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M. Losacco, et al., Initial orbit determination with the multibeam radar sensor BIRALES, 2020 \ )
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BIRALES: Multibeam Approach
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R. Schmidt et al., IEEE Transactions on Antennas and Propagation, 1986
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'g - g '5 NORTHERN
CROSS

Raw signal
Direction of

Arrival (DOA)

~~

Covariance DOA
Angular track matrix estimation

R. Schmidt et al., IEEE Transactions on Antennas and Propagation, 1986

Missione 4 e Istruzione e Ricerca




Italiadomani INAF

PIANO NAZIONALE ISTITUTO NAZIONALE
DI RIPRESA E RESILIENZA DI ASTROFISICA

dall'Unione europea 5 dell’'Universita

Finanziato Ministero
NextGenerationEU 5 @ della Ricerca i

-

Signal Correlation
Matrix

A 4

Estimate signal
Direction of Arrival

A 4

Solve angular track

-5
Ay, [deg] 6 Ay, [deg] ambiguities

- . . S S S S S S B B EE B B e E—,

10 m \ /

M.F. Montaruli, et al., Adaptive track estimation on a radar array system for space surveillance, Acta Astronautica, 2022
M.F. Montaruli, et al., Adaptive track approach for multiple sources scenario in space surveillance applications, Aerospace Science and Technologies, 2024
M.F. Montaruli, et al., Delta-k approach for space surveillance multireceiver radars. Astrodynamics, 2024
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Real data processing - channelisation
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» Target: SARAL (norad ID 39086)
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Real data processing - channelisation > July 24°-28°, 2023
: » The target was maneuvering during the
Aeolus re-entry campaign observation

» Uncatalogued case
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Python: 3.7 or higher.
Q Compatibility with data provided by the detection module (University of Malta).
v~ TDMs generated both for catalogued and uncatalogued objects.
v Computational time: about 1 minute to process 20 s track.

v Report generated: graphs and measurement residuals.
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Ambiguity solving through East-West branch
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Ambiguity solving through East-West branch

1N section — 1N section + EW branch

[E-W branch: 10 receivers ]

. 1N section
(out of 416) are considered
® ©6 6 ¢ ¢ ©¢ ¢ © o0 O - -
« 11m I =1 " 1om
7m ) -5 5 -5 -5
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( )

* Improved resolution in E-W direction.
e The N-S shift between the 1N section and the E-W branch depends on the E-W pointing direction.

e Performance partially change
. J
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Ambiguity solving through East-West branch

1N section [ Most fixed ]
EW branch solution

[ 1N section ]
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1) The algorithm is tested against a data set of LEO 899 transits. Operationally )
No need of track-to-orbit correlation:

+~ The ambiguity resulted to be solved in 100% of cases (98% with 0 m shift). L ! !
* Improves reliability.

v/ RMSE: Ay;: 6.9e-03 deg; Ay,: 1.1e-02 deg. * Solve the ambiguity in the UCT case. )
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A. Milani, et al., Orbit determination with very short arcs. | admissible regions, Celestial Mechanics and Dynamical Astronomy, 2004
M.F. Montaruli, Radar initial orbit determination method from angular track and Doppler shift measurements, Astrodynamics, 2025
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A. Milani, et al., Orbit determination with very short arcs. | admissible regions, Celestial Mechanics and Dynamical Astronomy, 2004
M.F. Montaruli, Radar initial orbit determination method from angular track and Doppler shift measurements, Astrodynamics, 2025
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* Select the candidate with the minimum eccentricity
* Run a batch filter
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C. Yanez, et al., A Novel Initial Orbit Determination Algorithm from Doppler and Angular Observations, 2017
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* September 3°, 2024
* Target: CZ-6A DEB (norad id 60649)
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* Red dots: signal direction of arrival detected.
* Dashed blue line: target prediction.
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Fragme ntation CZ-6A 2 fragments detected
TDMA  TDMB  TDMC TDMD TDME TDMF TDMG TDMH  TDMI  TDML
QIANFAN-1 60379 0.38
QIANFAN-5 60383 0.31
QIANFAN-6 60384 035 10.35
QIANFAN-7 60385 0.84 1.06
QIANFAN-8 60386 1.36 0.49
QIANFAN-9 60387 15.53 5.59 036
QIANFAN-11 60389 0.29 0.29 0.5
QIANFAN-12 60390 0.37 4.73
QIANFAN-13 60391 2.78 0.34
QIANFAN-14 60392 5.58
CZ-6A DEB 60649 13.61 12.23
CZ-6A DEB 60800 18.9
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Fragmentatlon CZ-6A [ We keep one track per target and one track per target ]
TDMA TDMB TDMC TDMD TDME TDMF TDMG TDMH  TDMI TDM L

