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High-range regimes for radar-based space domain awareness
Geosynchronous orbits, cislunar space & deep space

= Geonsynchronous: semi-major axis = 42,164 km
= Cislunar space: volume within the L2 orbit
= Deep space: volume beyond Moon’s orbit

Map of Cislunar Space
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Orbit regimes Lagrange points in the Earth Moon system Orbits of known potentially hazardous objects © NASA
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Bi- and multistatic radar observations
Advantages for space domain awareness

= Diversity gain
Simultaneous observation from different aspect angles
Higher accuracy in parameter determination
Simultaneous imaging from different directions

= Bistaticangle B3 > 10°
Geosynchronous orbits: baseline L = 6260 km

= Radar range equation
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@ UHF/Hybrid @ mss @ Ku-Band @ CBand @ Ka-Band O s-Band @ L-Band

Geosynchronous orbits
Critical services

Arabsat2A, 3A =X

HOTBIRD
1,23,45

APSTAR-1A X,

< PAS-2,PAS-8

Astra 1A,18,1C, 1E, 1F,
1G,1H,1K

Geosynchronous: orbital period = sidereal day
Equatorial: inclination =0

Circular: eccentricity = 0

= Use

Communication

Meteorology

Intelsat-701

GE-2,GE-3

Navigation
= Geopolitical issues Geostationary orbit (1) Congestion of geostationary orbits (2)
Growing congestion
Radio frequency interference 5000 T ——
. { == HEeO 35007 o 1iE0
Fragmentations (e.g. Intelsat 33e) ZZZ - Cesa o ™ 0
Unintended and intendend close B 2500 J.m.GE0
= 5000 1 S
approaches 2 sooo ] 2000
3 =
§3000 % 1500 4
2000 ° 1000
1000 500
(1) http://weelookang.blogspot.com/2010/07/ejs- 1\9& 0@10' (\,\oﬁgl P ) ) . I 5O
open-source-geostationary-satellite.html ¥ ¥ ¥ A “‘R o \3: ¥ S . W
(2) https://spaceinafrica.com/2020/12/03/spectru cerenee mRee Reference Epoch
m-orbital-slotting-a-case-for-african-countries/ Number development © ESA Mass development © ESA
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Bi-/multistatic radar observations at GEO

First investigations

= NATO SET 293

= Long baseline bistatic radar (LBBR)

= Application cases:
Rotating/tumbling objects: Delta 4
Object clusters: Nilesat cluster

Multi-Element Radio Linked E-MERLIN
Interferometer Network —

« 7telescopearray,76 —25 m
antennas, L band receivers

= Max 220 km baseline

*\ At Jodrell Bank Observatory
England

X
MITLL L and X-band

radars
Goonbhilly Earth Station

= GHY-3, a30m X-band
dishantenna

LBBR network
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Westerbork Synthesis Radio Telescope

= Array of 25 m fully steerable dish with L band

receiver

* We only use 1 dish for our experiments

S
Tracking and Imaging Radar (TIRA)
+ 34 m fully steerable dish at L Band

Y-~ ——
e

Sardinian Radio Telescope
= 64 m fully steerable dish with L band

© IET Radar, Sonar & Navigation
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Rotation of Delta 4 rocket body. Nilesat cluster. SNR and phase at two
Doppler frequency versus time from 5 polarisations (2) © NATO SET 293
JBO receivers (1) © IET

(1)Serrano et al. 2023, Long baseline bistatic radar imaging of tumbling space objects for enhancing space
domain awareness, |IET Radar, Sonar & Navigation https:/doi.org/10.1049/rsn2.12511
(2) NATO SET 293 Final Report
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Cislunar space
Growing commercial, scientific and defense interests

ly,

== United Kingdom

Complicated trajectories = Unied taes
Observation challenges

Detection: large distances

Tracking: complicated kinematic models © ESA

Visibility: lunar and solar emission, lunar clutter

—
2 LUNAR MISSIONS o

= Ongoing missions (21st Cent): 37 O
e.g. Artemis -
e.g. Chang'e

= Future missions v
Robotic: 29 e :pacen
Crewed: 6 5 S 5 ‘“"i;-\a urrey
Proposed: 20 and growing ? "‘“:‘ “}« |

