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Abstract

The space environment around planet Earth compaisesiety
of nonhomogeneous and nonstationary fluxes of ab&md man-
made junk. Such debris may collide at hyper-vejoaitith
strategic orbital infrastructure, thus jeopardizitige space
economy. For this reason, the European Space Ag@ey)
sustains a strategy to acquire @&dpability to watch for objects
and natural phenomena that could harm satellitesorbit.”
Accordingly, large ground-based radars and optiekscopes
allow monitoring debris populations with an averagee larger
than, say 10 cm, up to Low Earth Orbit (LEO) anadSationary
Orbit (GEO), respectively. In fact, these assetamfdence
coverage areas along with a grueling data fusion didpit
estimation while coping with limits related to teangl and spatial
observation constraints, atmospheric hindranced, datection
performance (especially with respect to small-staggets).
Interestingly, an active space-based debris deteetnd tracking
capability in the microwave region could complementrent
surveillance assets for an improved Space Situatdmareness
(SSA) and, more dauntingly, provide future spadéaxéth an
early warning capability for direct collision-avaidce
maneuvering. Within this framework, the Technol&®gadiness
Level (TRL) of several key enabling technologiedath digital
and Radio Frequency (RF) domains, as well as aggan®ctive
Electronically Scanned Array (AESA) antennas, altmmtriving
imposing onboard processing tasks for bespoke Sfgfations
and services. Indeed, this Ph.D. work is structuesd a
Gedankenexperimerib augment SSA by delving into a novel
SpaceBorne Radar (SBR) concept inspired by modettegacy
airborne radars.



In particular, such an SBR operates as a fullgjooetric
active instrument in the -band to detect and track small-size
debris, entailing a scalable Field of View (FoV)iathdepends
on the available transmit peak power (on the oodiéilowatts),
multichannel diversity, and AESA steering capaieit This
research avenue highlights the benefit of adopdirgpgnitive-
based SBR for future SSA in terms of improved delonibit
determination and time series analysis on Radas<8ection
(RCS) signatures. Moreover, it poses new questionsadar-
theory while endorsing further research and devaekg on key
space-qualified enabling technologies. Last butiemdt, an SBR
for SSA may support Space Domain Awareness (SDAYs t
cueing a potential liaison with the Homeland Protec (HP),
since a debris characterized by a low-RCS is “sirhtb a stealth
hyper-velocity High Value Target (HVT).

The dissertation is organized into five chapterd ane
appendix as follows:

Chapter 1 introduces an ontology for SSA from arRSB
perspective. In particular, it outlines an holistiescription for
possible environmental scenarios that an SBR muag t@acope
with. The focus of such an ontology is relatedht® modeling of
both channel and target phenomenology as wellrgsttanotion
models. This, in turn, paves the way for reasonatdthematical
formulations and architectural paradigms to fraadar detection
and tracking techniques.

Chapter 2 presents the concept of a novel monopulse
based SBR transceiver for near-Earth SSA based tiilya
polarimetric Single Input Multiple Output (SIMO) efiguration.

The sensor complex data hyper-cube structure aminhdi
hierarchies in surveillance mode are addressedjaldth a Low
Pulse Repetition Frequency (Low-PRF) Range and &&aje



Search (RRRS) with a Pause While Scan (PWS) cantact
collection strategy. The AESA-based radar senstitan -band

is further clarified in order to cope with the siggant Doppler
stress characterizing a burst of echoes from hypkeity debris.
Before feeding the onboard Bayesian tracker, theptex data
hyper-cube is processed by means of a Doppler fienk
including Pulse Compression (PC) in cascade witboastant
False Alarm Rate-like (CFAR-like) block.

Chapter 3 analyzes the effects of plasma turbulendbe
detection performance of SBRs for SSA. Physicaighits on
both channel and target phenomenology lead to nadde
statistical models with a focus on the Fading Oanuoe
Probability (FOP) in case of weak scintillation.nSequently, the
performance analysis of conventional radar detedtoAdditive
White Gaussian Noise (AWGN) is provided in a moabst
configuration for either Rayleigh or Rice fluctuagitargets, and
considering Rice plasma scintillation as a functioh the
scintillation indexss. Numerical results identify a paramount
framework to characterize the influence of plasaraulence on
SBR detection performance for SSA. Finally, angfllaotes
make provision for tailoring the performance analydso in the
case of bistatic radar configurations.

Chapter 4 extends the complexity of the SBR payioad
the -band based on a Code Division Multiplexing (CDM)
Multiple Input Multiple Output (MIMO) configuration
Considering small-size hyper-velocity debris, thendtional
architecture of the fully-polarimetric transceivier described
including key comparisons with the SIMO configuoati SBR
operations are clarified via timing hierarchies sarveillance
mode, the complex data hyper-cube structure, amd.dov-PRF
RRRS entailing a Track While Simultaneous SearctW$b)
contacts collection strategy. Ancillary details dhe SBR



functional architecture yield paramount insightpomder critical
MIMO aspects and pave the way for key research and
development efforts. Moreover, numerical resulisigiforth a
proof of concept for the signal processor upstrdeCFAR-like
detection block.

Chapter 5 frames the conclusions of the thesisingue
cognitive-based Bayesian Multi Target Tracking (MTas the
reference paradigm downstream the CFAR-like deiedbiock.
Also, the chapter summarizes the findings of théPivork and
stresses further lines of research in terms of bethtem
engineering aspects and modern radar detectiomth@oally, it
makes provision for harmonizing the SBR payloadhwite
futuristic onboard-based debris avoidance systemcejut
proposed by Robert Briskman.

Appendix A provides proof of analytic solutions to
structured integrals expressed as the Laplaceforamsof the
product of Marcum Q and power functions.
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Chapter 1

An Ontology for SBR Debris
Detection and Tracking: Channel-
Target Phenomenology and Motion
Models

The environment around planet Earth  comprises
nonhomogeneous and nonstationary fluxes of naardlman-
made junk (often referred to as “debris”) entailing possible
collision threats to strategic assets in space.,(eogoital
infrastructure, spacecraft, and satellites) [1,2].

In this scenario, governments, armed forces, gpaces
agencies have set up Space Situational AwareneS#\) (S
programs aimed at monitoring and planning reacateyabilities
for the protection of critical infrastructure in a&m. Such

It is worth noting that the “space debris” terngcaknown as “orbital debris,”
has been defined by the Inter Agency Space Delr@dhation Committee
(IADC) as “...all man-made objects including fragmeahd elements thereof,
in Earth orbit or re-entering the atmosphere, #ratnon functional” [3]. In
fact, the IADC definition does not include natur@le., nonman-made)
meteoroids, whose size can oftentimes be negligibler the sake of
clarification, both man-made and natural space jookld be properly, and
more generally, referred to as “Meteoroid and Q@itbiDebris” (MOD).
However, in order to adopt common acronyms and iterimgy within the
aerospace community, both man-made and naturakspa& can also be
jointly referred to using the “MicroMeteoroid andttal Debris” (MMOD)
term [3].



operations are entrenched in difficulties in terofsgauging
capability and orbital trajectory prediction. Thaerher is related
to current constraints of measurement systems,eskehe latter
is due to uncertainties caused by gradients afffgctiebris
dynamics, chiefly during long observation campaigsWithin
this framework, current data fusion systems for $$\fed with
different types of data, oftentimes measured bgeaBround-
Based Radars (GBRs) (in addition to ground-basetiasitu
optical instruments), namely, in the very high freqcy (VHF)
band [5,6], ultrahigh-frequency (UHF) band [5,6]band [5-8],

-band [9], -band [8], -band [5,10], -band [5,10], as well as
novel measurements up to the-band [11]. Accordingly,
conventional SSA operations are based on formingcefe
coverage areas, which allow collecting detectiontacts when
trespassed by a debris. In particular, this octyrsnonitoring
large warped volumes of space relying on eithembeark or
scanning modes (along with additional experimemtaties [7]).
Moreover, for such monitoring, there is an operativadeoff
between available transmit peak-power and carregjuency of
the radar asset. In other words, the larger tmsinit peak-power,
the lower the transmit carrier frequency availapiin terms of
Technology Readiness Level (TRL).

Following the foregoing overview on SSA, this ptex
highlights limits and constraints of both GBRs &whceBorne
Radars (SBRs) to support SSA. It appears wise amdr this
problem adopting an ontological perspective on the
environmental scenario, thus providing a structured
representation of concepts and relations theragfatticular, for
radars supporting SSA (either GBRs or SBRs), thal goto
highlight several ideas, categories, and propertsswell as
identifying possible connections among these cascepth a
focus on channel-target phenomenology and motionletso
Interestingly, the analysis of environmental modstisictured
within suitable ontologies [12] can be a usefulrsewf hints on



suitable inference schemes for debris detectiortrac#ing from
a radar perspective. On the other side, thesencagslso support
a more confident exploitation of radar assets byosgEce
communities to nurture and validate catalogs of rideb
populations. Finally, such a reasoning providestatboundary
conditions for framing the architectural design @&f novel
archetype of SBR to support SSA.

The remainder of this chapter is structured d®wis.
Section 1.1 introduces the environmental scenarith an
overview of debris-class populations currently kagad by
aerospace communities. Section 1.2 describes theodwogies
adopted by aerospace communities for validatindy siatalogs
with relevant comments on inferences from a radaspective.
Section 1.3 addresses the channel phenomenologyewhe
spatial medium is possibly affected by space weathth an
influence on electromagnetic propagation. Sectigh réviews
the target phenomenology with a focus on the exoestattering
behavior of debris. Section 1.5 discusses reaserabislational
and rotational motion models of debris. Finallycton 1.6
outlines the leitmotiv question and keystones foace-based
SSA proposed in this Ph.D. work.

1.1 Debris-Class Populations

Considering the volume of space around the Edréhcardinality
of debris with an average diameter larger thamlis estimated
to exceed several hundred trillions of items. Y\hen the
average diameter is larger than 1 mm, the debpsilpton size
shrinks to roughly several hundred millions of iem
Nevertheless, when the average diameter is lahger I cm, the
debris population reaches several hundred thousantEms. If
the focus is on debris larger than 10 cm, the dgbopulation
count reduces to tens of thousands of objects[§§ead [13]).



From such a huge population cardinality, it appeseful
to identify debris-related taxonomies. Thoroughegatizations
of debris populations appear in [1], labeled byeitthe lack or
abundance of knowledge tassociate the root cause of the debris
to a launch everit Unidentified objects represent the former
class, whereas the latter class is further stradtumto several
features and origin. Namely, payloads, e.g., seglinstruments;
payload mission related objects, e.g., astronanisitgayload
fragmentation debris, e.g., items fragmented @astd during a
specific event; payload debris, e.g., items fragextior released
during an unknown event; rocket body, e.g., rel@asebital
stages belonging to a launcher; rocket missiorteélabjects,
e.g., shrouds and engines; rocket fragmentatiorrisjeb.g.,
objects created in case of a launch vehicle exposind rocket
debris, e.g., objects created from a rocket bodyinduan
unknown event. Moreover, a plethora of fragmente¢ieents are
also pinpointed as metadata related to the brealauge such as:
accidental, aerodynamics, anomalous, collision,ibdedte,
electrical, propulsion, and unknown. ltems are gismuped into
two major populations: &rge-object populatiorwhose debris
size is roughly larger than 1 cm, andraall-object population
whose debris size is roughly larger than 1 mmsyedller than 1
cm. For example, micrometeoroids, solid rocket mdtest, paint
flakes, and ejecta belong to the small-object paimr.
Multilayer insulation materials as well as launatdamission
related objects including the items tracked intth@-line element
set of orbital items (publicly shared by the Uni&tdtes Air Force
Space Command) belong to the large object populatio
Basically, explosion and collision fragments, soaliypotassium
droplets, and solid rocket motor slag belong tchhméasses. So
far, such taxonomies have been wisely organizeddrgspace
communities and can, in turn, highlight operataget scenarios
needed for proper radar detection and trackingekample, Fig.
1.1 shows a pictorial representation of an opegatoenario from



an SBR (the red point) perspective made of indiaiddebris
targets (the yellow chunks) belonging to the lanbgect
population and a debris cloud (the purple chunishpfthe small-
object population, possibly coexisting in the FHeleView (FoV)

volume (the red dashed lines).

ig. 1.1. ictoial vie of a SBR (red point) whdseV (red dashed lines)
comprises elements oflarge object populatiorfyellow chunks) and amall
object populatior(purple chunks).

In addition, another important aspect analyzed drpspace
communities (which may further circumscribe the eotpd
operative scenarios for proper radar detection taacking) is
related to the volume distribution of debris popiolas. Indeed,
the identification of specific regions and subregidn space as a
Volume of Interest (Vol) allow optimizing the desigf the
required Field of Regard (FoOR) as well as operatnges and
functionalities of radars. In particular, severalacse orbital
regions filled with debris populations are defirveith respect to
the Earth’s surface [5]. That is, the low Earth iorthEO)
comprises the highest volume-density of items ngwmth
significant angular velocities along different imeltions; the
lower medium Earth orbit (Lower MEO) houses a ledinumber
of items with no specific inclination; the MEO emgpasses a
limited number of items along specific inclinatiprend the



geostationary orbit (GEO) accounts for a limitednter of items
moving at reduced angular velocities along speaiiotinations.
For the sake of completeness, the LEO, MEO, and Gifi@ns
are further partitioned into the following subregsd1] identified
by the semimajor axis eccentricity , inclination , perigee
height , and apogee height :

GEO: Geostationary orbit (< 25°, 35 586 km < < 35
986 km, 35 586 km < < 35 986 km).

IGO: Inclined geosynchronous orbit (37 948 km <<
46 380 km, <0.25, 25° < <180°).

EGO: Extended geostationary orbit (37 948 km <« 46
380 km, <0.25, <25°).

NSO: Navigation satellites orbit (50° << 70°, 18 100
km< <24300km, 18 100 km < < 24 300 km).
GTO: GEO transfer orbit (< 90°, <2000 km, 31570
km <  <40002 km).

MEO: Medium Earth orbit (2 000 km < < 31 570 km,
2000 km < < 31570 km).

GHO : GEO-superGEO crossing orbits (31 570 km <
<40 002 km, 40 002 km <).

LEO : Low Earth orbit ( <2 000 km, <2 000 km).
HAO: High-altitude Earth orbit (40 002 km <, 40 002
km< ).

MGO: MEO-GEO crossing orbits (2 000 km << 31
570 km, 31 570 km < < 40 002 km).

HEO: Highly eccentric Earth orbit ( < 31 570 km, 40
002 km< ).

LMO: LEO-MEO crossing orbits ( <2 000 km, 2 000
km< <31570km).

UFO: UndeFined Orbit.

ESO: EScape Orbits.



1.2 Validation Methods of Debris Catalogs

So far, the confidence on the knowledge describegection 1.1
relies on bespoke analytical tools and verificatiorethods
developed in the past decades by aerospace conm@sunit
Remarkably, by providing relevant comments on thraséhods
from a radar perspective, it is possible to hightligmits and
stimulate possible novel paradigms to improve aw@iice on
SSA inferences. Indeed, several tools and modele heen
introduced by both NASA and ESA to manage MMOD &ssu
NASA has developed the Orbital Debris Engineeringd®l and
the Meteoroid Engineering Model, whereas ESA hasged on
the Meteoroid and Space Debris Terrestrial Enviremm
Reference (MASTER). Primarily, these models havesnbe
developed to assess the flux of MMOD imparted epacecraft
[5]. Nevertheless, these models also cue the $piiasity of
items in the aforementioned orbital regions withrapaount
insights on the possible occurrence of multiplegess in the
operative scenarios for radar detection and trachior instance,
Horstmanret al.[13] report the volume density of debris within
the LEO region (as per the MASTER model) up to 2048
epoch. The LEO appears as the region with the bighensity of
objects per cubic kilometer, with peak density mtadtitude of
800 km (namely, about items/kn? for debris whose
diameter is larger than 1 mm; items/kn? for debris
whose diameter is larger than 1 cm; and items/kn? for
debris whose diameter is larger than 10 cm). Witthis
framework, a paramount issue for SSA is to validlageacquired
knowledge on debris-class populations. Small olgepulations
knowledge is, de facto, validated only by checkimgact data
extracted from dents on available hardware retufreed space.
On the contrary, large-object populations knowledgealidated



by comparing a reference virtual-sensor detectieriopmance,

e.g., the Program for Radar and Optical Observa&imecasts by
ESA, against real radar or optical measurement aggng. In the
latter case, any incongruency is reflected backuwsdoda suitable
modification of the original large-object populationodel until

the virtual-sensor and real-sensor detection p@idoce become
aligned [14].

Interestingly, considering the large-object papioh
knowledge, it appears that the debris-size arourrd tepresents
a serious challenge for detection since the amooht
measurement data is extremely scarce. This, in taises the
legitimate question of how accurate the 1-cm dgtjsulation is
represented by current space debris models. Sineilaarks are
evident in [15], whereby the histogram of monitogects at
the orbital altitude of the Cosmo SkyMed surveitiarsatellites
(i.e., roughly 620 km) shows a clear gap in the sizundetected
objects approximately below 10 cm. In more gentahs, one
of the most important tasks to support SSA is thefident
initialization and maintenance of debris cataldgst example,
the European Union (EU) manages the, so-callecalidae and
Information System Characterising Objects in Sp@I&COS)
[1]. DISCOS servers are located at the ESA Europgaace
Operations Centre (ESOC) premises in Darmstadtm&aey,
under the wing of the Space Debris Office. DISCQ@8ects
structured data and metadata for several tens afsnds of
trackable items [5,6,13]. In general, catalog atitiation requires
a new item to be detectable by one or more sefisoagime span
and spatial extent necessary to enable an accudig
determination. At last, catalog maintenance reguitems to be
reobservable for track association.

Consequently, it appears worth pondering the ctiete
and parameter estimation capabilities of curresei@sfor SSA.
For the most part, ground-based active radars heaes tailored
to observe the LEO region. On the contrary, passptcal



systems have been exploited to monitor objects uathdr
distances up to the GEO region. Representative GiBiRe USA
comprise the Midland Space Radar (MSR) in the -band; the
Poker Flat Incoherent Scatter Radar (PFISR) in the -band,;
the Cobra Dane radar in theband; the Goldstone Solar System
Radar (GSSR) in the -band; the Haystack Ultrawideband
Satellite Imaging Radar (HUSIR) also known as theeystack
Radar in the -band; the Haystack Auxiliary Radar (HAX) in the
-band; as well as the Space Fence on the Kwajateihin the

-band. Facilities in the EU include the EISCAT nadm both
the -band and the  -band; the European Grand Reseau
Adapte a la Veille Spatiale (GRAVES) in the -band; the
Ballistic Missile Early Warning System (BMEWS) at
Fylingdales, U.K., in the  -band; the Blstatic RAdar for Leo
Survey (BIRALES) in the  -band; the Tracking and Imaging
Radar (TIRA) in both the-band and the -band; and the novel
German Experimental Space Surveillance and TracKadar
(GESTRA) in the -band. Furthermore, the southern hemisphere
also contributes to SSA, e.g., via the Kiwi Spaegl& (KSR) in
New Zealand in the-band. Similarly, representative assets for
ground-based optical telescopes include the Michi@abital
Debris Survey Telescope (MODEST); the TélescopectioA
Rapide pour les Objets Transitoires (TAROT); theAESpace
Debris Telescope; the ZIMLAT telescope; or the iBnitNational
Space Centre (BNSC) Starbrook telescope. In genetive)
GBRs in the microwave region are significantly leependent
on clear atmospheric conditions and can illumindhe
environment via their own transmission. Unfortuhgtethe
detection performance of GBRs (even with statehefdrt
transmit power capabilities) decreases beyond @ kegion.
On the contrary, (passive) optical telescopes bie ta monitor
orbital regions beyond the LEO region, albeit reiqgi clear-
atmospheric conditions and an indirect (i.e., exbr
illumination source such as the sun.



Now, for the sake of clarification on current nitoring
paradigms for SSA, let us consider a scenario usuieillance,
whereby the orbits of debris populations are assuam&known.
In order to specify the detection performance oRSBKrag and
Klinkrad [16] define first a measurable Vol. In peular, the Vol
center is cued by a triplet made of ranggvith extension in
the radial direction), elevation andle(with extension! along
the elevation arc), and azimuth angléwith extension" along
the azimuthal arc), in a general spherical cootdmdrame
centered at the radar itself. When such a Volassed by a debris
or a debris swarm, the result is a so-caltetl passage event
which, in principle, can or cannot be detectedther words, the
detection contact depends on the specific capaisildf the radar
asset. Within this context, one may take heedatéstents about
GBRs sensitivities adopted within the aerospacenconity [16].
In these cases, the detection performance is dkfimtrms of a
cell passage eveat a maximum range at which a spherical object
with a minimum size associated to a minimum Radess€
Section (RCS¥gos can still be confidently detected. As can be
seen from the work in [17], a wide range of RCS\leen -70
dBsm up to 20 dBsm) is taken into account for fragrdetection
capabilities. In [5], -48 dBsm is reported, for tensce, as the
minimum RCS detectable by the TIRA asset for aetairgthe -
band at a 1 000-km range corresponding to an elgmitanetallic
sphere with a diameter of 2 cm. In line with theneaeasoning,
Krag and Klinkrad [16] report a minimum RCS threlshof - 20
dBsm corresponding to an equivalent sphere witlameter of
11.28 cm at a 50-cm wavelength, which is the leggayging
limit of the U.S. Space Surveillance Network cagal&uch
detection statements abide by a general beam-pade rthat
counts items passing through the radar instantaneou during
an observation campaign. To a large extent, thasgaigns are
based on processing the received echo complex cpesl
through a bank of filters, and comparing their sgdabutputs to
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thresholds after a noncoherent integration. Albsined at

estimating (whenever possible) the debris rangegeaate, and
RCS, the gauging configuration and the availatdps time for
data acquisition from a single ground-based assbeam-park
mode do not allow for an immediate estimation of trbital

trajectory of a detected item. In principle, rejhacbeam-park
modes with more advanced surveillance scanning moelg.,

based on the steering capabilities of an activetreleically

scanned array (AESA), may allow for orbit deterntimras from

a single radar site. Yet, this could occur (adlithve clarified later

on in this chapter) only if multiple observatiorigtte same object
along an orbital arc were to be collected and gedutpgether
even in a densely populated scenario.