QIANFAN-1 60379 0.38

QIANFAN-5 60383 0.31

QIANFAN-6 60384 0.35 10.35

QIANFAN-7 60385 0.84 1.06

QIANFAN-8 60386 1.36 0.49

QIANFAN-9 60387 15.53 5.59 0.36
QIANFAN-11 60389 0.29 0.29 0.5
QIANFAN-12 60390 0.37 4.73
QIANFAN-13 60391 2.78 0.34
QIANFAN-14 60392 5.58

CZ-6A DEB 60649 13.61 12.23

CZ-6A DEB 60800 18.9
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Fragmentatlon CZ-6A TDM A remains not correlated. Possible fragment?
TDMA TDMB TDMC TDMD TDME TDMF TDMG TDMH  TDMI  TDML
QIANFAN-1 60379 0.38
QIANFAN-5 60383 0.31
QIANFAN-6 60384 0.35
QIANFAN-7 60385 1.06
QIANFAN-8 60386 0.49
QIANFAN-9 60387 0.36
QIANFAN-11 60389 0.29
QIANFAN-12 60390 0.37
QIANFAN-13 60391 0.34
QIANFAN-14 60392
CZ-6A DEB 60649
CZ-6A DEB 60800
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Fragmentation epoch: around 2026-03-29T19:30:00.000

Fragmentation Starlink 34343
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Fragmentation Starlink 34343 Fragmentation epoch: around 2026-03-29T19:30:00.000

[ BIRALES detection from 02/04/2026 — h. 19:38 UTC ]
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Fragmentation Starlink 34343

[ BIRALES detection from 02/04/2026 — h. 19:38 UTC ]
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Fragmentation Starlink 34343 [ Fragmentation forensic analysis ]
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M.F. Montaruli, et al., A stochastic approach to detect fragmentation epoch from a single fragment orbit determination, Advances in Space Research, 2023

Space-track website: https.//www.space-track.org/

P. Grattagliano, et al. Early stage characterization of on-orbit fragmentation events, Acta Astronautica, 2025

P. Grattagliano, et al., Advanced techniques for the stochastic fragmentation event characterization from a single fragment orbital state, Advances in Space Research, 2026

Missione 4 e Istruzione e Ricerca




PIANO NAZIONALE
DI RIPRESA E RESILIENZA

| Finanziato ; Ministero > .
+ » | dall'Unione europea dell’Universita i [taliadomani

NextGenerationEU %3¢ e della Ricerca

Fragmentation Starlink 34343

[ BIRALES detection from 02/04/2026 — h. 19:38 UTC ]
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Fragmentation Starlink 34343

[ BIRALES detection from 02/04/2026 — h. 19:38 UTC ]
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Fragmentation Starlink 34343
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Fragmentation ZQ-2E R/ B Fragmentation epoch: around 2026-06-09T08:47:00.000
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Fragmentation ZQ-2E R/B Fragmentation epoch: around 2026-06-09T08:47:00.000

Numerical simulation Analogic system
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01 MATER algorithm

02 Operational implementation

03 Ambiguity solving through East-West branch
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05 Fragmentation campaigns (CZ-6A, Starlink 34343, ZQ-2E R/B)
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Conclusions

MATER algorithm operationally implemented

Potential of E-W branch contribution to solve the angular track ambiguity
* No ambiguous tracks for uncorrelated tracks

Radar Initial Orbit Determination from angles and Doppler shift
* Capability to determine the target orbital state even if the range is not present

N X XX

Effectiveness in fragmentation campaigns

e Dedicated observation strategy validated
e Criticalities posed by mega-constellations
* Uncorrelated tracks detected
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Final Meeting

Martedi 30 Giugno — Giovedi 02 Luglio

OAC - Osservatorio Astrofisico di Arcetri
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