= Three body systems 2o oF E"

{ B3
B2

HExploreForther

(1) https://www.youtube.com/watch?v=WBFJphwPDME&t=70s Chang’e 5 (1) Artemis P1 and P2 © NASA
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Cislunar space situational awareness
Relevance of radar observations

Short Period Long Period Triangular Vertical Triangular Axial

= Cislunar orbits: three body problem (M,, M,, M5)
= Circular restricted three-body problem
M; extremely small
M, > M,
M, & M, orbit in a circle around center of mass
Infinite number of periodic solutions (known: > 720,000)
= Transfer orbits: coast and thrust phases _
= Radar advantages -- periodic orbt solutions -
Independent of illumination conditions and weather bistant Prograde © NASA JPL
Measurement of range and radial velocity
Control of transmitted signal (e.g. polarisation)
= Radar drawbacks
Lower resolution for direction of arrival
High power consumption (SNR ~ 1/R#)
Clutter from Moon

P

Arrival Burn

Overview and close-up of a
transfer orbit with coast (blue)
and thrust (red) phases (1)

(1) McCarty, Burke & McGuire 2018, Analysis of Cislunar Transfers
from a Near Rectilinear Halo Orbit with High Power Solar Electric
Propulsion, https://ntrs.nasa.gov/citations/20180006893
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Deep space
Planetary science and planetary defence

Near-Earth Objects (NEO)

Small Solar System bodies

Perihelion distance < 1.3 AU

Discovered: 38,500 asteroids & 120 comets
Potentially Hazardous Objects (PHO)

Crossing the Earth’s orbit

Size > 140 m

Discovered: 2,300
Surveys far from being complete

Especially for small impactors (Tungunska, Chelyabinsk)

= Growing number of discoveries @ IR and optical

Plane-of-sky astrometry
Radar-detected asteroids: 1287

1) https://cneos.jpl.nasa.gov/stats/totals.html
(2) https://commons.wikimedia.org/wiki/File:2013_Chelyabinsk_meteor_trace.jpg
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Near-Earth Asteroids Discovered

Most recent discovery: 2025-/un-08
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Alan Chamberlin (JPL/Caltech)

Cumulative number of discovered near Earth asteroids (1) © NASA JPL

Chelyabinsk meteor trail (2)
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Post-discovery radar observations of NEOs and PHOs
When will they hit? How bad will it be?

Radial velocity (Doppler frequency)
= Tracking §
Range & radial velocity o
. . S
= Characterisation s
Size & shape &
. . . ©
Bulk density (polarisation) «c y
. December 1 — 33602 December 2 — 33702 December 3 — 33803
Surface properties _
Rotation High-resolution delay-Doppler images of 1999 KW 4 (1) High-resolution delay-Doppler images and model of Toutatis (1)
Companions 2028-04-13

Planetary radar
Past: Arecibo & Goldstone
Current: Goldstone DSS-14 & DSS-13 in bistatic configuration, Greenbank
Future European contribution: TIRA & WMT & ngVLA receivers

Goldstone — Green Bank Radar Images of 99942 Apophis 38.75 m/px
&' O e ’ ® T VG 4

Application case: Apophis : T e T ey
Close encounter: 13 April 2029 “ i il }

Distance: 31,600 km

Size: 400 m PR R A AR T, PO AT
’ i ; ‘ 0.000km/s 94,868,212km
(1) Ostro S.J., Hudson R.S., Benner L.A,, et al., 2002, . ] N
Asteroid radar astronomy, Asteroids Il 151-168 from Goldstone and Greenbank Trajectory of Apophis  Source: Wikipedia
—
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