Additional paramount comments for either GBRSBRs
inference capabilities follow. DISCOS includes, wéeer
possible, the characteristic length of a catalogech defined
either as its average or its largest dimension caltiree
orthogonal axes. When these dimensions are complete
unknown, the characteristic length is derived ontirectly from
an estimated RCS, assuming a debris with a peyfeatiducting
spherical shape for the size-estimation model (SEM). Yet,
several uncertainties may arise from an “SEM cuedbRCS-
estimate”. Indeed, biasing fluctuations may occuwre dto
unknown scattering [18] and propagation [19] medras with
respect to the operative wavelength. For examplisances are
related to possible target scattering fluctuatiodgjtenna
Radiation Pattern (ARP) straddling losses, as asHcintillation
of the media due to space weather effects [20]addition,
possible Faraday rotations and target depolarizadftects have
induced state-of-the-art GBRs architectures [7®]rely on
polarization diversity in order to collect echoest@o orthogonal
channels. In summary, both propagation and scadtezffects
may prevent radars (either GBRs or SBRs) from camfily
estimating an RCS and, therefore, the characietestgth of an
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item via a specific SEM. Apparently, these notes/ rappear
negligible for RCS estimations of debris with agkarsize. Yet,
they become of paramount importance when the delmesis
small and a low RCS value must be accurately ettitha

On the basis of these difficulties in SSA, avill be
clarified during the rest of this chapter, SBRsrespnt a
complementary aid to GBRs to support the initidlea and
maintenance of debris catalogs, such as DISCOS.ej k
architectural paradigm relies on considering an $Bkhe -
band with a transmit peak power of the order obwatts [2].
Compared to the larger FOR spanned by state-odth&BRs
with a transmit peak power of the order of megasyathe
detection and tracking capability from an orbitBBR would be
clearly tailored to the surveillance of a smalladdess warped
FoR resembling a solid torus around planet Eantthik case, the
larger the SBR transmit peak power and ARP agihty larger
the solid torus and, therefore, the fewer the SB&ded (e.g.,
displaced in inclination with respect to the Easteguator) in a
constellation aimed at monitoring a specific Vol.

1.3 Channel Phenomenology

The channel phenomenology for SSA discussed insidsion

addresses signal propagation through either fraeespr plasma
slabs with reasonable assumptions on channel bmisaand

related effects on signal waveforms.

1.3.1 Signal Propagation in Free Space and Plasma
Slabs

The propagation of electromagnetic signals for S&h be
perturbed by space weather originating within thkrssystem
(see Fig. 1.2). In [20], several notes report useflications for
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framing the channel phenomenology for either GBRSERS. In
particular, Table 1.1 indicates the main spaceoregyaffected by
space weather in relation to orbits. Moreover, EC38]
highlights the ionospheric density profile of elects in space
whereby the highest electron density lies at a geodltitude
between 300 and 600 km and gradually decreasegleutss
range even in case of an approaching geomagnetim gtas
indicated by the 5- index in [21], which characterizes the
magnitude of geomagnetic activity as a minor stoffimus, the
LEO not only appears as the space region withitjleest density
of debris per cubic kilometer, but also as the witk the highest
electron density profile (for the most part at adgtic altitude of
roughly 400 km, with peaks over one million eleas@er cubic
centimeter at noon).

Fig. 1.2. Pictorial view of the Sun (left) and tBarth (right) affected by space
weather.
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LEO Low Inclination lonosphere
LEO High Inclination lonosphere, Auroral Zone
GEO Outer Magnetosphere,
Plasmasphere, Magnetosheath
MEO Outer Magnetosphere,
Plasmasphere, Magnetosheath
GTO Outer Magnetosphere,
Plasmasphere, lonosphere
High Apogee All Regions
Elliptical Orbit
L1, L4, L5 Solar Wind
Lagrangian Points
L2 Solar Wind, Magnetotail,
Magnetosheath
Interplanetary Cruise Solar Wind
Planetary Orbit Planetary Environment

Table 1.1. Orbits associated with regions affettedpace weather [20].

The channel phenomenology on radar signals can be
analyzed solely by an electromagnetic perspectinmeother
words, it is reasonable to neglect the effectsavigational fields,
which introduce refraction on radio waves [22]).darticular,
depending on the carrier wavelength and solar iagtiva
microwave radar (either an SBR or GBR) may haviake into
account propagation through free space vacuum haraligh
slabs of turbulent plasma. The former conditiothis nominal
operative condition of propagation within linearnmmgeneous
and isotropic media as described by the classiamHoltz
equation [23]. The latter condition implies nonstaary and
nonhomogeneous physical media (to be referred tardom
media) where the dielectric constant is a randorrabke (r.v.),
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the refraction index may fluctuate, and the Helrtthefjuation is
stochastic [24]. In simple terms, a plasma mediama igas of
charged particles where the particles do not intetarough
collisions as per a neutral gas, but rather viatelenagnetic
forces. The presence of external electromagnegidsican thus
influence the motion of these charged particlesenels the
motion of charged particles can, in turn, genecatgents and,
therefore, electromagnetic fields. From this pecipe, a valid
description of plasma is that of a fluid slab ofblent media
made of two particle species (i.e., a so-calledomonent
plasma [25] comprising electrons and ions) and rassy the

oversimplified approximation of rarefaction andrthedynamic

equilibrium. In this case, being the mass of thextebns much
smaller than that of the ions, the dynamic respoofsdhe

electrons becomes predominant with respect to tbgéom of

ions. Consequently, it appears worth ponderingotaihg two

guestions.

When should a radar (either SBR or GBR) considgradi
propagation through slabs of turbulent plasma?

What kind of effects can occur on signals propaggati
through slabs of turbulent plasma?

To this end, let us represent in Fig. 3 a possiplkerative
scenario in which an orbiting monostatic SBR (itlee, red point)
transmits a burst of waveforms propagating in botle space
(i.e., the dark region) and plasma (i.e., the gi&ah filled with
electrons) toward a debris cloud (i.e., the pucplenks) whereas
part of the energy is backscattered from the dedboisd toward
the SBR (thus propagating once again in both fpsece and
plasma). Accordingly, the answer to the first gisestelies on
the spatial and temporal extent of the total etectiontent (TEC)
in the medium [24], as this indicates whether pgapi@n will be
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influenced only by free space or also by a plasiah. sThe
answer to the second question pertains to absarpedraction,
dispersion, carrier offset, Faraday rotation, ali ag&eamplitude
and phase scintillation [22].

Fig. 1.3. Signal propagation in free space (dpdce) and plasma (green slab)
towards debris clouds (purple chunks).

These undesired effects may (or may not) be néxigidor
a radar (either SBR or GBR) aimed at SSA. The fitep is to
verify the condition of existence of propagatiordamghlight
whether or not absorption can be assumed negligHolesignals
propagating through free space vacuum, Maxwellisa&igns can
be elaborated considering the absence of volumeyetdensity
or current density. Introducing the signal wavenamly ) * +
(where * is the electromagnetic carrier wavelength), the
dispersion relation for free space vacuum can badtated as

 CE (1.1

with respect to the radian frequengcy )/ where/ is the
electromagnetic carrier frequency an@d*/ is both the phase
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and group speed. On the contrary, for signal prapaig through
slabs of plasma, a significant physical compleaitges. Indeed,
plasma supports a plethora of oscillation modeshdei as
electrostatic or induced electric fields) dependioig many
boundary conditions and variables, including terapee and the
occurrence of a magnetic field. In simple terms, dispersion
relation in a plasma region can be characterizeith&yrequency
of plasma media , which lies completely within the -band
taking into account the electron density profileswn in [20].
More specifically, for, O, the dispersion relation entails
absorption on signal propagation whereas fdr, the
dispersion relation for free space vacuum in ed.)(hecomes a
reasonable approximation also in a plasma regmaotHher words,
radar signals (either GBR or SBR based) may cdytpiopagate
above the -band not only in free space but also in plasma
media. Clearly, GBRs must also take into accourdsibe
absorption in specific windows of the electromagnspectrum
due to signals inevitably crossing neutral atmosghenhile
SBRs can be deployed on orbits above the troposphet, it is
also well known that the 26.5-40 GHz range of theband
fitting the WR-28 waveguide is a suitable specivadidow with
minor attenuation due to water vapor and oxygen.

Once the condition of existence of propagation theen
faced, the treatment on channel phenomenology ghrdtee
space vacuum and plasma slabs hinges on the diiochas
Helmholtz equation as well as on possible gyrotemffects.
With regards to the Helmholtz equation, it can heven [24] that
a weak or moderate plasma turbulence allows sigpgfthe
propagation model through a plasma slab predoniinast a
forward scattering mechanism around a small coné wi
negligible attenuation and backscattering withia ttone itself
(thus excluding multiple scattering effects in tfhlasma slab).
This results in a Rytov solution (see [24, eq24Band (3.25)])
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based on the superposition of contributions fohbarplitude
and phase of the emerging field out of a plasm&é slad
represents the keystone for modeling weak scititiia on radar
signals as it allows for the applicability of thentral limit
theorem (CLT). With regards to gyrotropics effef28] and
considering magnetized plasma media, it is wellvkmahat the
original polarization axes of a general propagatirepsverse
electromagnetic mode (TEM) are rotated by the dled&araday
rotation angle.

1.3.2 Channel Models

By modeling plasma as a fluid slab made of 2 corepts(i.e.,
electrons and ions) [25], the spatial and temploehlavior of the
electron content can be analyzed by the electrosiye2 at a
specific spatial locatior34565 B at a given instan838 as per
small perturbations (indicated by the “1” subsqrgaound fixed
values (indicated by the “0” subscript), i.e.,

2 356572 . ;2 .3A5657F9 (1.2)

This, in turn, allows introducing aormalized electron
densityas per the following r.\& ? @"

Bcp45657FE

= 34565759
Br

(1.3)

to describe the medium via spectral and statispiegperties [24].
For example, assuming Wide Sense Stationarity (WE%
Wiener-Khinchin theorem represents the Fourier-tbaséation
between the correlation function of the normalizeldctron
density Gy y 34565 7309and its spectrundy 4 K 45 65 75,1,

ie.,
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Gy 35657 MM 340,456 0,657 ©,759%, 9 8=, 4565 75 P
(1.4)

< 4TAU _BTAU _JTAU TAU

3Q8Q51Tu Stu Sty Bru GeA565730

VWKXYZ,4; 6; 77X ,9[L\A\6\7\9 (1.5)

I K 45 65 75,L (

where MNP indicates the statistical expectation operator. In
principle, from the knowledge of the spectral stuwe of the
irregularities of plasma patches in eq. (1.5),sitpossible to
characterize the state of the medium and subsdguamdlyze
detrimental effects on propagating signals. As mpter
alternative paradigm, it is possible to considepezinental
scintillation parameters [22] such as the scirtdiaindex

« M3 8PM N8P

" 38( M308P

(1.6)

as a function of the intensityof the electric field at a specific
wavelength* in a given location and temporal window (i.e.,

d3*8 ( hét3*8h wherdj]j is the modulus operator). In addition to
A (the wavelength dependence 6n has been omitted for
simplicity, i.e., » 3*8(”~ ), an additional description of the
medium may derive from thgcattering functiorof the channel
which defines the coherence-tim®,,,, and coherence-
bandwidth / , for propagation through a WSS channel
(characterized by amncorrelated scatteringonstraint [26,27]).
Accordingly, the coherence-tim@,,,, and coherence-bandwidth
I «wm Of the channel can be useful parameters to fragtection
schemes. Indeed, the former frames the temporgselaf
possible coherent and noncoherent combining, whelesalatter
highlights frequency selectivity. For example, ddesng
propagation in the -band, Ferieet al. [28] reports a9, of
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3.72 ms during experimental campaigns affected blars
scintillation (as per a JPL internal memo from Atrasg and
Woo in 1981). More recently, Morabito [29] showsuls from
Cassini solar conjunctions wheBg,,, spans from roughly 40 to
200 ms. Hopefully, the novel BepiColombo missiorMercury
(equipped with state of the art onboard microwastruments in
the -band [30]) will provide additional indications &, . As
of today, the paucity of available data allows fiagn9 ;,, on
the order of ms. Consequently, the channel in thband can be
modeled as flat-in-time during an operative radasbelapse of
a few ms. On the other side, to the author’'s basivkedge no
assessment or experimental evidence has been foanthe
coherence-bandwidth ,,, of such a channel in the -band. A
conjecture considers the extent/of,,, as a decreasing function
of the scintillation index (i.e., the largef , the smaller/ ).
In pragmatic terms, for radar detection in theband a frequency
nonselective channel (i.e., flat-in-frequency) isoaa valid
assumption for “small” bandwidths of the radar sig.g., up to
a few megahertz) and “weak” plasma turbulence,(®.qn op).
In summary, in case of mild or moderate plasmaulerice (in
the absence of experimental data) it is reasoralassume a flat-
flat channel on small bandwidths during a shorardmlirst elapse,
thus resulting in a fixed multiplicative complexrteaffecting the
complex envelope of the radar signal.

Alongside the flat-flat assumption on the chanoekhort
radar bursts on limited bandwidths, statistical eisdallow
representing fluctuating effects of plasma mediaamiar signals.
Favorable models are supposed to be intertwineghigical
descriptions, mathematical tractability, and coniylétyy with
experimental results. This, in turn, entails dedvinto first order
(and higher order) amplitude and phase statiskos.instance,
Yeh and Liu [24] outline a number of statistical ahets starting
from first-order statistics of the signal envelapstribution such
as the log-normal, Rice, and NakagamiNevertheless, praised
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statistical models are those relying on proxy patens to be
directly measured in-sitand uploaded to an operative radar.
Indeed, the possibility to exploit parameter esteaaepresents a
Knowledge Aided (KA) paradigm which may set up tadar
configuration for more robust, selective, or e#iti debris
detection and tracking schemes. For example, theilktion
index” in eq. (1.6) (i.e., the ratio of the standard d&wen of the
received signal power to its mean at a specificelength) is a
useful telemetry [21] to swap the channel modelvben an
Additive White Gaussian Noise (AWGN) chanrald a
scintillating channelsee Table 1.2).

N0« (n™*n @
free space vacuum slabs of weakly
turbulent plasma
isotropic linear random
homogeneous media media
AWGN scintillating
channel channel

Table 1.2. Channel models relying on the scintdraindex” .

For such a scintillating channel, let us consigeweak
plasma turbulence the occurrence of forward scager
mechanisms within a slab as a one-way propagatmya set
of, say , nonresolvable paths during a radar burst elapse t
(see [28]). Accordingly, one may then elaborate the
aforementioned multiplicative complex scintillatipnocess at a
given time9 as per the following r.v.

q " (t. ®F;ufigy S (t. BFigg o (1.7)

and assume that. ? @ andz. ? 3X)5)P are deterministic
terms (representing the specular deterministic ggapon path)
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whereaqys is a Rayleigh-distributed r.v. with parametgr, and

zg Is a uniformly distributed r.v. in3X)5)P statistically
independent ofjg which model the weak-scattering stochastic
propagation paths. For such assumptions the pritlyadensity
function (pdf) ofq is Rice [31], i.e.,

Cc Cc
Lo
o !

{ €i
|4 3t8 ( = G .

d, Bl ms (1.8)

whered 3 8is the modified Bessel function of the first kiadd

T -th order, andr3t 8is the Heaviside unit step function. In this
case, theRice factor (t "+#/ is the ratio of the specular
dominant power (i.e., the power of the main propiagapath
contribution,t ) and the random power (i.e., the power of the
remaining nonresolvable multipath contributions doeweak-
scattering, # (). Interestingly, the assumption on. as a
deterministic parameter frameq and z as statistically
dependent. Yet, by enforcing randomness alsozonas a
uniformly distributed r.v. ir8X)5 )Pand statistically independent
of qg andz ¢, g andz become statistically independent, with

a uniformly distributed r.v. iBX)5)P, and the pdf of is Rice as
per eg. (1.8). For the sake of completeness, the &sumption
for electromagnetic propagation with weak plasmattiation
appears also on works related to one-way telenuty links
[28], Radio Science Experiments (RSE) related tdarso
scintillation measurements [29], and Global NavmaSatellite
Systems (GNSS) [32].

In addition, by constraining the average power sigaal
propagating under scintillation to remain constast per the
forward scattering assumption in the weak scinidta model
[24], one may enforce the mean square valug @br example)
as unitary, i.e., thecale parameter (t ' ; # [ is
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Mg PC (t o # [ ( (1.9)

Remarkably, Feriaet al. [28] models telemetry
scintillations with a Rice distribution in the -band along with
the benefit of being specified in terms of the gkation index”
[28,33]. Indeed (see also [34]), for one-way pragiam a direct
relationship between the scintillation indexand the Rice pdf in
eg. (1.8) with parametets and#; can be written as

{F " < %R’
( (%= T (1.10)
That is, combining egs. (1.9) and (1.10) in ternfs tloe
scintillation index” it is possible to frame a liaison between
experimental results from plasma radio-physics and-way

propagation in radar theory for debris detectiod @macking, i.e.,

t: (C XA - (1.11)

_ < " < %oRC.
#( — R (1.12)
As a reference, Table 1.3 summarizes the Riciaanpeters
associated to several operative plasma scintilatidex values

~ related to a weak scattering paradigm

0.1 0.997 0.002
0.2 0.990 0.010
0.3 0.977 0.023
0.4 0.957 0.042
0.5 0.931 0.067

Table 1.3 Scintillation index value$s and related Rician parameters.
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1.3.3 Degrading Effects on Signals

A review of the degrading effects of plasma on pggiion
follows for radar signals (either GBR or SBR based} with a
particular focus on SBRs in the -band. First of all, it is worth
stressing that empirical measurements in theband [33]
confirm several effects to be described by the gémegradation
formula gi/k{ “iEe % where the positive constants, ts, . s
are estimated via regression on experimental dakarespect to
signals on a carrier frequendy. TEC is defined between two
reference radial propagation exteftandZ, « Z . (see also Fig.
1.3), i.e.,

E- ( s;F‘ 2 3456575 (1.13)

such that a TEC Unit (TECU) is defined as* electrons/ri For
example, a degradation (which is also a key nus#mcRSE on
general relativity [30]) is related to the possibédraction of
signals due to plasma in terms of an offset angfgading from
Line Of Sight (LOS) propagation. Interestingly, Yalkev [22]
highlights that bending from LOS propagation occirsase
vertical gradients of the refractivity are signdid. Such a
refraction angle is characterized b¥a frequency dependence
(.,e.,ts( in the general degradation formula), thus strgssin
the benefit of adopting the -band for SSA compared to the use
of lower bands. As an additional example, thé frequency
dependence for degradation (i.elg ( in the general
degradation formula) also appears in the Farad&fioo angle
as

“ese (1 Hth—3w8/, & (1.14)

where ©is a positive constaiff is an existing magnetic
induction field (e.g., the ubiquitous geomagngetduction field),
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and § is the angle betweeft and the signal wavenumber
direction. Once again,«». Is definitely more marginal in
the -band [18] compared to the use of lower bands.heurt
examples of degradation include the group timeyddistortion
due to plasma. Indeed, radar signals are inherdintlg-based
waveforms with the Optical Path Length (OPL) progtaan light
time @ ) nominally aimed at cueing the Physical Path Liengt
(PPL) propagation light tim8%y,) [22]. While in free spac8
coincides with9y, plasma media may enlar@e , thus biasing
the estimation of the desired range ®y. That is, plasma distorts
the time of propagation of light over a physicatdnce by the
amount

9. (9. X% ( °%E- (1.15)

e

where ©9s a positive constant [22]. Again, the frequency
dependence (i.ets( in the general degradation formula)
shows a more marginal degradation of the (groumpe tielay bias

in the -band compared to the use of lower bands. As a by-
product, one may also derive the frequency $hift .g22] as

g [ kX OF (1.16)

In this case, the spectral shift due to plasmadkiced (albeit
more marginally) by thé, = frequency dependence (i.es (

in the general degradation formula). This showsnip case, the
benefit of adopting higher band (such as theband) compared
to the use of lower bands. It is also worth notithgt such a
frequency shift appears only in case of a tempeaighbility of
the TEC due to the time derivative operator in(&dL6).
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1.4 Target Phenomenology

The large-object populationand thesmall-object population
identified by aerospace communities uphold theofwihg target
models from a low-resolution radar perspectivepeetvely.

Single debris targets characterized as a singlptont-
like-based entity.

Debris cloud targets characterized as a distribptedit-
process-based entity.

Interestingly, beside detection and tracking sue for
SSA, these target models are also applicable fpstipme series
analysis on RCS signatures using fully polarimetaidars (i.e.,
guad-pol GBRs or SBRs). In particular, polarimebased
inferences of debris features (e.g., shape, otientadielectric
structure, and interpretation of scattering mecsras) can rely
on measurements of the scattering matrix for alsidgbris and
second-order statistics thereof (e.g., the polarimeoherency
matrix, the polarimetric covariance matrix, or thelarimetric
Kennaugh matrix [35]) for a debris cloud. Consedlyerthe
target phenomenology for SSA discussed in thiseeatddresses
several scattering behaviors of debris as well raportant
digressions on radar sensitivity and the Doppléectf Once
again, a special attention is paid to SBRs in thévand for small-
Size targets.
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1.4.1 RCS Definitions for Single Debris and Debris
Clouds

The origin of a debris is related to harsh spawewents, natural
outgassing, erosions, explosions, fragmentations,hyper-

velocity impacts. Consequently, for SSA it is readde to make
several assumptions on targets features and exbketaviors.
That is, a debris is likely a piece of junk wittyasnetric shapes,
possibly made of a mixture of constituents, aloritty) & reference
density roughly between 2.5 g/&mnd 3 g/crias hinted in [20].
Then, let us assume that a radar transmits anr@eagnetic
waveform impinging on the external surface of gk&rdebris as
a general Transverse Electric Mode (TEM) in theuRhefer

region [18,23]. It is well known that the scattegrimpehaviour can
occur in three regions [36] depending on the tapigsical size

> to wavelength ratio (i.e., >**):

A Rayleigh regionfor “small” .e* characterized by a
reduced scattered field. In this case, the eledteld is
instantaneously uniform along the extensigrof the debris.
This induces charge densities on the debris amdefibre, a
dipole moment to be framed in terms of electrossafi hus,
basically the whole physical size and orientatibthe debris
affects the scattering mechanism, independentlythef
geometrical shape of the debris.

