
pulse processing prior to coherent (or incoherent) processing over sev-
eral pulses). This will strongly improve the system performance as it
will allow the detection of fragments over a large range-Doppler region.



modeled as a high energy explosion in [5], the pieces of
debris present a wide range of different perigee/apogee
combinations, implying that the debris will not cross the
antenna beam in the same range cell. The visibility time
is therefore different from the antenna beam crossing
time.

5.3. Estimated fragment size

Figures 8 and 9 present the lower and upper bounds of the
debris size according to the RCS models introduced in
Section 4. Assuming that a fragment has the same prob-
ability of having one of the five shapes shown in Figure
4, its size should lie between the lower and upper bounds
shown in Figure 8, with a strong tendency to be closer
to the lower bound according to the modeling of Figure
5. Figure 9 reveals that the estimated object size derived
from the measured RCS of a single detection is strongly
varying over time for Fragments 2-5. This indicates that
these fragments are tumbling and that their shapes cannot
be modeled as a sphere. In contrast, a smoother tum-
bling motion may be inferred from the less fluctuating
estimated size of Fragment 1. Taking the average of the
size distributions in Figure 8 yields a rough estimate of
the fragment size. All debris should be around 50-60 cm
in size.

5.4. Estimated orbital parameters

Figure 10 shows the estimated orbital parameters of the
first four fragments. The visibility time of Fragment 5
is too short for reasonably assessing its orbital elements.
The estimated orbital periods (Figure 10(a)), inclinations
(Figure 10(b)), and semi-major axes (Figure 10(c)) are
plausible according to the breakup modelings presented
in [5, 6]. The orbital period and the semi-major axis were
estimated under the assumption of a circular orbit as a
first approximation.

5.5. Correlation with the TLE catalogue

To ensure that the clustered detections correspond to
newly created GEO fragments from the breakup of Intel-
sat 33e and not to already known objects or active satel-
lites, the previous detection list was correlated with the
elements contained in the TLE catalogue. One finds that
INSAT 1A (NORAD ID: 13129) entered the edge of the
antenna beam during the last minute of the observation.
However, it crossed the beam in another range cell than
the one being tested and thus remained undetected for this
data acquisition setting.

(a) Metallic sphere

(b) Metallic dihedral corner

Figure 9. Estimated fragment size over time

6. CONCLUSION

This paper presented the results of an observation of the
fragmentation cloud of Intelsat 33e with the space obser-
vation radar TIRA. A total number of 5 pieces of debris
were detected over an observation time of about 16 min.
Different RCS models were used to evaluate the dimen-
sion of the fragments from the measured RCS. The anal-
ysis revealed that all the debris should have a size around
50-60 cm. Their orbital parameters were also derived and
found to be within the range of possible values estimated
by breakup modelings found in the literature.

Additional observations are required to extrapolate the
number of fragments and confirm other sources. As no
assumption about the spatial distribution of the debris
(e.g. uniform distribution) can be made from this sin-
gle observation, the number of fragments could not be
assessed.

The present investigation showed that radar systems can
add valuable information during the characterization of
breakup events in the geostationary orbit. Although they
are not as sensitive as optical systems due to the long
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Figure 10. Estimated orbital parameters

distances between the GEO fragments and the ground-
based radars, they provide additional parameters such as
the range, the range rate, and the range-rate rate of the
measured debris. These ranging data fused with the an-
gular information of optical systems could improve orbit
determination. In addition, the physical size of the frag-
ments and their attitude motion (e.g. tumbling behavior)
could be better appraised from the combined RCS and

light curve measurements [11].
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