A resonant regionfor .e*Z characterized by a
fluctuating scattered field. In this case, optisahttering is
predominant (i.e., scattering in which reflectiomgkes are
equal to incident angles) albeit creeping and eslgéace
waves may marginally arise. Consequently, the ecag
from one location of the body is influenced by todlective
contributions of induced currents within the refsthe object.
Again, the entire physical size of the debris affethe
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scattering, although this does depend on its gewrakt
shape.

A high-frequency optical regionfor “large” .e*
characterized by an unfaltering scattered fieldhis case, the
scattered field from one location of the objecimarginally
affected by induced currents on the entire objeae to such
weaker coupling interactions, the objects can bausiodeled
resembling a collection of independent scattergrgers. The
geometrical shape of the object becomes very impbend
the scattered field from each scattering centeedép only
on the incident field. In this scenario, specificattering
mechanisms emerge such as specular scattering demim
scattering center, multiple bounces, diffractioasd end-
region scattering.

Accordingly, the adoption of higher carrier frequies
(e.g., the -band compared to theband) enforces small-size
debris scattering mechanisms to occur closer to ligh
frequency optical region with a beneficial stapilibr repetitive
measurements. Yet, despite enforcing scatteringhamsms to
occur in the high frequency optical region, an abdtty for
repetitive measurements may still emerge due tbeeithe
electromagnetic roughness of the surface or thgilplessariation
of dielectric constituents on the aging surface.phbrticular,
surface roughness can diffuse the scattered smreal a broad
cone of angles (i.e., coherent scattering effetdp aside and
make way to larger incoherent scattering contring), whereas
slight constituents variations can scale the scag@esponse of
the debris. An example of this twofold behavioesdent for a
monochromatic signal in the -band propagating in free space
(i.e., characterized by a dielectric constant Y .°(  whereY.°
is the real part o¥.) impinging with an incident angle on a
lossless debris surface (i.e., characterized bglaalfric constant
Y (Y .OwhereY Cis the real part of ) [18]. In particular, let us
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consider a Physical Optics (PO) solution of Kircfilsscattering
model in the high-frequency optical region as acfiom of the
electromagnetic roughnes® ., (i.e., the product of the
wavenumbel and the surface rms heighf [18]. The reduction
of coherent scattering as a function of electroneigmoughness
can be obtained as the so-callegtoth-order PO solution for
reflection by a rough surfacg37]. That is, thecoherent
reflectivity for horizontalG,,, and verticalG,, polarizationcan
be written as per eqgs. (1.17) and (1.18), respagtiv.e.,

G & e, )
¥l 8 i ,,@?-.J.I 3«8 83£ K % u¥:§'.L' (117)
a¥! § AP ,,%a.j.i 3-§-F

QIm (£

ST . Qa )
pm. il 3« 8-&ii ,—27..0¥§ - . | )
Gim (E—== D p K V-THST (1.18)
‘ ,,%j.i 3}«—|§~85iAi,,%..p¥:§ .

For example, in the -band the variability of the coherent
specular reflectivity in the horizontal polarizatids clearly
evident on the ordinate axis in Fig. 1.4 as a fionadf the incident
angle on a lossless debris surface when the @alcpermittivity
is YO(  for different roughness level$ ., For the sake of
clarification, a similar variability for the cohere specular
reflectivity shows up in the vertical polarizatias well, albeit
including the notching effect of the Brewster’s kng

Beside surface roughness, the variability of thieecent
specular reflectivity in both the horizontal and rtical
polarizations occur even in case of a slight chamdfee electrical
permittivity. For example, for very small incidearigles on the
debris surface, a scaling effect of roughly 5 dBeges when the
electrical permittivity changes fronv°(  to YO(
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Fig. 1.4. Coherent scattering variability in the-band (i.e., =8.6 mn) (H-
pol) versus incident angle on a debris surface with dielectric const#?¢

. Red curve: specular scattering (i.e., surface lmeight”*,=0 mn); Green
curve: smooth scattering (i.e., surface rms helgh.3 mm); Blue curve:
slightly rough scattering (i.e., surface rms heityt0.7 mn); Purple curve:
moderately rough scattering (i.e., surface rmshiéig=1.9mm); Black curve:
rough scattering (i.e., surface rms heigght2.7 mm.

In pragmatic terms, for medium-size to large-sigbres (with
respect to) the scattering power at a radar receiver inptihéei
GBR or SBR) can be assumed to originate in the-frigguency
optical region as per the following scattering cimitions:

Primarily, from specular scattering comprising at for
slightly curved surface whose normal points towdhes
radar antenna (including ancillary noncoherenttedaty
contributions depending on the surface roughness).
Secondarily, from possible multiple-bounce scattgri
from dihedral and trihedral shapes of the debnisl@iding
multiple bounces within cavity structures from blig
structured debris).
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Marginally, from sporadic scattering contributioesated
to diffraction from edges, discontinuities, and face
waves.

Remarkably, such a reasoning has been the guiding
principle for the interpretation of radar-based eslations of
planets [22,38] and comets [39]. Consequently, asarable
modeling assumption for operating a low-resolusarveillance
radar for SSA is to (first) consider scattering m@dsms at a
given* to occur close to the high-frequency optical ragimd
(then) define the RCS of a single debris as tha pbint-like
target and the RCS of a debris cloud as that off.clBut
beforehand, a few clarifications prove useful.

First of all, due to the possible conductivity bétdebris,
it is worth stressing that the power impinging be tebris may
not only be scattered in several directions, bsb &le absorbed
by the debris itself (this phenomenon can be hanhdlg
introducing the extinction cross sectioras the sum of an
absorption cross secticend ascattered cross sectian)

Second, it is well known (see [18] and [40]) tHa RCS
of a point-like target can be explicitly defined terms of the
scattering matrix or, equivalently, in terms of libdhe scattered
field arriving at the radar antenna input (at aegiyolarization)
and the incident field on the debris (with a giyerarization).

Third, a debris cloud can be modeled as a disetbut
collection of single debris. Thus, in the high-uegcy optical
region scattering can be assumed to occur fromiphailitems
similarly to chaff scattering mechanisms [41-43Jt)Yunlike
chaff-based oriented resonant dipoles at largeadpinsities,
the scattering from a debris cloud can be assumedige from
randomly positioned items at a lower spatial dgnéit principle,
the appearance of multiple scattering among sudividual
entities might create electromagnetic couplings Mvell known
that this phenomenon depends on the number, despkaat, and
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distance among the items. Yet, when spaced a fereleagths
apart in a random direction and orientation, iteasonable to
assume negligible mutual coupling within the debloud.

Finally, if the debris cloud spatial extent is larghan*
several phase offsets arise among the scattetddfieach item
within the cloud. Clearly, the larger the frequentyhe radar the
more reasonable the occurrence of phase offset@rtie
scattered fields from a debris cloud.

Consequently, elaborating on these aspects a8¢etlie
RCS of a debris target, i.e., either a debris cloydlternatively,
a single debris (possibly characterized by one @renscattering
centers) can be expressed as a function derived items
(where thei-th item located at a distance from the radar is
characterized by a RCSfgye, for ( 5°5® ). More
specifically, taking into account thieth radar-item round trip
distance as a phase offsets (X+) +* along with an
additional scattering phase offsej, (see for example [44, eq.
(5)]), the RCS of a debris target can be formulaed

N CRTLUEE - i (1.19)

Thus, the single debris item (i.e., titb term in eq. (1.19)
for ( 5°5® ) may possibly induce RCS fluctuations per se
depending on the aspect angle since the coherfiatttrgty of a
debris is surely influenced by the electromagnetighness and
relative permittivity of the constituents materialirthermore,
additional fluctuations may emerge from either hridecloud or
from a single debris characterized by one or maataring
centers. In this case, peaks and null8sef;, may also depend on
the occurrence of a or) phase offset, respectively, among the
relevant scattering items in eq. (1.19)
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1.4.2 Radar Sensitivity

Taking into account the variability of the aforertiened
scattering mechanisms, the range-of-power expeatted radar
receiver should bdesigned to be tunabla order to fit a large
instantaneous range-of-power along with dynamia gaintrol.
Following Skolnik’s wisdomto make predictions of the radar
performance using the Radar Equatidh], a sensitivity analysis
frames the radar receive power (at a given maxiroperative
range) with respect to the minimum and maximumivecgower
associated to a range of RCSs (see Fig. 1.5). Mjueeifically,
considering either a single debris or a debris dlolet us
represent an antenna with g4jin at a givert, radiating a peak
power | . at a distance in the Fraunhofer region where the
center of RCS gravity#sys IS located. In free space, a
backscattered echo power is intercepted by ther reffiective
antenna area ,, (Y * +x) such thatifcluding instrument
losses .) the radar receive input poweg can be approximated
as

o VEYE~ GAd
ls ( Sogar (1.20)

f=35[GHz] - | =0.85714[cm] - One Way Gain = 55 [dBi] - Effective Antenna Area = 1.8488 m? - Fraunhofer Region = 0.54927 [Km] - Tx Power = 5 [kW]

SBR Debris Range = 15 [km]
e SBR Debris Range = 60 [km]

10

Fig. 1.5. Example of a power-based sensitivity-gsialfor an SBR at 35 GHz
for a 5-kW transmit peak power and a 2-@ffective antenna area. Maximum
operative range at: 15 km (green curve); 60 km ¢ede); 120 km (blue
curve).
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To this end, the plot in Fig. 1.5 shows a powerebas
sensitivity analysis in decibel-milliwatts (dBm) rfan SBR
receiver with respect to a set of target RCSs a&B2 for a 5-
kKW transmit peak power, a 2?neffective antenna area, and a
given set of maximum debris range (i.e., 15, 6@, H20 km).

In parallel to the power from a target, an analygithe
power from sources of interference paves the way thhe
identification of suitable Signal to InterferenceatR (SIR)
regimes for signal processing schemes. In a noidost
environment (i.e., without jammers), undesired riet@nce
intercepted by the radar can be due to large cldiseretes (e.g.,
satellites or orbital infrastructure in the FoVY), @ceiver and
antenna noise [46] (including radiation sourcesnfithe Earth’s
surface, the solar photosphere, as well as galaotse from the
outer space). For example, a radar may monitoother space
(see for instance the FoV of the leftmost SBR o Ei6). Clearly,
the SBR-based scenario in Fig. 1.6 becomes a GRBBdba
scenario by simply replacing the leftmost SBR ibiowith a
GBR on the Earth’s surface. Another scenario wis@pplicable
only to a SBR is represented by the FoV of thetngist SBR in
Fig. 1.6 spanning the Earth’s surface.

Fig. 1.6. Scenarios for power intercepted by a $BR. Leftmost SBR) FoV
spanning the outer space; Rightmost SBR) FoV spgrthie Earth’s surface.

34



More specifically, the interference from a natwalrce
of electromagnetic radiation of areg located at a distance
from the radar (i.e, (A 4 "¢~ whereAy is the solid angle
subtending ¢ from either the GBR or SBR perspective), can be
approximated as a blackbody of absolute temper&kurevhose
radiation is unpolarized. Accordingly, two fundartedrcases for
SSA are further described hereafter when the bladkb
represents aextended regiomr alimited region respectively,
within the FoV of a radar [46].

The blackbody represents amtended regiowhen the
entire solid anglei\{{ can be assumed to overfit the ARP
mainlobe (e.g., when the radiation source emenges f
the Earth’s surface or from galactic noise). Irstbase
(see also [18]), for a given polarizatigvthe powel 43 g
intercepted by the effective antenna area of the radar
(e, . (A i g WhereAs,, is the solid angle
subtending ,, from the blackbody perspective) can be
approximated as

lhasZ, » ZEEAw (1 GE  (L21)

in whichAzg (* “E, ,, is the ARP solid angle,; is the
Boltzmann constantE is the radar bandwidth, and the
blackbody absolute temperatu@®@ is approximated by a
constanids. For example, for an SBR with an FoV spanning
the Earth at, sa¢E ( Eil , or spanning the outer space at,
say@Eex (Tl , G can be approximated && ZiE or

G 2 GGy respectively.

On the other side, the blackbody representgmied
regionwhen the entire solid anghg; subtending ; can
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be assumed to underfit the ARP mainlobe or sidalobe
(e.g., when the radiation source emerges fronstiar
photosphere). If the SBR ARP mainlobe with soliglan
Ass can be assumed to envelope the entire solid angle
A{{ , the following approximation proves adequate:

lase( 3 ®E2—q( ;&Y (1.22)

T eyp
Again, the blackbody absolute temperatudg is
approximated by a consta@ whereas the scaling factor
A{{ +Ajg0  (Which is less than unity) is embedded in the
general&Cterm in eq. (1.22). Alternatively, when an SBR
ARP sidelobe (characterized by a sidelobe d@gjn an
equivalent sidelobe effective area,go,: (* ~Tott) ,

and an equivalent sidelobe solid anglg o (

*"E. L,i%) can be assumed to envelope the entire solid

S

angIeA{{ , the following approximation proves adequate:

lhos () Gq, 200 d=r( Gqelealor( gY (1.23)

Acan T eyp Yo, | Eyp
Once again, the blackbody absolute temperatireis
approximated by a constafiif, whereas the scaling factors
P (i.e., the sidelobe to mainlobe ratio) and
A{{ +Ajg0  (Which are both less than unity) are embedded
in the generalz term as well.

In summary, the interference powegs ( &Y for a

blackbody representing axtended regiommplies G°( E; as

eq. (1.21) whereas 4imited region entails Gg°(

CE\?)E\{{ +AA$0 8as per eq. (122) GEO( CEAaT%OIl'ﬂ 833\{{ +AA$0 8
as per eg. (1.23) when the blackbody is spanneth&yARP
mainlobe or sidelobe, respectively.
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For the sake of clarification, several commentsofol
from a system engineering perspective (see alsp).[2& a
distance of 1 Astronomical Unit (AU) from an SBR
(approximately 150 million km), the diameter of ti&un
(approximately 1.4 million km) is subtended appmately by a
0.5° angle. In the -band at 35 GHz, the 0.86-cm wavelength
applied to an effective antenna diameter of, segnd 10 m,
results in a 3-dB beamwidth coarsely around 0.5 ar®5°,
respectively. As a reference example, let us tloersider a radar
operating in the -band with an effective antenna diameter of 1
m with a FoV spanning the solar photosphere. Ia thise, as a
rough order of magnitude it is reasonable to assge (
Tili e, GziGg Y%t Z 0 (i.e., =30 dB), and
Ay +Asg Z . In this example, it is thus evident that a radar
(either GBR or SBR) for SSA operating in the-band with its
FoV pointing towards the Sun via its ARP mainlobaynsuffer
from radiation noise from the solar photospherd, ¥¢he FoV
spanning the Sun occurs via its ARP sidelobessattlgan 30 dB
with respect to the ARP mainlobe, the radiatiorsadrom the
solar photosphere is less detrimental. Downstredms t
digression, it is also worth noting that, dependinghe SBR FoV
and related ARP with respect to the environmergahario, the
generalantenna temperaturé,E,O may comprise contributions
fromE, Gz g , &, g, OF @ weighted combination thereof.

Now, considering a radar with either an AESA angran
reflector based antenna, or a hybrid combinatioma oéflector
with an AESA as its feed, the system temperatfFean be
written as [47]

G (EC G (1.24)
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where & is the receiver temperature. For each of the above
antenna configurations, the receiver temperat@gecan be
written as [40]

&G (K| XL& (1.25)

where | represents the receiver operative noise figure@@nd
represents the receiver operative temperature. PAffam a
system engineering perspective, considering an 3BRout
onboard cryogenics with a FoV towards the Earthiidage, an
approximation i<E ( Eiili  for both@z anddE which, in turn,
results indg (. & where . is the SBR receiver standard noise
figure atCE [40].

Finally, the interference power that a radar (eitBBR or
SBR) for SSA must cope with can be expressed as

la(i }GE (1.26)

Fig. 1.7 shows an example of the interference pdaer
different receiver bandwidtfs of an SBR in the -band. In this
scenario, the sun extent lies in the ARP sideldleg (o, #1
X i\gq andA{{ +Ajeo (0 ) whereas the main interference is
due to contributions from the receiver and theligarturface (see
the red and green curves in Fig. 1.7, respectiv€y) the other
side, when the sun extent is spanned by the ARRlote and
A{{ +Aseo (, the main interference contribution becomes sun-
related (see the blue curve in Fig. 1.8).
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SBR| =0.85714 [cm] Earth Temperature = 290 [K] Galactic Temperature = 6 [K] Sun Temperature = 6000 [K]

Solar Sidelobe to Mainlobe Ratio = -30 [dB] Blackbody Solid Angle to SBR ARP Solid Angle Ratio = 0.8 SBR Noise Figure = 4 [dB] SBR Operative Temperature = 290 [K]
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Fig. 1.7. Example of interference power contribngidrom a sidelobe in the
-band with respect tq (Receiver Noise Power dominant) wiig+T (
X dB; Ay +Ase (0 ; . (+ dB. Receiver Noise Power (red curve);
Earth Noise Power (green curve); Solar Noise Pdbtere curve); Galactic
Noise Power (purple curve).

SBRI =0.85714[cm]  Earth Temperature = 290 [K]  Galactic =6[K]  Sun = 6000 [K]

Solar Sidelobe to Mainlobe Ratio = -0 [dB] ~ Blackbody Solid Angle to SBR ARP Solid Angle Ratio = 0.8 SBR Noise Figure = 4 [dB]  SBR Operative Temperature = 290 [K]
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Fig. 1.8. Example of interference power contribngidrom the mainlobe in the
-band with respect tq (Solar Noise Power dominant) withy +Axg (

0 ; . (x dB. Receiver Noise Power (red curve); Earth N&iewer (green

curve); Solar Noise Power (blue curve); Galactiégsdd®ower (purple curve).
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1.4.3 Digression on the Doppler Effect

A brief digression follows for the Doppler effecrst on a
monochromatic signal at a given wavelengtnd, subsequently,
on a pulsed signal of durati@g&occupying a bandwidti. It is
well known [40,45,48] that the Doppler effect (raktnip) can be
approximated as a shift of the frequency of the mesbnomatic
signal by/, (X O«* . In particular,O represents the relative
radial velocity between the radar and the targdtereas the
“minus” sign is a convention which enforces the Plep
frequency shiff . to be positive for an approaching target (when
an outward target motion is defined positive). Ntve, imposing
debris velocities induce a significant Doppler s¢ren signals for
SSA (particularly in the -band). More specifically, the Doppler
effect on the received echo can amount to a fewaimentz (e.g.,
as a rough reference, one may consider that a 16-fefative
velocity at 36 GHz would result in a Doppler freqag shift
around 3.8 MHz). In order to delve more deeply ithtis topic,
instead of using a monochromatic signal, let ussicter a signal
whose frequency support occupies a bandwititihccordingly,
on a single-pulse echo pertaining to a point-lkgét,/. affects
solely the carrier of the echo only in case a mabband
assumption for the signal holds. In other worddy amcase of a
narrowband assumption for the signal, the scalirigthe
amplitude and the stretching of the time axis enebho return by
aiQ factor can be neglected (e.qg., fdra carrier in the -band
Q ( ;/ -+ g£). More specifically, Rihaczech [49,50]
provides key bounds for employing either narrowbamd
wideband representations of the signal and, comselyy for
adopting a suitable formulation of the signal amafiigfunction.
Indeed, referring to as the speed of light in the propagation
media and, for a relative radial velooand a signal with a time-
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bandwidth producEE the narrowband representation of a signall
relies on the following assumption

60+ (1.27)

whereas for a radial accelerati@® narrowband representation
relies on the following inequality to hold

~K

oo o= (1.28)
1.5 Motion Models

From a mechanical perspective, debris translatiamalotational
motions occur within an inertial (Euclidean) vector space
comprising both GBRs and SBRs. In patrticular, taetoblate
keeps revolving around the Sun, along with add#i@pinning,
precessing, and nutating motions due to celestiathanics.
Within this framework, an SBR moves periodicallpand the
Earth on elliptical orbits while the Earth keepsnsng around
its own axis. In parallel, MMODs (either meteorojisssing by
the Earth or debris swarms periodically orbitinguard the Earth)
move according to Newtonian and Eulerian mechambgreby
the Earth exerts the main central force. Armed witbh a general
overview, the following paragraphs identify furttessumptions
and insights for radars (either GBRs or SBRS) aiatetipporting
SSA. Namely, mechanical behaviors, operative pgraslifor
orbit determination, and debris state transitiordeis.

For near-Earth SSA, an inertial system is assurnedxists and can be
referred to as “distant” stars, e.g., the FirstPof Aries, or the First Point of
Libra.
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1.5.1 Newtonian and Eulerian Mechanics

For translational astrodynamics, the motion of bdébris or
SBRs lies on elliptical orbits. These orbits resdifom
fundamental integrals of the two-body problem [2],5In
addition, perturbation drifts from such elliptiaabits occur as a
disturbing acceleratiorgz due to the superposition of nuisances:
namely, zonal and tesseral geopotential gradigmutsjitational
influences of the Sun and the Moon (with negligigtavitational
effects from other solar planets); drifting effecthie to
atmospheric drags (predominantly in lower LEO regjo and
Solar Radiation Pressure (SRP) [51-54]. In primgipby
neglecting the aforementioned contributions<gpit is possible
to model the nominal translational motion of anitmly item as

X %u;xgzx ﬁu (1.29)
where U is the item’s position/WUis the second order time
derivative ofU, andY is a gravitation related constant. Indeed, by
neglecting x4, important insights can emerge from the
conservation of energy in the two-body problem mimaverse
square gravity field [52]. For example, this-vivaequation for
the speed , of an item on an elliptical orbit characterized dy
semimajor axis can be obtained with an inverse dependence
on the geodetic height, of the item (as per Kepler’s laws), i.e.,

Cv2ly S
a( Y rTbX y (2.30)

While relative translational velocities among itepan be less

than 1 km/s for rendezvous trajectories, in casenedd on
trajectories relative velocities may reach up tokh@'s in LEO
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regions and, astonishingly, from 20 km/s up to 0/ for
meteoroids.

On the other side, in order to address rotational
astrodynamics, it must be stressed once agairdéiats bodies
spawn due to possible explosions, collisions, agrtentation
events. In the long term, space weather may aldacm an
erosion of debris constitutive materials. Consetjyea mild and
slow tumbling or a staggered spinning behavior alag emerge.
This is mostly true especially at lower orbits amdlarger debris
bodies, where the entries of the (diagonalized}imenatrix(3, (

\ 4Kd 558 5¢i5L of an item are certainly dissimilar (i.e.,
G<< 18id;s.. 18ids55), thus inducing possible gravity torques
[52]. Remarkably, the possible rotational behavimfdebris cues
how likely (or rather unlikely) it is to perforrorbit-repetitive
measurementfor debris detection and tracking from tea@me
radar-debris geometrical scattering perspective

For data fusion operations, it is also fruitfuldentify the
state-space liaison among track estimates (alsowiknas
tracklets) obtained by an SBR and those obtained IBR.
Interestingly, this can be tackled as a problem pafticle
kinematics with moving frames [52] fadebris position and
velocity statein relation to a GBR and a SBR. Clearly, the
knowledge of the distance and velocity of an SBRw@spect to
that of a GBR can be obtained using GNSS receivetis on-
board and on-ground. Remarkably, if the estimagiccuracies of
a debris position and velocity from an SBR werbddiner than
the estimation accuracies obtained by GBRs, thentgaave
benefit of using SBRs for SSA would thus be proven.

1.5.2 Laplacian and Gaussian Orbit Determination

Considering operations for SSA, probabilistic imgarely on
orbital predictions to be computed several orbpatiods in
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advance before a debris-spacecraft conjunctiakesylto occur.
The estimation uncertainty of the conjunction (vhids
propagated from a reference ep@8clo a future conjunction time
9 worsens when increasing the time elagBé 9 X 9 .. This, in
turn, depends on the adopterbit determinationparadigm. In
[51], it is clarified that the problem afrbit determinationof an
item can be distinguished between two cascaded®phéke first
phase is thgreliminary orbit determinatiomproviding a (coarse)
6-tuple set of Keplerian parameters from (at leatuple set of
observables, and generally aqoriori information. The second
phase is theorbit estimationproviding a (fine) 6-tuple set of
Keplerian parameters, possibly relying arpriori information
and approached via either batch or sequential astins.

For a preliminary orbit determination, starting rfroa
given initial conditiordlU39 85 @9 8ai.e., a 6-tuple set of position
U and velocity(parameters at an instéh) it is possible to solve
eg. (1.29) at a given tim@ Such a solution is more or less
adherent to the true future item’s motion dependinghe extent
of the time elaps® . A preliminary orbit determination based on
the aforementionedJ39 85 @9 8atnitial condition is known as a
Laplacian orbit determinatiorj51]. Another preliminary orbit
determination is thé&aussian orbit determinatiofbl] which
uses different sets of observables displaced ia &md space. In
general, a given initial condition (necessary foedicting the
AU3985 @o8aekinematic pair of an item at a future tin® is
deemed as much “valid” a8 is “short.” The validity derives
from neglecting the disturbance acceleratignduring the time
elapse9 as per eq. (1.29). In line with this overview, GBIR
beam park modes are able to observe only a Tod Bho(TSA)
during observation campaigns [55]. In generak itasonable to
assume that this prevents GBRs from estimadlugp 85 (9 8
during the passage event of an orbiting item. Iddethe
preclusion of a Laplacian orbit determination desifrom large
debris-GBR distances, warped surveillance cellsl Emited
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scanning capabilities, especially in case of laejkector-based
assets. Now, at least in principle, a Gaussiart dgiermination
paradigm can be adopted using a single GBR assparticular,
this would be possible in case of advanced suareit modes
depending on the scanning capabilities of phaseys(7,9] as
well as on the density of the debris populatiothm surveillance
scenario. In fact, a network of GBRs for SSA isallsuexploited

in either beam park or scanning surveillance mdalesollecting
as many TSA measurements as possible. In this sasea GBR
network faces the issue of grouping contacts frbenavailable
TSA measurements. Moreover, in a network-based uneaent
campaign for SSA, it is very likely that multipldgervations
(eventually cueing the tracklet of an object) carobtained only
after the object has presumably propagated fonaoeu of orbits.
Therefore, the motion model for such a “long tinpars 9”
certainly abides by nonlinear dynamics in which hbot
conservative and nonconservative forces must bentakto
account, thus banning the approximation in eq.91.As a
consequence, Tommei al. [55] tackle the problem of orbit
determination for SSA from available TSA measuretsien
exploiting legacy studies on heliocentric orbitiagteroids. In
particular, Tommeiet al. [55] constraint the track-association
(i.,e., the association of more than one availablSAT
measurements to the same orbiting item) via reecarsi
correlations of observables belonging to Orbitalmiskible
Regions (OAR). Alternatively, Delandet al. [56] represents
another modern approach encompassing multi-objackihg
based on Random Finite Sets (RFS)[57].

Remarkably, an AESA-based SBR aimed at monitoring a
smaller and less warped surveillance space whikesps orbiting
the Earth (see Fig. 1.9) represents an interesoigeme to
overcome the difficulties of GBR networks. Indeednsidering
limited time spans on the orders of a second forideletection
and tracking in a small FoV (e.g., roughly a 100-km
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instantaneous-range from an orbiting SBR), it appé&aitful to
model both debris and SBRs moving along straigtsliin 3-D
at constant hyper-velocity with no maneuvering,, i& Near
Constant Velocity (NCV) motion (see Fig. 1.10).

Fig. 1.9. AESA-based SBR raster scanning a spéédic

Fig. 1.10. Debris moving along straight lines fostaort observation time
elapse.

The validity of the NCV motion is clarified in Fig$.11
and 1.12 by showing two examples for possible dgran of
the NCV assumption. This appears in terms of laetir
displacement of a debris orbiting at an arbitragference
geodetic height according to eq. (1.29). Startnegifan arbitrary
true anomaly (e.g., 30°), the rectilinear displaeatwith respect
to a time elapse of roughly 2 s is negligible asnghin Fig. 11(b)
and becomes evident after 10 min as shown in Fi@ (k).
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Elipiical Ot - Earth in Right Focus @ x = 0 [km] - e = 0,001 - Earth Radius = 6372 [km] - Geodelic Height ai Perigee = 500 [km] - Geodetic Height at Apogee = 513.7558 [km] - Speed at Perigee = 7.6198 [kmis] - Speed at Apogee = 7.6045 [kms]

Fig. 1.11. Negligible degradation of NCV assumptioGeodetic Height at
Perigee 500 km, True Anomaly Start 30° (shown dsdug circle on the
elliptical orbit), Speed at Perigee 7.6 km/s, TiEapse 1.6 seconds. a)
elliptical orbit ; b) zoom on rectilinear displacent.

Elipitical Ol - Earth in Right Focus @ = 0fkem] - ¢ = 0001 - Earth Radius = 6371 [kn] - Geodetic Helght at Perige = 500 (k] - Geodetc Helght at Apogee = 5137558 [km] - Speed al Perigee = 7.6198 (k/s] - Speed at Apogee = 7.6045 [kmfs]
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Fig. 1.12. Prominent degradation of NCV assumptidbeodetic Height at
Perigee 500 km, True Anomaly Start 30° (shown dsdug circle on the
elliptical orbit), Speed at Perigee 7.6 km/s, TilBmpse 10 minutes. a)
elliptical orbit ; b) zoom on rectilinear displacent.
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Accordingly, in a short elapse time the approxiortin
eq. (1.29) holds tight, whereby an AESA-based SBR eollect
with scanning agility the observalile é 8.5 0 o5#&defined as
a set of SBR measuremer@s(for ( 5°5e ) ate -instants
(from an initial time instan® to a final time instan® ). From
such a set of observables, an SBR can possibipa&stithe state
6UKQ5®O9Li of an orbiting item at a given time instaft
occurring within the elapse time and, consequerilpw for a
Laplacian orbit determination of the item. Thusthavan SBR,
there is no need to wait and hope for TSA obsewmatin the
future to be properly coupled for confident orbétetminations.
Interestingly, in case of a dense scenario solefyaming to the
FoV (see for example the 2 purple tracklets in Rid.0) an
automatic Multi Target Tracking (MTT) paradigm damadopted
for discriminating a group of contacts [58,59]. @&robservables
collected by an SBR during a short elapse timelmmsed to
estimate immediately the orbit of an item, it isghpossible to
remove orbit determination ambiguities pertainimg sets of
observables widely displaced in time and space Bg-product,
the set of valid hypotheses on observation-pataséah already
detected target has "potentially" produced (ilee $treams of
observations for adistinguishable debrisin [56]) can be
decreased with beneficial effects on the compleritymulti-
object filtering for SSA (see [56, Fig. 1]).

1.5.3 Approximation for Debris State Transition
Model

Kinematic approximations prove useful to frame delstate
transitions and, eventually, the necessary operatiodes for
radar measurements (and, therefore, the debrisotiability and
observability). For the sake of clarification, awfensightful
comments follow taking into account Figs. 1.10 Arfdl.
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In case of a white process noise, the state-tiansitatrix
of a dynamic system embodies the Markovian paradigroe
used in sequential orbit estimation and allows yaay how
trajectory errors may evolve in a time elapse [52].
Interestingly, for nonlinear dynamic systems evadvin the time
variable 9, the state-transition matrixN 357 8Prepresents the
sensitivity of the state398to the initial staté 33 8where9 is the
initial instant, i.e., N 3953Pe i 3%6+d1 30 § yet without
mappingi 33 8 into 1398 as it occurs in linear dynamic systems
[52]. In principle, when a radar collects a numbef
measurements during@ much larger than “seconds”, the debris
motion departs from being approximately rectilinedhe
disturbing acceleratiorg cannot be neglected, and eq. (1.29) is
no longer applicable (in this casd] X 3Y+UjY8U ; x ). On
the other side, for automatic tracking [58] dureaghort elapse
time, a linear Continuous White Noise Accelerati@WNNA)
model [60] allows representing the NCV motion. Brtgcular, a
linear dynamic system can be assumed neglectiminfpterms
(e.g., assuming no spawning event is occurringnftbe time
instantQ. to the time instar}, and considering a constant system
matrix and process noiseatrix (a discretized version of the
CWNA model can be elaborated definiggX 9. €fi). The
CWNA model defines the velocity of a debris asititegral (in
the mean square sense) of white noise (i.e., aé¥@ocess) and
allows representing the Power Spectral Density (P8Dthe
process nois®3B (0 in case of noise stationarity [60]. In
addition, by properly constraining the CWNA modatameters
it is also possible to characterize mild changedeibris velocity
components during an observation interval congidetime
spans beyond the order of a second.

For example, the NCV motion can be implemented@#/&A model during
a short elapse time by properly constraining a ktéf (whered andfi are
expressed in #s*and s, respectively).
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1.6 Leitmotiv Question and Keystones for
Space-Based SSA

The ontology described in this chapter providedsoeable
insights on space physics, debris fluxes environateecenarios,
orbital mechanics, along with ties to space-baselibrscience,
and general remote sensing experimental legacieseder, it
pinpointed an SBR power-based sensitivity analgsised at
indicating specific SIR regimes for possible onlgoprocessing
schemes. The discussion on channel-target phendoggnas
well as motion models lead to a leitmotiv questmwoposed in
this Ph.D. work:

“How can a SBR for SSA be designed to estimatgisea time
epoch9 at least an initial conditionaU39 8 @9 8amf one (or
more than one) debris crossing the SBR FoV?”

The answer to such question relies on followingé¢hkeystones:

An approximation for NCV motion during limited time
spans on the order of s.

An AESA-based SBR sensor architecture in theband
conceived around a digital processing core.

A cognitive-based onboard tracker for Bayesian MTT.
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Chapter 2

SIMO SBR Sensor Architecture for
Debris Detection and Tracking

The idea of exploiting the -band on a real aperture SBR for
debris detection and tracking represents a novatespased
remote sensing archetype to support near-Earth[35Mdeed,
in 1978 the first digital space-based Synthetic riApe Radar
(SAR) was embarked as part of the Seasat satmlitstudying
ocean physics [61], along with an altimeter, atecameter, and
multi-spectral radiometers. Subsequently, earlyomaxnies for
SBRs classes [27] comprised Type | SBRs aimedhekitng for
guidance control during rendezvous maneuvers; TyBBRs
providing SAR reflectivity mapping; and Type Il 88 for
surveillance and eventually early warning Moving rgedt
Indicator (MTI) functionalities. A couple of decadater, SBRs
classes [62] were also described as Earth Obsenv@iO) SARs
for geoscience services, sounders for planetaripeatons, and
surveillance SBRs for the Homeland Protection (H®)w, a real
aperture SBR providing timely, accurate, and rédiabference
on debris populations in the -band, may complement ground
based surveillance assets for SSA by tackling dgiwpulations
with an average size smaller than 10 cm. In aduitib may
provide a shorter, and more accurate, small detmgunction
prediction, e.g., one or two orbits in advance wetkpect to those
needed by ground based sensors, along with a smaatiertainty.
Such an SBR concept (represented by the inner dasbdox in
Fig. 2.1) is built upon a digital core interfacinige onboard
computer, the power supply, and the data storagedawnlink
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subsystems of a spacecratft (i.e., the outer blagkib Fig. 2.1).

The SBR system architecture has been envisaged as a
superheterodyne transceiver comprising an AESAysiibs, a
Radio Frequency (RF) Subsystem, and a digital Suésy
Within the digital subsystem a microprocessoP)( acts as an
SBR manager whereas an Ultra Stable Oscillator (UBQvides

a stable reference for coherent radar operations.
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Fig. 2.1. SBR system architecture.

In general terms, the SBR system architectufégn2.1
is aimed at implementing a bespoke fully-polaringcetr
monopulse-based radar (operating “similarly” todegair-to-air
missions [63]). In order to perform detection anargmeter
estimation of sprouting debris in the SBR FoV, tB8R
configuration proposed in this chapter is SinglpuinMultiple
Output (SIMO) whereby the FoV is illuminated by orteannel
on transmit while multiple channels are used orixex The SBR
subsystems hinted in Fig. 2.1 will be further dlad throughout
the rest of the chapter with close ties to the $RRopulse-based
functional architecture depicted in Fig. 2.2.
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Fig. 2.2. SBR monopulse-based functional architect

In simple terms, the transmit waveforms at a mive
polarization are synthesized within an Arbitrary Wrm
Generator (AWG). The upconverter block translabesttansmit
waveform carrier to the

translate the spectrum of the echoes from the
towards the digital subsystem). The AESA subsysitows for
digitally steerable radiation patterns in both a#fim and
elevation planes with no need for True Time Delayek (TTDL)
due to the limited required operative bandwidth affew
megahertz (.,eE n  MHz). The complex envelope extraction
process pertaining to a complex data hyper-cubersastithin an
echo digitizer (i.e., see the I/Q Echo subsystefign2.1 and the
I/Q functional block scheme in Fig. 2.2). The acgdisamples
are processed at every range-gate through a Dofipéerbank
implementing Pulse Compression (PC) via a cascadehase
rotators and Matched Filters (MFs). The branch wimidximum
modulus value (built upon the noncoherent combimihg burst
of pulse echoes) is fed to a Constant False Alaate Rke
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(CFAR-like) block. Finally, the data stream is fexthe data-
processor for tracking purposes. For onboard trech limited

time spans on the order of seconds, specific paerestimates
extracted in dual polarization from a set of compdata hyper-
cubes pave the way for further Bayesian inferemgabilities on
small-size debris dynamic states as well as onesoag-related
signatures. Namely:

The target range paramet&¥8 computed via the
monopulse sum-channels by scaling the delay paemet
estimate.

The target elevation and azimuth angle param@&tgf'ss,
computed via the monopulse delta-channels (jowtti
the sum-channels for gain normalization) by addimng
monopulse delta difference estimations andahgiori
known AESA off-broadside angles.

The target RCS paramet@#gy,e8 computed via the
monopulse sum-channels (jointly with the monopulse
delta-channels for ancillary target attributes) toye
series analysis downstream the MF outputs.

In holistic terms, such an SBR payload is conegito act
as a stand-alone active remote sensing instrumehnéi -band,
embarked on a spacecraft orbiting around planethBaith a
standard platform agility for attitude control.this case, we may
assume that the SBR payload surveillance mode sigysolely
on the steering capabilities of the AESA antenmal whose
operative orbit-duty-cycle is limited by power cangption and
thermal conditioning thereof. Consequently, fromseat of
complex data hyper-cubes acquired in limited tipp@ns on the
order of seconds and deeply processed onboard Bie f&r
detection and tracking purposes, an efficient tekeynwith a
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reduced amount of information bits can be formedhs@quently,
such a telemetry can be either transferred in dowrto the
ground station for supporting SSA or, more dauryingor
providing future spacecraft with an autonomousyearrning
capability for direct collision avoidance maneuwer[5]. For the
sake of completeness, it is also worth stressiagttie assumed
cardinality of a constellation of SBRs needed tapprly support
SSA would be, de facto, a mission-dependent aspbuth is
outside the scope of this work. Clearly, such dicality depends
on the desired Vol for the mission along with tipe@tive SBR
instantaneous FoV and overall FoR. In other wotlds, SBR
instantaneous FoV and overall FOR are scalable emiac
depending on the available transmit peak powetl{erorder of
kilowatts), payload multichannel diversity, and A&Steering
capabilities. Finally, the idea of a -band SBR based on an
AESA with a 2-D surface area on the order of 1 gan be
conceived to be embarked on small-size spaceaafiched by
either dedicated airborne platforms or small rogKetg., Vega).

The rest of the chapter is organized as foll@&extion 2.1
clarifies the SBR sensor data and operative stege§ection 2.2
outlines further details on the SBR sensor funeti@nchitecture
shown in Fig. 2.2 (with a close intertwinement vilte subsystem
perspective in Fig. 2.1).

2.1 SBR Sensor Data and Operative Strategies

This section outlines the sensor timing hierarcmesurveillance
mode, the complex data hyper-cube structure, amtldkv Pulse
Repetition Frequency (Low-PRF) Range and Range-a&ech
(RRRS) with a Pause While Scan (PWS) contacts caie
strategy.
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2.1.1 Time Hierarchies and Complex Data Hyper-
Cube

Considering an operative surveillance mode, the &BEer scans
a specific Vol to obtain an overall acquaintanceacet of cells
(as areference see Fig. 1.9). In particular, Bie Bops its AESA
transmit beam according to a programmable tempoeahrchy.
As a general example, the temporal hierarchy desdrin [63] is
made of a frame at its root (whose elapse time cisep the
spanning of the entire set of yellow spots in Eig). A frame is
parsed into a set of (horizontal or vertical) barereas each bar
comprises a number of beam positions (i.e., a gadugellow
spots in Fig. 1.9). Each beam position occurs dguandwell
which is, in turn, temporally grouped into a numbeilooks with
each look spanning several Coherent Processingaisg CPIs).
Finally, a CPI embeds a set of one (or more thag) étulse
Repetition Interval (PRIs). For the sake of claation, the
foregoing (programmable) temporal hierarchy hinted63] is
pictorially represented in Fig. 2.3.

Dwell #1 Dwell #

CPI#1 CPI#2 CPI# CPI# CPl#v CPI#1 CPl#s

p L \—t— L l L .

|F‘R\:¢1 PRI#2 | PRI#1 Per.‘z‘ ...... ‘Pkm‘_w | PRI# |
|

Surveillance Surveillance
Mode Mode
Start End

Fig. 2.3. SBR (programmable) temporal hierarchgurveillance mode

Each cell, addressed as a Cell Under Test (CUT3jlem binary hypothesis
test (in terms of whether or not a debris mighphesent) along with possible
parameters estimates thereof.
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The SBR proposed in this work has been envisagesyto
on a (programmable) temporal hierarchy based oh btere
each dwell comprises 1 look spanning 1 CPIl madseokral
PRIs. Accordingly, at every dwell the set of In-pagl) and
Quadrature (Q) components (extracted by the I/Qctfanal
block scheme in Fig. 2.2) can be structured intomplex data
hyper-cube. The complex data hyper-cube is depiat&ig. 2.4
and comprises a number of dimensions includingfaélsetime
= ., the slow-times, .4, as well as additional dimensions such
as the receive polarization. , the receive Doppler frequency

= , and the monopulse chanrgk .

{:law {slow

Fig. 2.4. SIMO SBR complex data hyper-cube for Sfsiting a dwell.
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That is, at every dwell the SBR radiation patteonts
towards a specific angular direction via the AESAaim
controller and acquires raw data which can be organnto a 5-
D complex data hyper-cube upstream the MF, i.e.:

a) The fast-times 4 Which pertains to the samples acquired
during the Sampling Window Length (SWL) within a
PRI.

b) The slow-time =, which indicates the number of
transmitted pulses during a dwell.

c) The monopulse dimensiogg which includes the sum

, elevation-difference e, azimuth-difference az, and
guardgrd channels.

d) The receive polarizationr=p which refers to the
horizontal ( ) and vertical () receive channels.

e) The receive Doppler frequeney, which is related to
the number of programmable frequency offsets to be
processed in parallel for selecting the most effedPC
branch.

For the sake of clarification of Fig. 2.4, the uple#t data-
cube represents the a) b) and c¢) dimensions atem geceive
polarization and minimum Doppler frequency offaée lower
left data-cube represents the a) b) and c¢) dimeasai the
orthogonal receive polarization and minimum Dopjfriequency
offset; the upper right data-cube represents thé)aand c)
dimensions at a given receive polarization and mara Doppler
frequency offset; the lower right data-cube repnesé¢he a) b)
and c) dimensions at the orthogonal receive patadm and
maximum Doppler frequency offset.
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2.1.2 Low-PRF RRRS and PWS Strategy

Taking into account the aforementioned temporatanchies
for acquiring complex data hyper-cubes, during a&ltan the
order of a few milliseconds (e.g., 2 ms), a seC0fTs cascaded
in slant range form an elongated volume of spgeanised by the
solid angle of the SBR AESA beam) after transmissiba burst
of Linear Frequency Modulation (LFM) waveforms at.aw-
PRF (e.g., 2 kHz) and a medium-low transmit dutgleyClearly,
in this case a target is range non-ambiguous iffiettetime, and
highly Doppler ambiguous in the slow-time. Despgach
inherent pulse-to-pulse Doppler ambiguity, a bahk@&guency
offsets applied in parallel to the echo complexetope in the
fast-time allows enforcing Doppler tolerance on thEM
ambiguity function implemented by a MF. Remarkabilye
frequency offset applied to the branch with minimB@ loss at
the MF magnitude output in the fast-time cues d@mege of the
echo range-rate (embedding the relative radialcitgidetween
the SBR and the debris). In addition, combiningtipld samples
in the slow-time (e.g., 4 pulses) allows for theldxup of the
Signal to Noise Ratio (SNR) before cascading anyRHike
detection scheme. Such a strategy departs fromhitite PRF
Velocity Search (VS) paradigm indicated in [63] dind referred
to as a Low-PRF RRRS. Furthermore, by suitablegdesf the
temporal hierarchies, a cascade of more than orRR&tlows
introducing additional alert-confirm strategies doned with
spoilt beams during the search task. It must esséd that the
FoV extent of such a surveillance mode based omw-RRF
RRRS relies on the AESA transmit peak power as aglbn
beam shaping and steering capabilities.

Due to the imposing debris velocities, in a metiection
scenario a Track While Scan (TWS) approach appaara
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formidable collection strategy over a significant olV
Interestingly, in a post detection scenario pemgo a sparsely
populated debris environment (as described in endpt the Vol
can be immediately reduced in order to initiate aattomatic
tracking task. A fruitful approach can be charaeztst by
adopting a Low-PRF RRRS in a PWS contacts-collaetio
strategy during an assumed NCV motion of a debriah elapse
time up to several hundreds of milliseconds. Indeledpite the
hyper-velocity of debris targets, changes in tangetions are not
expected events unless spawning among collidingsleiodify
abruptly the trajectory of existing orbital item3hat is,
considering a dwell time no longer than, say 2 msgase a
detection via RRRS on a CUT occurs, the SBR fisitate
machine transitions into Low-PRF RRRS PWS and aequd
complex data hyper-cubes during 4 additional dwehbs, in less
than 8 ms) in a round robin fashion pertaininghe # beams
surrounding the original beam in which a detectiad occurred.
Nevertheless, by extending the elapse time to n@rti@an, say
16 ms (whereby the detected target is supposemt@ ffior, say
roughly 100 m) it is possible to envisage 8 beaimtsimscribing
in a round robin fashion the original beam in wheckletection
had occurred. Namely, during the first 4 dwells 8BR acquires
the complex data hyper-cubes of the North-West,tiNBast,
South-East, and South-West relative pointing dioest
respectively; and then, during the next 4 dweks3iBR acquires
the complex data hyper-cubes pertaining to the Vikesth, East,
and South relative pointing directions, respectivéirom this
point onwards the onboard traker can process measumts as
either thresholded or unthresholded data upon @neore than
one, hyper-velocity targets.
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2.2 SBR Payload Functional Architecture

This section provides further details on the payléanctional
architecture in terms ofP and USO, AWG, RF upconversion,
AESA subsystem, RF downconversion, multichannel glem
envelope acquisition, including ancillary notes the guard
channel.

2.2.1 P and USO

The digital core of the SBR in Fig. 2.1 implemeants
general purpose Reduced Instruction Set Comput&QRfault
tolerant P (e.g., LEON3FT [64]) whose micro-kernel could be
housed on dedicated Programmable Read Only MerR&Q®M)
and Electrically Erasable PROM (EEPROM) along velecific
algorithms and transceiver related constants. is thse, the
overall System On Chip (SOC) architecture can sedan a
standard, modular and synchronous bus structueeAtivanced
Microcontroller Bus Architecture (AMBA) which wouleksult in
the “backbone” of the entire configurable and madubOC
architecture with master/slaves communicating iestitSuch a
hardware-and-software partitioning would allow penfing
high-speed signal processing tasks of Digital Sigiracessing
(DSP) slaves on Application Specific IntegratedcGiir (ASIC)
or Field Programmable Gate Array (FPGA) (e.g., clexp
envelope extraction, Doppler filter banks and PGhim custom
logics), while carrying out advanced low-speed algmocessing
techniques (e.g., data processor) in software bgl@mmg the
available P or, eventually, a coprocessor (e.g., RC64 [65]).
Moreover, the P would control the custom DSP parameters
while receiving, through the AMBA bus, proper DSiPrples to
be further processed in software. It is worth nptimat the use of
such a high-performanceP embedded in the architecture with
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suitable memory hierarchies (see the shared mesnand KA
mass memory stack in Fig. 2.1) could allow extegdthe
transceiver processing capabilities as a reprepentxample of
a novel cognitive instrument devoted to debris ceia and
tracking applications. In addition, thi®-based approach allows
for SBR management and data handling functions \thih
spacecraft and entails great flexibility in terms fonctions,
algorithms, and design parameters.

Such an SBR architectural design (and related bpgnaessing
techniques) includes a reference USO for generagihghe
required Local Oscillator (LO) frequencies cohelgtiacked to
the USO. Furthermore, without changing the freqyeaterence
of the USO, one may exploit the programmabilityaoifvanced
Phase Locked Loop (PLL) synthesis to flexibly gewerthe
upconversion and downconversion LOs on the SBRsinarand
receive sections, respectively.

2.2.2 AWG

Alongside the P and USO subsystems, another key
subsystem is the AWG in Fig. 2.1 aimed at syntlegia
transmit LFM signal with a flexible programmabilityhigh
spectral purity in terms of phase noise and Spsariéuee
Dynamic Range (SFDR), and high within-pulse ands@ub-
pulse stability. Such a design allows synthesittiregsingle-pulse
waveform directly on a carrier in the Ultra Higheguency
(UHF) band (e.g/s+ i=ip  MHz) as

[

Mo TB(B] =) e 9:) S .97 0] 92 =

+-,

2.1)

o)

where .9 39+(08is 1 forj9 n (G + and zero elsewhere. The
synthesis of such an LFM waveform can be basethemirect
Digital Synthesis (DDS) approach in [66] with higlecuracy
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along with an efficient waveform descriptor by onfgur
parameters: start phase, start frequency,- , LFM slope .,
and pulse duration (for the sake of completeness, the amplitude
parametep can be programmed as well).

500 MHz
A

Waveforms
Selection
Logics

498 MHz 502 MHz f

DDS

Synthesizer DAC

Compensation
Logics

Fig. 2.5. DDS-based waveform generator.

Moreover, the DDS operational behavior may benefit
from a number of ancillary signal processing stes including
waveform selection logics as well as compensationrol logics
in order to cope with undesired non-idealities le transmit
stages (Fig. 2.5).

2.2.3 RF Upconversion

A number of strategies can be adopted for tramgjahe
UHF LFM radar signal in eq. (2.1) to the before being
distributed via a power divider to the transmit Aaga Beam
Forming Network (ABFN) of the AESA antenna. [66its, for
example, a Single Side Band Modulator (SSBM) based
architecture, a PLL based translation loop, orpeduweterodyne-
based architecture. Due to the limited required rajpes
bandwidth and the necessity of synthesizing spéctraure
waveforms, a superhet architecture based on a e@oblersion
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stage with no need for @-fold band stretching represents a
keystone for proper upconversion with mild Band sP&ster
(BPF) transition bandwidths and phase noise comtairt. In
comparison, this represent & pBU8 improvement in phase
noise compared to the use of stretching stagadtiarwideband
applications. Interestingly, a superhet architextbased on a
double conversion stage can further deal with spegurity
demands by relying on a suitable selection of tf#OUand
enforcing phase noise masks and Allan deviatiofopaance
[67, 68] directly on the LOs [69]. Fig. 2.6 hints pmssible
frequency translation relying on a first upconvensstage in the

-Band (e.g./+«J+ipopGHz) and a second upconversion stage in
the (e.g.,/ £ i+i pop GHz). Consequently, the
single-pulse signal input to the transmit poweridby can be
written as

"e3B(B ]—W £9;) S .9 0] 92 21 (2.2)

a

where theg . parameter also accounts for the tunable output
power to properly drive the AESA subsystem trandiméup.

500 MHz 5.56Hz 35.5GHz

> > f >
4T0MHz  530MHz 526Hz  58GHz 335GHz  315GHz f

- 'UHgPBFand 4 @ | ceand | @ | KBand | | aEsA
‘ BPF BPF Power Divider

5GHz 30GHz

Uso o PLL

Fig. 2.6. Upconverter frequency plan.
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2.2.4 AESA Subsystem

The upconverted signal in eq. (2.2) is distributesin the
transmit power divider towards the AESA antennadsetate
High Power Amplifiers (HPA) housed within TransrRéceive
(T/R) modules and finally transduced as a singlisglow-duty-
cycle pulsed electromagnetic wave in free space.€éléctrical-
electromagnetic transduction occurs via the AESAiatars
within a specific Vol as per the AESA array factoranaged by
the SBR beam steering controller in Fig. 2.1. Timitéd required
operative bandwidth of a few megahertz in theband allows
neglecting the adoption of TTDL against frequendpdrsion,
whereas a wide surveillance Vol needs significéegring angle
capabilities in both azimuth and elevation dimensio
Consequently, steering angles larger than 50° va#pect to
broadside without arising grating lobes do reqabandoning
subarray grouping of radiating elements on a T/Rlufe thus
mapping one T/R module to each radiating elementhiléV
transmit capabilities are required to illuminateider FoV with
uniform tapering, an additional complexity burdeises on the
receive side due to the multichannel monopulse itathre
which comprises, for each polarization, the qualdtupum ,
delta-elevation ¢, delta-azimuth a;, and guardygrd channels,
each tailored to optimally use a dedicated set apfetting
coefficients for beam shaping with a consideralhgpact on
AESA complexity. Accordingly, the amplitude and pbha
controls of a specific set of T/R modules (feediadjators which
are geometrically displaced on a planar latticégheine the key
characteristics of the AESA directivity in termsh@fam-steering,
beamwidth, and beamshape. Similar considerationsT/h
modules follow on receive, albeit with additionadatures,
constraints, and burdens. That is, echo signalsaigasampled
by the AESA radiators are de facto fed (for eachand
polarization) to the T/R modules limiters and Lowoidé
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Amplifiers (LNASs) (followed by Low Level AmplifiergLLA) to
further increase power dynamics), modulated in #&og# and
phase for beam control, and passed through théveepewer
combiner towards the multichannel downconverteFig 2.2.
Indeed, while on transmit a single polarization deemed
sufficient for illuminating the environment for SSén receive a
dual polarization allows paramount diversity to hether
exploited during the debris detection and postatete
processes, especially against gyrotropic effects signal
propagation through plasma slabs as well as eleetgoetic
scattering from tumbling debris. Fig. 2.7 depicts AESA
radiator (the red-blue square on the left) conmkdtea T/R
module (the transmit branch at the bottom and #weive
branches at the top) via a switch (instead of eutator). The
transmit branch (with signal flow from right to tefis
characterized by thé g5 "gee amplitude-phase offsets whereas
the receive branches (with signal flow from leftrigght for both
the and polarizations) are characterized by the5" a

o

& .5".a&a .5".a&é& 5" i, amplitude-phase offsets
for the sum, delta-elevation, delta-azimuth, andrdwchannels,
respectively. For the sake of completeness, Frgill2strates the
AESA T/R element functional architecture not onlyr fthe
transmit and receive chains (i.e., radiator elesjemictive
electronics, amplitude and phase modulations) lsat ia terms
of ancillary routings (the brown switches) for mataty AESA
calibration and blanking. Fig. 2.8 completes thectional
concept of the monopulse AESA subsystem wherebyvtiede
set of radiators and T/R modules (the red-bluagevigctangles
on the left) are linked to the power combinershaf sum, delta-
elevation, delta-azimuth, and guard channels (threery
rectangles on the right for the polarization and the beige
rectangles on the right for the polarization), as well as to the
power divider of the transmit channel (the orangetangle on
the right).
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Fig. 2.7. AESA radiator and T/R Element.

HupE

Fig. 2.8. AESA monopulse-based subsystem.

The AESA antenna manufacturing is thus a formidadose per
se, as it entails manifold subtleties in terms &dcteical,

electromagnetic, mechanical, and thermal nuisamtesh may
severely degrade, or rather hamper, the expected behaviors
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and AESA instrument performance [70,71]. More sioeadiy,
the pitch accommodation, the possible mechanistbdion, the
amount of mass, the electromagnetic coupling effemtd the
heat dispersion combine as a design and developrhatienge
for the radiating elements, the T/R modules, arel ABFN
power divider/combiner integration, especially adesing the
small dimensions linked to the -band operating frequency and
the aforementioned demands on the scanning arlglssalso
worth mentioning that, albeit the transmit ampigi@perate in
slight compression to improve efficiency and av@@idsing
amplitude modulations, the receive lineup must woréarly to
properly exploit Automatic Gain Control (AGC) alontpe
downconversion section in Fig. 2.2 as well as tesprve the
superposition of echoes complex envelopes. Furtbem
stacking the AESA radiating elements and feeding tw
orthogonal polarizations (i.e., and in Fig. 2.7) can be based,
for example, on a single square horn element adiatth a
septum polarizer cascaded with a differential phabk#ter
implementing an ortho-mode transducer aimed atitisygi a
signal into two balanced waveguides routes witkdaiced cross-
polarization coupling [72]. Also, the T/R branclees be based,
for instance, on Gallium Nitride (GaN) based Motiot
Microwave Integrated Circuit (MMIC) implementing
pseudomorphic High Electron Mobility Transistor @MT)
processes with gains roughly more than 30 dB amskerfayure
of a few dB on the operative bandwidths. Insteadusihg
burdensome circulators, Single-Pole Double-Throwr¥¥)
switches can be adopted for signal routing andtifashg control
[72]. In addition, the minimum element displacementn the
array lattice has a key influence on the maximufrbodadside
scanning anglé. without sprouting grating lobes. For example,
let us consider in Fig. 2.9 the geometry of an AEBAose
radiating elements appear rectangularly displacatieVs axes
with inter-element distande.
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Fig. 2.9. AESA off-broadside angle.

A differential solid angléA (™ 1\li\"  subtends the
differential areda ( -~ ™ I\li\" identified by the spherical
triplet 3515 "8whereas, in this case, at a given wavelehgtie
displacement limits the ideal off-broadside angle from Z
(e.g., excluding degradations due to coupling [28])

b
<Al«= E

\n (2.3)

The bound in eq. (2.3) also cues the scalabilithefoperative
angular FoR depending on the design and manufacturing of the
interelement distancel. In parallel, the scalability of the
“operative range FoRdepends on the sum of all T/R modules
transmit peak power allocated on the AESA. Thusafgiven
antenna area one can obtain the SBR total transeakt power
by adding all T/R modules transmit peak powers and,
consequently, the directivity and beam solid artgezreof [70].
The plots reported in Figs. 2.10 and 2.11 showSfBR transmit
peak power at 35.5 GHz for a set of AESA squaréasarareas
pertaining to a number of T/R modules (whose Iattic
interelement spacing attains the upper bound in(2) with
equality) with respect to several T/R module tralhgmak power
and maximum off-broadside angle without occurrence of
grating lobes.
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SBR AESA Transmit Peak Power in [kW]

SBR AESA Transmit Peak Power in [kW]
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Fig. 2.10. AESA peak power with max off-broadsagle! . (+ °.
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Fig. 2.11. AESA peak power with max off-broadsigle! . (p °.
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Interestingly, Figs. 2.10 and 2.11 highlight seVera
insights on the pros and cons of a-band AESA antenna for
debris detection and tracking purposes. Indeedgelaperative
transmit peak powers could be obtained not by fiogusfforts
on T/R modules designs with larger and larger trangeak
powers, but rather on tighter inter-element pitglacéng and
related T/R modules integration for accommodatimghareased
number of elements on the lattice (thus relaxingrrfal
requirements on heat pipes). In this case, a mtelABSA area
enlargement would allow for a significantly largeansmit peak
power of the SBR whereas smaller element pitchisgacan
provide important benefits for the SBR surveillamser larger
off-broadside scanning angles without occurrencegating
lobes (e.g., in the aforementioned example a 5.1 pmch
spacing would allow for a 40° maximum off-broadsalegle,
whereas a a 4.8 mm pitch spacing would allow fob0&
maximum off-broadside angle.) Finally, a dedicateet of
complex excitation coefficients for each channeg,(ieach
amplitude attenuators and phase shifters addressede"5
cascaded doublet with subscripts in Fig. 2.7) regme a
separable (i.e., individual) configurability of tR&ESA transmit
and receive beams ensued from different optimal apolse
radiation patterns (e.g., a uniform tapering on thensmit
channel, a Taylor tapering on the receive sum atlaramd a
Bayliss tapering on the receive difference chanfl}), yet to
the detriment of additional AESA complexity. Witaspect to
this latter aspect, modern literature is abundanith w
unconventional array architectures, topologies, alebign
methodologies for implementing desired beams watiuced
complexities. In general terms, [73] provides aieev of
clustered, thinned, sparse, and time varying arid4sle legacy
monopulse techniques were based on implementing auoin
difference channels mostly at RF with a limited roem of
simultaneous lobing [74], advances in AESA lattiopologies
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as well as in array processing in hostile enviromisiehave
pushed modern monopulse approaches towards digital
multichannel adaptive architectures [75]. For ezsgesign and
manufacturing feasibility, the monopulse paradigmppsed in
this chapter is framed by the multichannel cardipah Fig. 2.2
(i,e., 4 RF channels for each receive polarizatissmereby
simultaneous lobing occurs directly in the-band. From such a
standard monopulse scheme at a given CUT, thepoiatessing
of sum and difference channels in the digital domaiFig. 2.2
is entrenched in Maximum Likelihood Estimation (ML{Eee the
covariance-matrix-free estimator in [76, eq. 15]da individual
target which is pulse-to-pulse fluctuating, or Hee covariance-
matrix-based estimator in [77, eq. 13] for an indiial target).

Within this framework, for monopulse radar applicas
[78] indicates convex-optimization-based approachiesed at
sharing common weights on the periphery of theyawdile
maintaining independent excitations of sum and edéffice
channels in the rest of the array. As a remarkatap forward,
[79] proposes a compromise solution which maximites
directivity of the sum pattern subject to severahstraints
(including one on the slope of the difference pattand sharing
the excitation coefficients of the sum and diffa@rpatterns.
Accordingly, a number of possible AESA layout quadiattices
layouts boundaries arise as pertaining to monoprdsstraints
on the AESA amplitude-phase offsets represented thzy
complex excitation coefficiently; positioned on the discrete
lattice of Fig. 2.9 in th&/5 plane as per the subscribt. That
is, the Array Factor (AF) for a planar AESA centkne theVs
plane (see Fig. 2.9) with an even number of elemeriton the
Vaxisand Conthe axis can be written as

a D
C

.. xi e iy P oAz > 0
31-5@( U1-|-<U 6T< d(j c (24)
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where T (™ 1—"™" Q(™ I™ " gre the directional
cosines) ,\. are the lattice interelement spacing along\fbe

axis, respectively;ds ( 5 " © with 5 and "
representing the amplitude and phase of the comgteitation
coefficient dg, respectively, such that, in a nonhostile
environment, thée .5 terms are used to set the beam scanning
towards the directior8t. 508 as per the phase shifts; (

X%ZBAX 8 t.; 3 X 8.0]. Following [78] for instance

and considering a square lattice (ie.,(i\ .,and °( 9, one
may then impose quadrant symmetry constraints @wtiole set

of monopulse-based:s i.e., g, ., o 5 and

o -
2.2.5 RF Downconversion

Another variety of strategies can be adopted fandiating the
-band LFM radar echo signal from the receive pave@nbiner
output (from each , polarization and from each e, azgrd
monopulse sum, delta-elevation, delta-azimuth, andrd
channel, respectively) into the downconverter sstesy in Fig.
2.2 all the way down to a suitable Intermediategbesncy (IF)
before feeding the digital section. For example,irageresting
multichannel architecture relies on a modular agpinovhere the
whole set of monopulse channels can be assignedrounder
the shared control of an AGC loop providing thetrunsient
dynamic range with over 50 dB of gain control whiie receiver
chain applies a double-conversion superheterodgimense [80].
The use of a double-conversion configuration isseduby the
difficulties of applying an Analog to Digital Conster (ADC)
directly at such high frequencies, whereas a siogleversion
would inevitably hamper image frequency rejectionaddition,
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a double-conversion would allow spreading the gaimrol over
larger sections of the receiver. Fig. 2.12 indisage possible
frequency translation relying on a first dowconvemsstage in -
band (e.g.«+ip GHz) and a second downconversion in the High
Frequency (HF) band (e.d. i=ip MHz). Without lack of
generalization, the proposed frequency plan in Eif2 assumes
a BPF centered at 35.515 GHz in order to exploéget-

PLLs for downconversion to a fixed IF frequencytesed at
25 MHz. For the sake of clarification, if compatedhe transmit
frequency plan centered at 35.5 GHz in Fig. 2l additional
15 MHz is an agile programmable task on the AWGrédwer,
it is worth noting that the IF filter in the HF Baum Fig. 2.12 has
a slightly larger percentage of bandpass comparetig¢ other
BPFs in order to accommodate variable operativelatihs,
and could be based on Surface Acoustic Waves (SééVices
implementing anti-aliasing functions before the nsig is
digitized.

Fig. 2.12. Downconverter frequency plan.
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2.2.6 Multichannel Complex Envelope Acquisition

The receive digital section in Fig. 2.2 is basedhanmonic-
sampling the IF signal using a single ADC for eablhnnel and

producingd/ samples without phase and amplitude imbalances

of a quadrature analog demodulator. Considerirgfivel SBR-
debris velocities discussed in 8§ 1.4.3, the HF Ishpglse
(noiseless) echo signal at a given ADC input (3geZ12) for a
point-like target with a . delay as well as with & Doppler
offset is fed as input to the digital section as {he following
real signal

3E 80 + .,

A 3EH ] —™OY . 5/ 283X .8;) S . BX .8 ;" .G .92 -
(2.9
The single pulse point-like target echo approxiorain
eg. (2.5) is obtained by neglecting the scalinghef amplitude
and the stretching of the time axis by @e( ;/ .+/ g factor
(see § 1.4.3), and abides by space-time factona[8li]. For the
sake of clarification, a brief digression follows tboth aspects.
As stressed in 8§ 1.4.3, eqgs. (1.27)-(1.28) prokmebounds (as
per [49] and [50]) for employing either a narrowbdaor
wideband representation of the signal and, consey®f the
signal ambiguity function for estimating range amathge-rate
parameters in a CUT. During limited time spanstendrder of a
second, debris detection and tracking can be tda@dsuming a
NCV model for both the SBR and debris motion modkelghis
case, with a PRF on the order of a few kHz, a l@amgmit duty
cycle, and a few megahertz of bandwidththe inequalities in
eqgs. (1.27)-(1.28) are both attained even for exthg fast
micrometeoroids. IndeedOO 7 by the NCV assumption
whereas, even by considering a micrometeoroid dlyatt an
imposing 70 km/s relative radial veloci§with respect to the
SBR, for a 5-MHz-bandwidtk and a 50-s-pulse-duratiof eq.
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(1.27)resultsinoTO . Interestingly, taking into account a 16
km/s relative velocityOwith a 2.5-MHz-bandwidtt eq. (1.27)
still holds aso " O  when replacing the 50s-pulse-duration
0 with a 2 ms CPI. Therefore, the adoption of a awabrand
signal model for range and range-rate parametdman
entails neglecting th®factor for all Doppler terms pertaining to
the received echo analytical representation in)(Bh the
exception of the carrier phase term. In paralle¢ additional
modeling aspect on the point-like target echo in(2%) pertains
to pondering its space-time factorability [81] (i.eonsidering
the V5 variables, thex-y factorability of a function/ 3v5 8
results i’ 3v5 8(/ .3V8/_3 8). For an SBR with an AESA with
1-D dimension (i.e., either along th¥ or, equivalently, the
axis in Fig. 2.9), the condition on the uncouplegresentation of
the temporal and spatial terms in the point-likgea echo for
analog beamforming within the AESA subsystem waulgue as
sufficient condition (see for instance [81, eq.){18

X,

(A

O - (2.6)

~|§
m

which in our narrowband case holds for an AESA vatii-D
dimension up to several tens of meters (e.g., ®yuare AESA
with 1-D dimension of 3 m and a bandwidt of 5 MHz the
condition in eq. (2.6) results in p O ). Indeed, the condition
in eq. (2.6) allows neglecting the use of TTDL (§&F eq. 19-
21]) in favor of phase-shifts. Beside the AESA gsibesm, the
digression on space-time factorability is in a sbtay still
intertwined within eq. (2.5) with profound impligans for the
possible non ambiguous estimates of parameters deale
within the observables. Indeed, considering thatgdie target
echo acquired from the AESA main beam, the targege-rate
parameterQ-.je  would be ambiguously embedded /in (

X O+ in eq. (2.5) due to the inherent coupling betwéen
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mutually unknown radial target velocit@:-jz and SBR
velocity Qg , i-e., O (Ogs X Cevig - As a by product, this
would imply the lack of factorability of the SBR aiguity
function into separate spatial and temporal ambyguinctions
(see [81, egs. 10 and 48]). For example, Fig. 2d@dcts three
scenarios with ambiguities arising from several uaUtAESA
and target radial velocities configurations (ijgurple arrows)
leading to the same relative AESA-target radialogigy O (
Qs XOcvie (i.e., green arrow) whereby an outward target
motion is defined as positive (i.€ - * ).
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Fig. 2.13. Target range-rate ambiguities embeddéd. i
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By abandoning the intent to design an onboard @agkhich
bases its inference on target range-rate estimatsgossible to
define a resolution cell for a parameter vector enafl range,
azimuth angle, elevation angle, and amplitude.his specific
case, depending on the proper design of a lowaheealadiation
pattern as well as on the guard channel radiataitem lying
strictly above the sidelobe pattern, the signadn (2.5) can be
modeled as factorable in space-time. Then, the CHT be
factored into its angular components (i.e., azimatigle and
elevation angle) and temporal components (i.e.aydednd
amplitude). Downstream such a clarification, theapzeter in
eg. (2.5) can be factored into an angular compofentthe array
factor in eq. (2.4)) and its temporal componeset (the point-like
target echo amplitude occurring at-adelay.)

Now, the separation ade samples from eq. (2.5) can be
efficiently obtained by sampling the HF signal eet at 25
MHz with a 20 MHz ADC (thus handling the HF passthanFig.
2.12) and multiplying the ADC output by the 1,00:1..
sequence and 0,-1,0,1,0,... sequence fordtaad branches,
respectively, followed by an Integrate & Dump (I&Ddw Pass
Filter (LPF) [82]. Remarkably, due to the imposihgDoppler
offset with respect to the required operative badtwof a few
megahertz, at every range g#té is possible to deal with the
inherent limits of Doppler tolerance of the LFM-bdsambiguity
function. In particular, a set of filter banks, kabearing a
dedicated frequency offsétallows estimating within-pulse the
echo Doppler frequench. from the branch with minimum MF
magnitude response loss (as cued by the branchméiimum
modulus value obtained after the noncoherent coimdpiof a
train of echoes at the MF output.) Such a desigrcttre relies
on an ADC with at least 14 bits (or, eventually, di& [83] for
managing an even larger instantaneous power dysa@scwell
as on efficient COordinate Rotational Digital Cortgpu
(CORDIC) [84] for phase rotators driven by Numellica
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Controlled Oscillators (NCO) with a frequency offgeanularity
on the order of 100 kHz. For a given Doppler offsgtiving the
NCO, and range gatewithin the SWL, Fig. 2.14 represents such
a bespoke MF which is a key structure to be emjpldgeform
the SBR complex data hyper-cube. More specificatlye
aforementioned modulus value of the MF output adtsuitable
noncoherent combining is indicated Zg, whereas the MF
complex output (i.e.Zs, andZs4s,) can be further processed
within the receive digital chain. A proof of contdpr the basic
onboard processing structure indicated in Fig. 2s1ghown in
Fig. 2.15 through Fig. 2.20. That s, Fig. 2.15tekes a simulated
point-like target echo at ADC output at a givengaugate? with

a 4-dB SNR and a 1-MHz-bandwidth along with a Doppler
frequency/s of roughly 2.5 MHz. In particular, Fig. 2.15 a)dan
Fig. 2.15 b) represent the temporal and specttad &ehavior,
respectively, whereby (without lack of generalitige temporal
reference system is centered at the true targetyddifter
enforcing a suitable Doppler offséf Fig. 2.16 reportshe
noncoherent combining outpfig,, built upon a burst of 4 echoes
with interleaved upchirp-downchirp LFM waveforme.j in Fig.
2.16 a) the linear magnitude on odd pulses; in Eig6 b) the
linear magnitude on even pulses; in Fig. 2.16 e dB magnitude
on odd pulses; in Fig. 2.16 d) the dB magnitudeswen pulses.
Clearly, an interleaved upchirp-downchirp LFM wawehs
burst-transmit-strategy is enticing per se, akate soothing the
LFM-inherent range estimation bias and squelchvendime-
around echoes, if any.

Fig. 2.14. Bespoke MF with Doppler offdeind range gaté
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Fig. 2.15. Point-like target echo at ADC outputaagiven range gaté a)

temporal echo; b) spectral echo.
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Fig. 2.16. Zg, in case of a negligible residual echo Doppleriffg) linear

magnitude on odd pulses; b) linear magnitude om gwdses; ¢) normalized
dB magnitude on odd pulses; d) normalized dB magdeibn even pulses.
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For the sake of clarification of the digital reagivineup,
Fig. 2.17 shows the aforementioned simulated pdattarget
echo behaviors, i.e., temporal echo in Fig. 2)J1&ral spectral
echo in Fig. 2.17 b) at the phase rotator input-f. 2.14.
Interestingly, the mild echo image at roughly -2#1z also
appears (distorted and attenuated) due to digitahmand 1&D
transfer function with respect to the useful echooaghly 2.5
MHz. Figs. 2.18 and 2.19 depict the echo appeardnee
temporal echo in Figs. 2.18 a) and 2.19 a) andtspexcho in
Figs. 2.18 b) and 2.19 b)) downstream the phasgarobutput
when either a suitable or unsuitable Doppler offgstapplied,
respectively. That is, while in Fig. 2.18 the resilecho Doppler
offset appears successfully enforced to fit withit 50 kHz
frequency span and, therefore, is suitably tolerdtg the MF
center frequency at 0 Hz, in Fig. 2.19 the resicichio Doppler
offset is much larger (i.e., roughly 1.9 MHz) anberefore,
unbearable by the MF.

Complex Echo Sequence Magnitude at Phase Rotator Input

5000 777L7 (Y E

Magnitude (linear)
o

S
o

=

3

® ol—
o
o
o

2
5

Echo Spectrum at Phase Rotator Input - Frequency Resolution =19.5313 [kHz] - Sampling Frequency = 10 [MHz] - Input Doppler Frequency = 2.5667 [MHz]
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b)

Fig. 2.17. Point-like target echo at phase rotatput. a) temporal echo; b)
spectral echo
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Complex Echo Sequence Magnitude at Phase Rotator Output
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Fig. 2.18. Point-like target echo at phase rotatotput (suitable Doppler

offset). a) temporal echo; b) spectral echo.
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Indeed, in case of a significant residual echo Depp
offset, the MF output degradation is evident in. 2Q0 (with a
residual echo Doppler offset of roughly 1.9 MHz}wiespect to
the example depicted in Fig. 2.16 (with a resicecklo Doppler
offset of roughly -30 kHz). Again, Fig. 2.20 reporthe
noncoherent combining outptk,, built upon a burst of 4 echoes
with interleaved upchirp-downchirp LFM waveforme,j in Fig.
2.20 a) the linear magnitude on odd pulses; in Eig0 b) the
linear magnitude on even pulses; in Fig. 2.20e)dA magnitude
on odd pulses; in Fig. 2.20 d) the dB magnitudewen pulses.

nitude at MF Output after Combining - Odd Pulses x10°  Magnitude at MF Output after Combining - Even Pulses

e
|
|
€
|
|
€
|
L
2

:
:

Magnitude (dB)
A
3

Time (s) < 10° Time (s) < 16°
)

Fig. 2.20. Zs, in case of a significant residual echo Dopplesetifa) linear
magnitude on odd pulses; b) linear magnitude om gu#ses; ¢) normalized
dB magnitude on odd pulses; d) normalized dB magdeibn even pulses.

The simulation results presented in Figs. 2.15@ .42
solely aimed at stressing the controllable Doptaksrance of the
transceiver complex envelope acquisition schemes;Tturther
echo acquisition variabilities and inherent degtada due to
endogenous (e.g., phase noise [85,86] and numgueatization
[87]) and exogenous (e.g., channel scintillatiord aarget
scattering assumptions impairments) are outsidedbpe of this
chapter.
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Clearly, the effectiveness of a target echo extract
during a dwell via the signal processing chainim .14 relies
on the availability of a suitable Doppler off$e&tnd range gate
However, these quantities are unknown and, to oweecthis
shortcoming, the bespoke MF structure in Fig. 2sl#plicated
in Fig. 2.21 for a set of programmable Doppler eifd (i.e.,
applied in the horizontal dimension in Fig. 2.2ivimen themin
and fmax values) and a set of range gate@.e., applied in the
vertical dimension in Fig. 2.21 between #h& and#nax values),
thus paving the way for target echo extraction initithe
environmental scenario during a dwell.

Fig. 2.21. Bespoke MF for all Doppler offsé@nd range gates
Finally, the 8 monopulse channels implementing the

bespoke MF for all Doppler offsets and range gapstream the
CFAR block is depicted in Fig. 2.22.
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Fig. 2.22. Multi-channel bespoke MF structure.

In this case, for both the and polarizations, therd
and the channels are routed to the CFAR-like block. The
CFAR-like block in Fig. 2.2 includes a decision @ulvhose
detection threshold for a given false alarm prolitgtbiis
(possibly) independent of the nuisance parametarmhility.
This is aimed at enforcing robustness in the bigyothesis test
whereby the probability density function (pdf) undlee noise-
only hypothesis is independent of nuisance parasiele our
case, beside the target echo Doppler frequéng¢yadditional
nuisance parameters variability accounts for thestesy
temperature change (in case the antenna radiatterp is
pointed towards either the Sun, the Earth, or tterospace) or
the event of an imposing echo return spike fromargd clutter
discrete (e.g., from an orbital infrastructure).

Interestingly, considering that the building blockdig.
2.14 represent those basic fixed functions thatblendhe
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formation of the complex data hyper-cube, the usa space
gualified 28 nm ASIC [88] appears as an interessiolgition for

implementing the multichannel structure represemtédg. 2.22.

On the contrary, a programmable FPGA accordingossible

evolving ameliorations can represent a viable adepgradigm

for the CFAR-like block as well as for the implentetion of

dedicated editing functionalities such as ¢rd channel based
excision-control-logics.

Finally, the data processor in Fig. 2.2 can befavsoe-
based functionality for tracking purposes, alonghwsupport
editing transformations such as the target delageaonversion
forthe channel, monopulse angular conversion Look Updsabl
(LUT) for the ¢ and azchannels jointly with the channel for
gain normalization, and attributes formation forresolved
detection of closely spaced targets [89,90].

2.2.7 Notes on the Guard Channel

The structure in Fig. 2.2 includes the implementaf editing

functionalities in terms of outliers-excision caittogics

exploiting the guard-channel for Side Lobe Blank{&iB). A

comparison occurs between the signal from the p&eam of

the sum channel and the signal from the broadembafathe

guard channel to discern if the echo derives frosigaal in the
main beam or from the sidelobes of the sum charhedlly, the

broad beam pattern of the guard channel shoulddmve the
pencil beam sidelobe pattern of the sum channed. ddntrol-

logics for the outliers-excision is outside the ge®f this work.
In simple terms, when the sum channel decides f@tection in
a CUT, the detection is blanked if the guard chasteistic is

larger than the sum channel statistic (see [91][888). In this

case, chances are that the tentative detectidmeisum channel
is being triggered by the presence a clutter discie the

sidelobes.
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Chapter 3

Effects of Plasma Media With Weak
Scintillation on the Detection
Performance of SBRs

As stressed in chapter 1, depending on the solartgc(and
considering the scintillation indeX [22,27] as a measurable
parameter to be exploited in a KA paradigm), anrajpes SBR
for SSA entails propagation of waveforms eitheotigh free
space vacuum or, alternatively, through both figgce vacuum
and slabs of turbulent plasma. Within this framdwaiadar
detection schemes for SSA can be adopted relyinbeoNeyman
Pearson (NP) criterion which maximizes the proligbibf
detection| 5 as a function of SNR for a given probability ofsia
alarm|.; [40,93-95]. Eventually, when the NP detector i$ no
Uniformly Most Powerful (UMP) [96], the decisionglslem can
be tackled via conventional detectors implemendif@@eneralized
Likelihood Ratio Test (GLRT) [94,95]. In any casé)e
performance analysis of conventional radar detsdtomplasma
media is quite limited (e.g., see [27]), especifdly SSA from a
SBR system perspective. Indeed, most state of theadar
systems for SSA have been contrived as ground-bes#ats
[7,9,97]. Moreover, several efforts on the perfonce analysis
of conventional detectors in plasma media have Heahng with
the ionosphere acting as a waveguide in the HF Bagd Over
The Horizon (OTH) radars [98]. On the other sidegvpus
analyses for SBR detection performance in plasmdiangave
considered Rayleigh target fluctuation jointly witayleigh
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plasma scintillation [99,100] and were predominaiihsed on
Monte Carlo methods [101]. Such analyses have lhegher

extended in [102] taking into account decorrelagffects among
the pulses whereas [103] summarized Rayleigh Haiin-

induced integration losses.

Interestingly, in this work the performance anadysf
conventional radar detectors in AWGN for both cemerand
noncoherent pulse trains (see [95, Ch. 1 and 2¢xisended to
include both Rayleigh and Rice target fluctuatigmistly with
Rice plasma scintillation as a function of the sttation index
A . Remarkably, such a performance analysis is narel
represents a useful reference framework for turtimg SBR
transceiver addressed in chapter 2, thus accoumdinglebris
scattering fluctuations as well as signal propagatn plasma
media in case of weak scintillation.

The rest of the chapter is organized as per tHewoig
Sections. Section 3.1 resumes physical insightslingato
reasonable statistical models for the performantalyais of
conventional detectors in SSA operative scenanmuuding the
Fading Occurrence Probability (FOP) in case of weak
scintillation). Section 3.2 deals with analytic esgsions for the
performance analysis of conventional radar deteato AWGN
for both coherent and noncoherent pulse trainsase ©f either
nonfluctuating, Rayleigh, or Rice target fluctuaso Section 3.3
extends the performance analysis via semi-anatgttbniques
including Rice plasma scintillation effects on sagpropagation
as a function of the scintillation index $Section 3.4 outlines a
brief digression on the performance analysis ire aafsbistatic
radar configurations.
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3.1 Phenomenology-Based Statistics

In this section, the physical mechanisms inducihgnoel and
target fluctuations are resumed as addressed iptarhd. In

particular, they are pondered in order to introdwstatable

statistical models for the performance analysic@iventional

radar detectors for SSA in AWGN in case of weakspla

scintillation. The aforementioned reasoning leaolsconsider
Rician statistics for the channel phenomenologp@leith either

Rayleigh or Rician statistics for the target pheeaniogy. In

addition, a sensitivity analysis provides proofttee FOP in case
of weak scintillation as a function of the sciratlbn index* .

3.1.1 Reasonable Statistical Models for Channel-
Target Phenomenology

As hinted in chapter 1, plasma media can signifiggrerturb the
propagation of electromagnetic waves, thus affgctradar
detection and tracking capabilities for SSA. Spealily, in
chapter 1 it was stressed that a weak plasma ambelallows
simplifying the propagation model of an electrometgnwave
through a plasma slab predominantly as a forwasattexing
mechanism around a small cone with negligible attéon and
backscattering within the cone itself (thus exahgdimultiple
scattering effects in the plasma slab). In thigcadss reasonable
to assume a flat-flat channel during a short réddast on a small
bandwidth in which a fixed multiplicative compleartn affects
the complex envelope of the radar signal (see[alsoCh. 3]).
To this end, the aforementioned multiplicativengbex
scintillation process at a given tildhas been formulated as as
per the complex r.v. in eq. (1.7), i.q., , where the pdf o] is
Rice as per eq. (1.8) with Rice facter(t  +#, and the pdf
of " is uniformly distributed ir8X)5)P. Moreover, taking into
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account eq. (1.7), it was remarked that by enfgrecandomness
also on". as a uniformly distributed r.v. ir8X)5)P and

statistically independent oflg and "¢, g and " become
statistically independent.

On the other side, for target phenomenology (icensg
scattering mechanisms at a giveno occur close to the high-
frequency optical region), when the radar transmdts
electromagnetic waveform impinging on the extesaiface of a
debris target, the main scattering responses heste dssumed to
derive chiefly from randomly positioned items. Aodimgly, the
RCS of a debris targéty.q has been formulated as per eq. (1.19).
To this end, as clarified in chapter 1 the sirdgéris item may
possibly induce RCS fluctuations per se dependimthe aspect
angle (since the coherent reflectivity of a debigs surely
influenced by the electromagnetic roughness andtivel
permittivity of the constituents materials). Neweless,
additional fluctuations may derive from either dude cloud or
from a single debris (possibly characterized by onemore
scattering centers) with peaks and nulls dependingthe
occurrence of a or) phase offset, respectively, among the
relevant scattering items in eq. (1.19).

Clearly, such a reasoning induces the need foisstai
modeling of target fluctuations in order to analyzlee
performance of radar detectors. Indeed, early apalyf radar
detection performance from echo return samples in AWGN
comprised nonfluctuating targets with a determiaiRCS (see
Marcum [104]) as well as targets with some specRCS
fluctuation laws (see Swerling [105]). Predomingntithe
fluctuation of the RCS has been characterized nimgeof first
order statistics of individual samples along witbrrelation
properties among the samples. Representative examples of
families for first order statistics include the gam Rice-square,
Weibull, or log-normal distributions (see [40],[98], and [106-
108]). On the other side, correlation propertiesoagnthe
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samples comprise fully correlated samples (i.eango-scan
fluctuations), fully uncorrelated samples (i.e.,Isgdto-pulse
fluctuations), as well as partial correlation tludr40],[93-95],
and [109-111]). In particular, the well known Sviregl models
for target fluctuations [105] can be summarizedadlsws. The
Swerling 0 model (also known as the Marcum modé@&A4[L
represents a nonfluctuating target. The Swerliagd 1l models
represent first order statistics of the RCS via@ial chi-square
distribution with 2 degrees of freedom (i.e., arp@xential
distribution which is a particular case of a gamamstribution)
along with scan-to-scan and pulse-to-pulse fluainat
respectively. The Swerling 11l and IV models remetsfirst order
statistics of the RCS via a central chi-squareribistion with 4
degrees of freedom (i.e., once again a particalse of a gamma
distribution) along with scan-to-scan and pulsedtse
fluctuations, respectively. In fact, modern radagtedtion
performance analysis represents target fluctugtamer relying
extensively on the gamma distribution [107,112}). &ample, a
target fluctuation power modeled by a gamma¥.with shape
parametet $ and statistical meaf (i.e., M P(iA ) via the
pdf [31]

*

< [¥D %

| ,34)'5 A8 ( TRy & 1348 (3.1)

&

can be exploited to compute the performance of eotienal
radar detectors from a temporal burst ocdcho sample returns in
AWGN for Swerling I-11-11I-1V models.

Now, Swerling | and Il models can be useful forrsmgos
assuming that a target RCS is made up of the sopiéign of
scattering responses such that no response is dohdampared
to the others. On the contrary, Swerling Il andnidddels can be
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useful approximations [106,108] for scenarios assgnthat a
target RCS originates from the superposition ofttedag
responses such that one of them is dominant comhpgar¢he
other minor contributions (to this end, see alsi8]Wwhere a chi-
square pdf with 4 degrees of freedom is used toeBLS
fluctuations whose dominant-to-minor scatterer®riat ; + ).

In this latter scenarios, a Rice squared¥.¥i.e.,T( ~ where
the pdf of is Rice with parameters and#™) characterized by
the Rice factar of (i.e., ( , +# ) and statistical mean
(i.e, MP(iA ( , ; # ) provides an exact and more general
statistical description of RCS fluctuations [114]L{or targets
whose RCS stems from the superposition of a dorhinan
deterministic scattering power,”, and a minor zero-mean
stochastic power# . In this case, the pdf &f is

woo, D
1,365 8( = © T de A2

ft38  (3.2)

It is also worth mentioning that as- the Rice
distribution tends to the Rayleigh distribution atigerefore, it
allows representing the Swerling | and Il modetsadidition, as

-. , one obtains the Swerling 0 model as well. Dediyit
when the RCS of the dominant non fluctuating congmbns
approximately 75% [115] of the total RCS, the disfarity (in
the Kullback-Leibler sense) between Swerling Ill4&fgets and
Rice Targets (see [115, eg. (16)]) is minimized.
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3.1.2 Sensitivity Analysis and FOP in Case of Weak
Scintillation

The aforementioned physical mechanisms inducingelaand
target fluctuations pave the way for characterizhmypower of a
target echo in terms of three multiplicative comgrais, namely,

a deterministic component pertaining to the radaaéon

[40] assumed known by suitable radar design and
calibration;

a Rayleigh or, alternatively, a Rice based compbnen
accounting for the fluctuation of the RCS [36];

a Rice based component related to the fluctuatictheo
two-way channel propagation [19] in a monostatic
configuration.

In particular, for a monostatic radar configuratieh us
consider an antenna with gdin at a giver*, radiating a peak
power | . at a distance in the Fraunhofer region as per eq.
(1.20). Accordingly, a backscattered echo powartescepted by
the radar effective antenna area, (9 * ++) such that
(including instrument losses) the echo receive powgg is

s (WG w2y NP6y 1 2 (33
wherefjill ( M Mg, gPis the nominal nonfluctuating target RCS,
e (] 9°i3 i#Qg0+3t) &ii - is the deterministic nominal
echo receive power (i.e., w.rijill), T (# goct#331 is the
normalized RCS r.v. (i.e. w.r#§11 such thatM|P( ), and

2 (- is the power fluctuation r.v. for 2-way propagatsuch
that the pdf of is Rice for weak scintillation (as a reference see
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also [99] and [100] where the pdf ofis assumed Rayleigh for
strong scintillation). For the sake of clarificatjoan alternative
expression for the power fluctuation r.v. for 2-wagpagation in
a monostatic configuration (see Fig. 3.12i6 ~ ~ where the
firstterm, -, accounts for the power fluctuation on the for#tip
(i.e., from the radar to the debris target) while second term,

", is related to the power fluctuation on the baakhi.e., from
the debris target to the radar)

Fig. 3.1. Signal propagation from an orbiting SB&d dot) towards a debris
cloud (purple chunks) and/or a single debris (fragted yellow shape).

Now, without lack of generality, enforcingN gP(|
in eq. (3.3) implies

MN —P( (3.4)

Despite the nonreciprocity of general plasma mésk [23, eq. (3.6.19)],
the 2 (- expression entails electromagnetic reciprocityaaseasonable
approximation in a monostatic configuration esplécia case of weak plasma
scintillation at high microwave frequencies, etige  -band (see also [23, eq.
(3.6.22)]). Viceversa, when the nonreciprocity ¢hgma media cannot be
neglected, the analysis of the power fluctuation Zeway propagation of
monostatic radar configurations should rather felldhat of bistatic
counterparts in § 3.4.

94



and allows analyzing the echo receive power at \aemngi
polarization as the nominal echo receive poermodulated by
the target fluctuatioff and channel scintillatioB. Armed with
these insights, for a monostatic radar configuraipplying the
constraint in eq. (3.4) for a r.v. with a Rice pdf as per eq. (1.8)
with parameters. and#; results in [31]

MN-P(t = # ft7;# (3.5)

Next, the scintillation index* (defined for one-way
propagation in eq. (1.6)), can be expressed as

e IVMRPMNLCFE( 5 < K EA~ EL°
- ML € P KA~ oL

(3.6)

Combining egs. (3.5) and (3.6) results in a systéiwo
equations of two unknown variables and# , i.e.,

D
6t: , # {- (- 3’\_ ’ 8 C (3.7)
t=; # [t #
which is solved as
t (o
7 A (3.8)
#{_ ( ) 3’/qQCA<8 D{ E
— D
and which holds for ++ n.¢n where.o( 3 °; 8¢,

thus framing n* n . Considering eq. (1.8) and that the pdf
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of 2 ( - can be expressed as

+Qee |:

. < €
6378 (——= T lge R{CFfT328 (3.9)

the pdf of the echo receive power is

| 8 2 a | 1/38.8\a (310)

oml

|O 3W8( SU oml
where| ,,348is the pdf of the normalized RCS Consequently,
it is possible to elaborate eq. (3.10) for a nartfiating target
with|.,,3a8( ; 32 X 8(where; 38is the Dirac delta generalized
function) to obtain

‘(/\
(o]
o

d O—DVO—@TSWS (3.11)

®yoi _cv Sy
By,

Besides, elaborating on eq. (3.10) for a Rayl€igttfiating target
with | ,,348( ' 1348yields

| ° Ry oo S (

s D
- Byo R
Uu < . < et ”D<0i*"B{F i \4
— i d=—-—> '"\a (3.12)
yoliill ~ _c. _<y ’ ~.
_ Dyol*

and, similarly, for a Rice fluctuating target with,3a8(

3: 8" INHE4K~T3; 8aLt3as8
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Remarkably, while the works in [99] and [100] calesia
Rayleigh model for strong scintillation (with no picit
dependence on the scintillation indey, the FOP computed in
[99] and [100] can be extended using eq. (3.8)Rica model for
weak scintillation as a function of the scintiltati index” . In
particular, the FOP is defined hereafter as theaidity that the
radar receive poweg in eq. (3.3) is less than or equaQgtimes
the nominal radar receive input powgg , i.e., via the
Cumulative Distribution Function (CDF)

KOs L( S """ [0, 3B\ (3.14)

where|oy3W8 is given in eqgs. (3.11), (3.12), and (3.13) for
nonfluctuating, Rayleigh fluctuating, and Rice twting targets,
respectively. For the sake of completeness, itviseamt that
plugging eq. (3.11) in eqg. (3.14) results in a etbsform
expression of the FOP for a nonfluctuating targee(also [116,
eg. (2.18))), i.e.,

D
s KQL( X €lfsly (3.15)

where

97



C.1/2 C

,35t8( §' 55 ¢ ¢ .3vav (3.16)

is the generalized Marcum function of ordef{117]. Also, it is
worth noting that eq. (3.14) is a function @f solely, since it
coincides with the probability that the r.M.g+lg (or
equivalently the r.vf  2) is less than or equal @

3.1.3 Numerical Integration and Simulation Results
for FOP

Considering a SBR in a monostatic configuration gas Fig.
3.1), the FOP of an echo is reported hereaftendofluctuating,
Rayleigh, and Rice fluctuating targets jointly wiice plasma
scintillation as a function of the scintillationdex” .
Specifically, the plots in Figs. 3.2, 3.3, and Brdvide an
analysis of eq. (3.14) via both numerical integnatmethods
(solid lines) and MC based (with - trials) simulation results
(dashed lines) for ( o ,”™ ( ox,and" ( op,respectively.
The green, blue, magenta, and red curves accouRageigh,
Rice (with Rice-factor. (), Rice (with Rice-factor. (),
and nonfluctuating targets, respectively. It appeaident on all
plots in Figs. 3.2, 3.3, and 3.4 that the curvedapgng to
numerical integration methods are well matchedhirtMC
based counterparts. For the sake of completeressiased form
expression in eq. (3.15) fér (o ,” ( ox,and™ ( op in
case of a nonfluctuating target has not been regasince it
coincides with the relative numerical integratiame in Figs.
3.2, 3.3, and 3.4, respectively. As expected, lier Rice factor
< (  the Rice target fluctuating model tends to a Rgilene
(see the proximity of the blue and green curvegreds, for_ (
the Rice distribution gets closer to the Swerlihmodel (see
the closeness of the magenta and red curves).||dae FOP

98



accounting forQ; 0 in eq. (3.14) for a nonfluctuating target is
smaller than that of a Rayleigh target (see thecrgues lying
beneath the green curves), since in the former @alyechannel
scintillation induces power fluctuations whereathia latter case
both target and channel phenomenology occur. Adstarger
value of the scintillation indexX increases the FOP. As a
reference, wher ( o a 10-dB-loss FOP (i.e., in eq. (3.14)
&, ( 0 ) is negligible for a nonfluctuating target and @aats
for slightly more than a 0.1 probability for a Reigh target (as
shown in Fig, 3.2). On the other side, wHen( op (see Fig,
3.4) a 10-dB-loss FOP for a nonfluctuating targetréases to
slightly less than a 0.1 probability while it reasha 0.2
probability for a Rayleigh target. This demonssathat an SBR
for SSA aimed at processing a burst of echoesdteation and
tracking schemes is prone to fading losses caugepldasma
effects as a function of the scintillation index

Fig. 3.2. FOP curvesfdr ( o .
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Fig. 3.3. FOP curves fér ( ot .

Fig. 3.4. FOP curves fér ( op .
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3.2 Performance analysis of conventional
radar detectors for Rayleigh and Rice targets

In this section, the performance analysis of cotigeal radar
detectors in AWGN (see [95, chapters 1 and 2])razvided in
closed form (in terms df; as a function of SNR for a givéry )
for nonfluctuating, Rayleigh, and Rice point-likeardet
fluctuations. The reference scenario is that ofpihlsed SBR in a
monostatic configuration shown in Fig. 3.1 wherebgpecific
CUT is identified by a given set of rangg elevation! «, and
azimuth" ¢ coordinates. Downstream an ideal pulse compression
at baseband, a decision statistjcfor a given threshol® takes
into account pulses to discriminate the null hypothesis(i.e.,
Lz 0 O) against the alternative hypothesis (i.e.,Lge O). The
noise samples are Independent Identically DistedulID) r.v.
(where each sample is a complex circular zero-nBzarssian r.v.
with variancetfg) whereas ' is the echo complex amplitude
of the i-th pulse (for ( 5 5005 X ) embedding unknown
parameters pertaining to the radar equation (eetated to the
radar instrument, RCS, and 2-way channel propagatio
Accordingly, for a coherent pulse train (i.e., * (, ®iM)
the GLRT implements the modulus value of a scafanifmally)
sufficient statistidN (i.e.,Lg ( JNj as per [95, eq. (2.24)]). For a
noncoherent pulse train (i.e., * a, ™ for ( 55005 X

), in case all amplitudes are equal to the samaev@le.,, (
Ji M) the GLRT implements the sum of the modulus valua
vectorial (minimally) sufficient statisti® (i.e., Lg ( U< O3 §j
as shown in [95, eq. (2.29)]) whereas, otherwls2GLRT results
in the energy (i.e., the sum of the square of tbdutus value) of
a vectorial (minimally) sufficient statisticO (i.e., Lg(
u£< 03 8f as indicated in [95, eq. (2.32)]). In this worket
performance of the GLRT will be explored solely floe coherent
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pulse train case (i.e., far: ( JNj) and square-law noncoherent
pulse train case (i.e., fag ( U%<j O3 8j). That is, the GLRT
performance analysis for the linear noncoherenégtriain case
(i.e., forLg ( U< O3 8)) is outside the scope of this work since
it is not available in closed form and (to the auth best
knowledge) can be obtained only via Monte Carloutations
[101] as stressed in [95].

3.2.1 Performance Analysis for Nonfluctuating
Targets

Following [95], for the performance analysis witlspect to a
nonfluctuating (i.e., Swerling 0) target, let udide the single-
pulse SNR for the coherent pulse train case as

_ AC
® ym ( 3 (3.17)

and outline for the coherent pulse train case Gaidrent GLRT
detector)

| C

la (' PF (3.18)
and

lo ( <," T1® gm5 %u( KTI® @5 Xy (4L (3.19)

On the other side, by defining the average singlegpSNR for
the noncoherent pulse train case as

_ A-C.
® pum (U< (3.20)
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it is possible to write for the noncoherent pulssnt case (and
square-law noncoherent GLRT detector)

He o, < H.
s (@etx?5% (2D

and

ls ( £€ 1i® gym5 ;if (3.22)

whereby, for R? SiTid &8 GRB8( 3RX 8Qis the Gamma
function and

G FBB( S° U< E\g (3.23)
is the upper incomplete Gamma function [118].
3.2.2 Performance Analysis for Rayleigh Targets

In general terms, it is possible to formulate trefgrmance
analysis for Rayleigh targets by averaging|thecomputed for a
nonfluctuating target with respect to the ensuihiiRSluctuation
laws. For the sake of completeness, suchyais, de facto,
conditioned to a given valug of the r.v.2 (in simple terms, in
this section we will simply assumé& ( , thus neglecting
fluctuations due to propagation). More specificattgpitalizing
on analytic solutions to structured integrals egpeel as the
Laplace transform of the product of Marcu@ and power
functions [119], the performance analysis can bgressed in
closed form. In this respect (see also [112]),ouiricing the
Pochhammer symbol [118] defined as

V& ( VES3v;' 8 (3.24)
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and, forw ? SiTid ae considering a finite sum representation of
eg. (3.23) [118], i.e.,

G MEB(GAMB Ul oo (3.25)

it follows that (see also Appendix A)

U V) < _
A WitV 5+ GEL @8 Yi\v
’ V]
3 83X
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() w '
\
"X W 3 X8 E _
rn 2 . ’ ' 2
Z,. 2 3aX; 8 VGW;2 gl Wi2b5— 5 "SW$ 577 Si

(3.26)

Now, for the performance analysis of a Swerlingrbet
the r.v. assumes a common value, $gyamong the pulses.
In this case, let us first defin®Ill (|  +#z as the average
single-pulse SNR within pulses and replac® ,,, with the
rv. @ q | where the pdf of is given in eq. (3.1) witi (
and ' (. For the coherent pulse train case and cohereR{IGL
detector with scan-to-scan decorrelation (i.e.,(, andz (
z,for (55005 X ), one may then substitute in eq. (3.26)
W( ,t( ,E(XY |4, ( ,andX ( @ thus yielding

|o(GBk S

EmA (] - leo (3.27)
For the noncoherent pulse train case and square-law

noncoherent GLRT detector with scan-to-scan delatioa (i.e.,

. (, ,for (55005 X ), ® gum is also replaced with the

For the sake of completenes$, is used for the Swerling Ill model.
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rv. B q | with the pdf off as per eq. (3.1) withA (  and
(. This leads to use eq. (3.26) with( ,t( ,E (—/

'( ,and X ( @ to obtain

. U m@@g 2 . i,
|0 ( uBT: m<@'/(3€AEBGBk ’25 ~/c

(3.28)

Finally, for the performance analysis of a Swerlihg
target the r.v.|’s, referred to hereafter a§38 for (
55005 X, are lID within the pulses. Clearly, this instance
is meaningful only for the noncoherent pulse traase and
square-law noncoherent GLRT detector. As a consemyet is

possible to expres®  gym as the r.v%E @l with (

u£<938a central chi square r.v. with 2degrees of freedom
and statistical meaw# - , which is tantamount (fo# -~ ( as
per [116, eq. (2.32)]) to adopt eq. (3.1) wiki{1 and ’ (

Thus, one may substitute in eq. (3.28) ,t( ,&E (O+#,
(X ( @l and derive

e < <. H+ B
o (oAU 22 (3.29)

3.2.3 Performance Analysis for Rician Targets

Similarly to the performance analysis for Rayleigingets, by
assumingZ ( (thus neglecting power fluctuations due to
propagation) it is possible to formulate the perfance analysis
for Rice targets by averaging thg; computed for a
nonfluctuating target with respect to the entailBigR fluctuation
laws. In this case, it appears useful to representosed form

For the sake of completeness, applies to the Swerling 1V model.
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integrals involving the Laplace transform of theoguct of
MarcumQ@, Bessel, and power functions [120], i.e.,

- — ac'D —
d235 X5.5W5B/{8( S 0K +VBXLV < K+VLWV (3.30)

such that, folV. ? @andY. (Y .

UD< of K

-~

d235 X5.5 W5BY8 ( <2 i gy =B .. (3.31)
withW( W’ - while,forY. 2@, Y. «X ,Y-(Y_.;2,
and2 ? SiTia &

d235X5.5W5¥25Y.8
(d2 35X5.5W557Y8
. ,. 0 ﬁ/\ B; voox , . VA
) C—€X —f - o N €—f €fo
5Y 5X X 5—’ X
€ W rw
' X
eX g €YA—_5§L_\Jfg
(3.32)

where

<g' Do D ik 3 gw ve id  <Av & .
CasamsB( Sl ug ST AR B ag (333)
in which theirmoperator accounts for roundirigjto the nearest
integer less than or equal RYis the imaginary unit [121], and
once again®( W;’ ~. For the sake of clarification, in eq.
(3.33)GX 8is the ordinary Gamma function (i@, 35 8[31])
forn %8+ whereasineq. (3.3M5Y5.?72@QW? @od &
'5X are either real or purely imaginary, ang 3Y’5 X8 (
1B s the modified complex generalized Marcum funttio
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of third kind and orded which, for’'( 2@ , X(t? @ ,
assumes the simplified expression [117]

C.]/ZC

WIHBEE ;%< 8 = gl g 3VaV (3.34)

' D

Armed with this background, it is now possible tdlime
the performance analysis of a Rice target in caseriv.
assumes a common value, sgyamong the pulses (i.e., scan-
to-scan decorrelation). For the coherent pulsentcase and
coherent GLRT detector (i.e,, (, andz (z , for (
5 5005 X), this is tantamount to substitut® ,;,, with the
rv. B q  where®l (| o +#; is the average single-pulse
SNR withini pulses, and the pdf §f is expressed as per eq.
(3.2) withA (. Consequently, one may substitute in eq. (3.30)

Ye( LY. (¢ 7 et X +0E E (XY |4, W(
; ,and.( ~ 3; 8whichleadsto
-i"AE o - - A
|6( <,,%5Xy |HAI m (335

For the noncoherent pulse train case and square-law
noncoherent GLRT detector (i.e.,(, ,for ( 55005 X ),
® gum is again replaced with the r3 §  with the pdf of
i1 as per eq. (3.2) with (. Therefore, substituting in eq. (3.30)

Y. (Y. X ( Y. (L T e X ( +TE, E (
~W(; ,and.( ~ 3; 8resultsin
=/
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(3.36)

Next, the performance analysis of a Rice targdovid
hereafter when the r.§.’s (i.e.,138 for ( 55005 X ) are
[ID within the pulses (i.e., pulse-to-pulse fluctuations). Again,
this condition is meaningful only for the noncoharpulse train
case and square-law noncoherent GLRT detector. rAicaly,

® gum IS replaced with the r.v.;E @l | with a
noncentral chi square r.v. with 2 degrees of freedom,
noncentrality parameter, -, and (see [116, eq. (2.47)] using
[122, eq. (13.1.2)]) statistical mearB, " ; # "8 In particular,
recalling thatA ( the pdf of can be given as a function of

P-D P D

|34 8( A8 ™ & isasgy 2~ T 3; 8vt38 (3.37)
3AES C
Thus, one may replace in eq. 3.3 ( , Y. ( , '(
@l X ( +7E E(S,W( ; ,and.( ~ 3; 8
=/

which results in

i +-i" E G081 5 ii‘

o ( s & (3.38)
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3.3 Performance analysis for target
fluctuations and Rice scintillation

In this section, the performance analysis of cotigeal radar
detectors is extended to include either Rayleigih Rite target
fluctuations jointly with Rice plasma scintillati@s a function of
the scintillation index* . Notably, the superposition of target
fluctuation and weak plasma scintillation as a fiorc of »
proves quite demanding from an analytical perspectThis
leads to employ semi-analytic techniques for avierpg ;
starting from the closed form solutions for tardjettuations
obtained in Section 3.2. Accordingly, the averagoid 5 for
weak scintillation with respect to the ensuing SflRtuations
laws is carried out for several target fluctuatbases. Namely:

Swerling 0 coherent case (SWO0-C) (as per egs. \aid
(3.19));

Swerling 0 noncoherent case (SWO-NC) (as per egs.
(3.21) and (3.22));

Swerling 1 coherent case (SW1-C) (as per egs. (aid
(3.27));

Swerling 1 noncoherent case (SW1-NC) (as per egs.
(3.21) and (3.28));

Swerling 2 noncoherent case (SW2-NC) (as per egs.
(3.21) and (3.29));

Rice scan-to-scan coherent case (R-S2S-C) (asqgser e
(3.18) and (3.35));

Rice scan-to-scan noncoherent case (R-S2S-NC)efas p
egs. (3.21) and (3.36)) ;

Rice pulse-to-pulse noncoherent case (R-P2P-NGQjglas
egs. (3.21) and (3.38)).
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More specifically, in the aforementioned closed nior
expressions fofs the SNR (taking into account the appropriate
definition of SNR in use) is replaced wite 2, with the r.v.
i2 ( -suchthat is Rice with parameters and#", both as a
function of* as per eqg. (3.8). Consequently, each of the addain
analytic formulations fof ; can be averaged with respect to the
distribution of 2, whereby the expectation operator is
approximated via Monte Carlo techniques with 10@fs. Such
an expectation operator applied to eqs. (3.1922§3.(3.27),
(3.28), (3.29), (3.35), (3.36), (3.38) results Ime tperformance
curves for weak scintillation addressed hereafte$&/0-C-WS,
SWO-NC-WS, SW1-C-WS, SWI1-NC-WS, SW2-NC-WS, R-
S2S-C-WS, R-S2S-NC-WS, and R-P2P-NC-WS, respeygtivel
All Rician curves (i.e., R-S2S-C, R-S2S-NC, R-P2€;R-S2S-
C-WS, R-S2S-NC-WS, and R-P2P-NC-WS) are addressed
according to two different values of the Rice factonamely, -
and . appended as subscripts.

3.3.1 Numerical Results for Coherent Pulse Trains

Figs 3.5-3.6 show numerical results for the perfmoe analysis
of the GLRT detector in terms p§ as a function of single pulse
SNR in case of coherent pulse trains. The curvesfather
characterized by.4 , the scintillation index , the Rice factor,
and the number of pulsesfor the SW0-C, SW1-C, and R-S2S-
C cases without weak scintillation, as well as 8W0-C-WS,
SW1-C-WS, and R-S2S-C-WS cases with weak scin@itatin
particular,

Fig. 3.5 considers-s ( N (o, <( and . (
, (x5

Fig. 3.6 accounts fof.z ( , " (ox, o( and
(o, (%
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Fig. 3.5. GLRT performance (coherent case) With (
<( and.( , (=

Fig. 3.6. GLRT performance (coherent case) With (
<( and_( , (#
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At a given|.; and|gs the required single pulse SNR
increases whefi increases as shown fo(+ in Figs. 3.5 and
3.6 or, alternatively for ( in Figs. 3.7 and 3.9. This is
evident for either nonfluctuating targets (see thmitual
displacement between the SWO-C case and the SWECase
when” increases) or fluctuating targets (i.e., see thede &M\and
R-S2S-C cases compared to the SW1-C-WS and R-SB&C-
cases, respectively, whénincreases). As expected, the required
single pulse SNR increases whemlecreases [40],[93-95]. This
is evident by the leftward shift of the plots irgEi 3.5 and 3.6
pertaining to (£ compared to those in Figs. 3.7 and 3.9,
respectively, when( . As per [105], in Fig. 3.5 and 3.6 for
large to moderatp; (e.g., for| 5 * op ) the SWO cases (i.e., the
SWO-C or, alternatively, the SW0-C-WS) provide graallest
SNR required to obtain a givég, while the SW1 cases (i.e., the
SW1-C or, alternatively, the SW1-C-WS) entail taegkest SNR
required to obtain a givelny, among all considered cases. Also,
in Fig. 3.5 and 3.6, for(  the Rice target fluctuating model
tends to a Swerling O (see the proximity of the S&/@ith the
R-S2S-C s curves or, alternatively, that of the SWO0-C-W Shwit
the R-S2S-C-WS »rcurves) whereas, for ( the Rice
distribution gets closer to a Rayleigh one (seelbgeness of the
SW1-C with the R-S2S-G rcurves or, alternatively, that of the
SW1-C-WS with the R-S2S-C-W$ curves). As shown in Fig.
3.5, when™ (0o the SNR loss (i.e., the additional SNR
required to obtain the samg when scintillation occurs compared
to the nonscintillating case) is quite limited ashefinitely less

For the sake of clarification, the plots in Figr and 3.9 refer to the numerical
results for the square-law noncoherent GLRT detexridressed in § 3.3.2 but
for ( the coherent and noncoherent decision rules argagnt. In other
words, when ( the performance of SW0-C, SW1-C, R-S2S-C, SWO0-C-
WS, SW1-C-WS, and R-S2S-C-WS coincide with thoseSat/0-NC, SW1-
NC, R-S2S-NC, SWO-NC-WS, SWI1-NC-WS, and R-S2S-NC;WS
respectively.
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than 0.5 dB (see the displacement between the S\afeCthe
SWO0-C-WS curves as a worst case) and becomes idgliig the
other cases (see the SW1-C, R-S2S5:CRrS2S-C 1 curves
compared to the SW1-C-WS, R-S2S-C-WSR-S2S-C-WS
curves, respectively). On the other side, whef o+ the SNR
loss becomes more significant depending on thas shown in
Fig. 3.6 (specific SNR losses at a given refergncewill be

summarized in chapter 5).

3.3.2 Numerical Results for Noncoherent Pulse
Trains

Figs. 3.7-3.10 show numerical results for the penéince
analysis of the GLRT detector in terms| gfas a function of the
single pulse SNR for noncoherent pulse trains wiguare-law
integrator. Similarly to the coherent pulse traases, the curves
are further characterized Ry , the scintillation index* , the
Rice factor , and the number of pulsesfor the SWO-NC, SW1-
NC, SW2-NC, R-S2S-NC, and R-P2P-NC cases withowtkwe
scintillation as well as the SWO0-NC-WS, SW1-NC-W8\V2-
NC-WS, R-S2S-NC-WS, and R-P2P-NC-WS cases with weak
scintillation. In particular,

Fig. 3.7 reporty -5 ( (o, <( and _( ,

Fi(g. 3.'8 shows$.4 ( N (o, <( and. (, (

I_Zlg 3.9 addressds; ( N (ox, o( and_ (

FEg. 3.'10 indicate-4 ( N (ox, o( and. (
+
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Fig. 3.7. GLRT performance (noncoherent case) Wigh (
<( and.( , (

Fig. 3.8. GLRT performance (noncoherent case) {vith(
< ( and - ( ’ (i
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Fig. 3.9. GLRT performance (noncoherent case) {vth(
<( and.( , ( .

Fig. 3.10. GLRT performance (noncoherent casd) wijt (
<( and_( , (#
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Again, at a giverj«; and|s the required single pulse
SNR increases whendecreases as well as whenncreases for
either nonfluctuating targets (i.e., the SWO0-NGecaompared to
the SWO-NC-WS case) or fluctuating targets (tlee, SW1-NC,
SW2-NC, R-S2S-NC, and R-P2P-NC cases compared o th
SW1-NC-WS, SW2-NC-WS, R-S2S-NC-WS, and R-P2P-NC-
WS cases, respectively). Also, in Figs. 3.7 thro8di® for large
to moderat¢ 5 (e.g., for] 5 * op ) the SWO cases (i.e., the SWO-
NC or, alternatively, the SW0-NC-WS) indicate theadlest SNR
required to obtain a givgn,, while the SW1 cases (i.e., the SW1-
NC or, alternatively, the SW1-NC-WS) cue the latg8sR
required to obtain a giveh; among all considered cases. As
analytically predicted, in Figs. 3.7 and 3.9 for  the SW1 and
SW2 cases coincide while the R-S2S and R-P2P cualses
overlap. Again, for ( the Rice target fluctuation tends to the
Swerling 0 model whereas, for( the Rice and Rayleigh
distributions approach one another. Finally, wherf o the
SNR loss is very small. Yet, wheh ( o+ the SNR loss
becomes larger and its value depends ot gh&s shown in Figs.
3.9 and 3.10.

3.4 Extension of the Analysis to Bistatic
Configurations

The previous performance analysis of conventioreteators
pertaining to monostatic configurations is brieféxtended
hereafter to a bistatic configuration. For exampig. 3.11

represents as red points at a specific instanBRy, & debris, and
an arbitrary scattering location. In particulat, s consider that
a SBR transmits a train of pulses towards a tadged distance
. in the Fraunhofer region. Now, the one-way progiagarom

the SBR to such a target or, equivalently, from tdrget to an
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arbitrary receiver at a distance in the Fraunhofer region can be
analyzed by constraining the average power to abigdéhe
forward scattering assumption in the weak scinidla model
[24]. That is, considering either the SBR-debrise-ovay
propagation or the debris-target one-way propagatie mean
square value df in eq. (1.7) can be enforced to be unitary as per
eg. (1.9).

Fig. 3.11. SBR for SSA in a bistatic configuratiem.t. an arbitrary scattering
location.

As shown in [34], for one-way propagation the direc
relation between the scintillation indéxand the Rice pdf in eq.
(1.8) with parameters’ and#; can be written as eq. (1.10). As
hinted in chapter 1, combining egs. (1.9) and (LidGerms of
the scintillation index™ one obtains the liaison between
experimental results from plasma radio-physics and-way
propagation in weak scintillation. To this end, .efls11) and
(1.12) which are reported hereafter for conveniaxe
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t- ("X~ -
S (3.39)
# ( i ST

can be used in radar theory for debris detectiahteacking. In
this case, the closed form expressions|fpr(i.e., egs. (3.19),
(3.22), (3.27), (3.28), (3.29), (3.35), (3.36),38) still hold in
case of a bistatic configuration. Clearly, in s@chonfiguration
the - term in eq. (3.3) is factored into a transnfjt, , and
receivefs , antennagain (i.ef,” (1 . Ys ), the —termineq.
(3.3) is split into a forth path term, and a path term towards
the arbitrary scattering location; , i.e., - (~ 2 -, while the
nominal non-fluctuating monostatic RC&J1 in eq. (3.3)
becomes an equivalent bistatic counterpart. Corsgyy each
of the obtained analytic formulations fdr; in a bistatic
configuration can be averaged via Monte Carlo teghes with
respect to the entailing fluctuation law of the S{pRovided that
the appropriate definition of SNR is in use). Speally, the SNR

is replaced with® < I where . (pertaining to the
power fluctuation > of the one-way propagation path between
the transmitter and the debris) and (pertaining to the power
fluctuation : of the one-way propagation path between the
debris and the receiver) are eventually Rice with parameters
t7 and#;, and both as a function df as per eq. (3.39).
Definitely, the one-way propagation fluctuationrfran SBR to
a debris can be statistically independent of thes-way
propagation fluctuation from a debris to an arlpjtracattering
location and not identically distributed. In othewords, in a
bistatic configuration® on the one-way propagation path
between the transmitter and the debris can berdiftédrom” on
the one-way propagation path between the debrisrengceiver.
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Chapter 4

MIMO SBR via Code Division
Multiplexing for Track While
Simultaneous Search

The SBR system architecture described in chaptentbrises an
AESA subsystem, an RF subsystem, and a digitalystdis,
whereby the multichannel diversity is based on MGl
configuration. In particular, considering either a or
polarization, at a givetransmit-receive-polarization-paii.e.,
either - , -, - ,or - ), the SIMO SBR is devised with 1
transmit channel and 4 receive channels:e, azgrd, i.e., sum,
delta-elevation, and delta-azimuth channels for opoise
angular estimation, and a guard channel for SL&heetively. To
this end, the SIMO-based archetype hinted in chaptas
orchestrated according to a moderate payload codipland
considering a bespoke surveillance mode. More paity, with
such a limited multichannel diversity, the monopukngular
estimation is implemented via classical simultarselobing [74]
within the ABFN of the AESA subsystem. Operativehe SBR
raster scans a Vol with a single pencil beam (hoppivery few
milliseconds) and exploiting the entire transmitlppower of the
AESA subsystem. In this case, TWS [123,124] is rtjea
formidable task against hyper-velocity target scesawvhereas
PWS [63] appears as a promising contacts collecioategy,
especially for fine radiometric measurements of ighHvalue
Target (HVT) over a reduced Vol. Definitely, sumemce
operations via a SIMO configuration can be furtimproved
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adopting a larger multichannel cardinality on reegfat the cost
of an increased onboard payload complexity). Fangde, the
SBR may use a spoilt transmit beam and form several
simultaneous pencil beams on receive via a Diggabm
Forming Network (DBFN) (see [125, Fig. 1b]). Thpaoach has
a number of benefits, including better target aaguésolution
along with possible receive adaptivity in hostileveonments
(provided that a sufficient number of receive chaanare
available). Yet, surveillance operations relyingaoapoilt beam
on transmit allows illuminating only a slightly &er volume
compared to that subtended by an unspoilt beanreldre, even
in this case, surveillance operations are con&daio scan a large
Vol by hopping still-too-narrow a transmit beam many
sequential time slots (whereby TWS is still a dangstrategy).
Alternatively, it is possible to illuminate a larg®I| with a single
transmit beam during a time slot using only a redugortion of
the AESA surface and (then) form different simuttans pencil
beams on receive via a DBFN (see [125, Fig. 1dpeAin this
case TWS tasks become possible, such an approamciotca
benefit from a significant Effective Isotropic Ratkd Power
(EIRP) whereas the DBFN can recover power gainsula the
receive beams. Consequently, in order to overtake t
aforementioned difficulties for SSA based on a SINBBR
operating in TWS, a novel fully-polarimetric supetérodyne
transceiver is introduced in this chapter capiagj on a Multiple
Input Multiple Output (MIMO) configuration (to thdetriment of
an additional onboard payload complexity).

The rest of the chapter is organized as folldsestion 1
presents the MIMO SBR sensor, the data structackpperative
strategies. Section 2 clarifies further detaildhed MIMO SBR
functional architecture, including ancillary notésr critical
MIMO aspects. Section 3 provides numerical regaltghe signal
processor.
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4.1 MIMO SBR Sensor, Data, and Operative
Strategies

This section outlines the MIMO SBR functional atelsture
along with timing hierarchies in surveillance mottes complex
data hyper-cube structure, and the L-PRF RRRS¢dilto Track
While Simultaneous Search (TWSS).

4.1.1 Functional Architecture of the MIMO SBR
Sensor

A high level functional architecture of the MIMO 8B
transceiver is shown in Fig. 4.1 entaili®g transmit channels at
a given polarizatios , i.e.,E g (for* ( 5°5® ., with® (1 ,
and s either or ) and ®; receive channels per receive-
polarization, i.e., ; (for a( 5°5® g, with ® (£, andW
either or ). As shown in Fig. 4.1, the architecture includes
reference USO for generating all the required Legfiencies
coherently locked to the USO via PLLs, as well ageaeral
purpose RISC fault toleranf for SBR management. In simple
terms, ® waveforms are synthesized inside. AWGS,
upconverted to the -band, and radiated into space ®aAESA
subarrays. On receive, target echoes impingingRnAESA
subarrays are downconverted to an IF and digitiaeth ®q
channels for each receive polarization (i.e., 4ndets on and

, respectively). The complex envelope extractiacpss for the
® ¢ channels is assembled into a complex data hypse-sithin
an echo digitizer whereby each sample is repreddmtehed
components (see th# functional block scheme in Fig. 4.1).
Hence, the acquired complex samples from&hg channels are
jointly processed through a digital chain made ludig®e rotators
cascaded with a set of MFs, a MIMO-based DBFN,aG#AR-
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like detection block. Finally, the data streamasd to the data-
processor for tracking purposes. For onboard trechi limited
time spans on the order of hundreds of millisecpsg®cific
parameter estimates pave the way for further Bapesiference
on small-size debris dynamic states [59] as welbasRCS-
related signatures [36] (namely, the target rarayarpeter , the
target elevation and azimuth angles parameterand ",
respectively, and the target RCS param#ggk). Further details
on Fig. 4.1 will be addressed in Section 4.2.

Fig. 4.1. MIMO SBR functional architecture.
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4.1.2 Time Hierarchies and Complex Data Hyper-
Cube

Considering a surveillance mode, an orbiting SBR.,(the red
dot moving in the direction of the blue arrow irgF4.2) raster-
scans a Vol (i.e., the black dashed box in Fig. du2ing a frame
interval. In particular, a frame is parsed into secutive dwells,
whereby at each dwell the SBR illuminates with @aorbeam a
large portion of the Vol referred to as a Sub-\&#€ the Sub-Vol
beam in Fig. 4.2).

Fig. 4.2. MIMO SBR Vol, Sub-Vols, and pencil beams.
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For example, in Fig. 4.2 the SBR raster-scanstiige
Vol during a frame made of 12 consecutive dwellshbpping
the Sub-Vol beam on transmit from Sub-Vol 1 (durdvgell 1),
to Sub-Vol 2 (during dwell 2), and so on until reexgy Sub-Vol
12 (during dwell 12). The surveillance of a givarbS/ol during
a dwell pertains to the formation of a number ofltiple
(simultaneous) narrow pencil beams synthesized MIMO
processing inside the Sub-Vol (see the green shapele each
Sub-Vol in Fig. 4.2).

Accordingly, during a dwell spanning a few PRise
SBR illuminates a specific Sub-Vol (identified bygaven! o,
" % ¢ direction) with®. (pseudo-orthogonal) transmit waveforms
(temporally and spatially overlapped) and retriegeoes from
the Sub-Vol on ® ¢ channels. Consequently, the setdbf
components extracted from tl#® g channels can be represented
as a 4-D complex data hyper-cube (Fig. 4.3) conmgrishe
following dimensions:

a) The fast-time dimensions g, Which pertains to the
complex samples acquired within a PRI.

b) The slow-time dimensionw,.s, Which indicates the
number of PRIs (and therefore the number of trattethi
pulses).

c) The MIMO receive spatial dimension, ;¢ g 4, Which
describes the ; channels fora ( 5°5® ¢ (at a given
receive polarizatioiy.

d) The receive polarization dimension, , which refers to
W ( andW (
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Fig. 4.3. MIMO SBR complex data hyper-cube durangwell related to a
specific Sub-Vol downstream th&) extraction block.

For the sake of clarification, the uppermost lawgermost
drawings in Fig. 4.3 account for the complex datpen-cube in
thes o, s, aNd= 5 ¢ 4 dimensions with,  pertaining to
p=H andp=V, respectively. Also, the 4-D complex data hyper-
cube shown in Fig. 4.3 represents raw data of thd®1SBR
downstream thel  extraction block

4.1.3 L-PRF RRRS and TWSS Strategy

The L-PRF RRRS has been detailed in chapter ZhimiSiMO
SBR and will be further tailored hereafter to théM\d SBR.
That is, during a dwell on the order of a few ms#conds (say, 2
or 4 ms), a specific Sub-Vol is illuminated withnamber of
pulses (say, 2 at pulses) at a L-PRF (e.g., 1 or 2 kHz) and a
medium transmit duty-cycle. On receive, each of the
aforementioned pencil beams formed within a Sub-érnielopes

a set of range-gates cascaded in slant rangeadged in chapter

For comparison, Fig. 2.4 represents the 5-D comgéda hyper-cube of the
SIMO SBR upstream the MF, thus including (while the= ,; ¢ 4
dimension is renamed agg ).
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2, in this case a target is range non-ambiguoukédrfast-time,
and highly Doppler ambiguous in the slow-time. @éwkngly, a
bank of frequency offsets is applied directly ie flast-time to a
group of MFs in parallel. This is equivalent talgef bank in the
fast-time with a group of Doppler frequency offsetst for
estimating a target radial velocity but rather aseans to enforce
Doppler tolerance on the PC scheme. After propesinbining
the available echo diversities (i.e., relying oraveform-based
and spatial coherent-combining, temporal noncolieren
combining, and polarimetric noncoherent-combiningje
frequency-offset at a given range-gate inducirg finimum
residual-Doppler-frequency (and, therefore, the imim MF
loss) cues an estimate of the echo-range-rate (@ufiviae the
relative radial velocity between the SBR and thérig¢. The
aforementioned scheme is defined as L-PRF RRRSeapia a
MIMO SBR for SSA.

Within each pencil beam formed within a Sub-\tbg L-
PRF RRRS allows framing a set of CUTs where eaciA @&U
identified by the triplet, !, " . This, in turn, allows pondering
whether or not a debris (or debris cloud) mighpbesent inside
the CUT as a binary hypothesis test. Accordinghyg TWSS
contacts collection strategy (based on L-PRF RRR&)ides a
detection map of all CUTs pertaining to all pero@bms formed
within a Sub-Vol during a dwell (and, eventuallyitivin all Sub-
Vols during a frame). On top of that, at every feathe onboard
Bayesian tracker can process measurements eitlieneabolded
or unthresholded data for MTT [59] of debris cloudshe Vol.

Thus, with a MIMO SBR there is no need for a PWS
contact collection strategy since every Sub-Volfrequently
revisited in a round-robin fashion (being the numifeSub-Vols
limited by design). Also, in a MIMO SBR the entir@nsmit
power resources of the AESA subsystem are fullyaibgul for
illuminating a Sub-Vol (since the entire AESA sudas parsed
into ®, transmit-subarrays). Finally, compared to the labée
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degrees of freedom of a SIMO configuration W@l receive
channels, a MIMO framework (witt®. and ®; transmit and
receive channels, respectively) allows for bettergudar
resolution, targets identifiability, and interfecen rejection
capabilities, [126-129] (provided that a sufficiemimber of
transmit-receive channels are available).

4.2 Details on the MIMO SBR Functional
Architecture

Further details of the MIMO SBR functional archiiege are
addressed hereafter, predominantly via key commasigvith the
SIMO SBR proposed in chapter 2. In addition, aacylinotes
take into account MIMO radar theory (e.g., [126])28nd
ponder MIMO-related critical aspects (e.g., [1250-1132]).

4.2.1 AWGs and Upconversions

The MIMO SBR functional architecture shown in FglL depicts
®. transmit channels fed ® independent AWGs. Each AWG
generates a (pseudo-orthogonal) transmit wavefaased on
DDS [66] whereby different waveform types can bexitbly
programmed. To this end, Code Division Multiplexi(@DM)
represents a design option to generate (pseudogumtial)
transmit waveforms whereby the transceiver bandwsiframed
by the Direct-Sequence Spread-Spectrum (DS-SSirse[83].
Indeed, considering a coherent MIMO SBR (whose diete
capabilities for SSA can rely solely on few puldasing a dwell),
a CDM-based paradigm (whereby tl®&e transmit channels
occupy the same frequency support) allows limitimg receiver
Noise Figure (NF) and frequency-selectivity in casglasma
turbulence.
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Interestingly, the methodology to select MIMO
waveforms is quite variable in literature. For exden several
works deal with the synthesis of a desired trand®ampattern
by first identifying a waveform correlation matrand then
finding a set of waveforms abiding by such coriets [134-
137]. Information-theoretic approaches for MIMO \eéwm
design are covered for example in [138] and [18@timization
techniques for MIMO waveform design are address¢il40] to
maximize the Signal to Interference plus Noise R&EBINR).
Other works focus directly on devising waveformsdzhon Non
Linear-Frequency-Modulation (N-LFM) [141] or TanSec
Frequency Modulation (TSFM) [142]. These latterogl are
tailored mostly to automotive applications whereasy limited
results appear in case of a significant Doppleesstron the
MIMO receiver scheme [143]. Now, the selection cfpecific
class of waveforms for the CDM-based MIMO SBR igsale
the scope of this chapter. In fact, the intenthid thapter is to
conceive a programmable architecture for a CDM-thA4MO
SBR which is independent of the class of wavefoindeed, as
novel waveform families emerge, the SBR AWGs can be
reprogrammed while the parallelization requiredthe digital
receiver can be scaled (as it will be further &lediin § 4.2.3 and
§ 4.3). In particular, the approach adopted in @hile relies on
a reference benchmark based on synthesizing (dncfdbe 16
AWGS) LFM pulses (including LFM-unmodulated puldes,
with no LFM slope) with a medium transmit duty-aycEach
LFM waveform is further phase-modulated (within g@)l by a
specific code [144]. Within this context, one mayenthat with
roughly 100 s of pulse duration on transmit the minimum
operative slant range from the SBR is roughly 15(kms well
within the Fraunhofer region in the -band with an AESA area
on the order of 1 A). Accordingly, it is possible to generate a
code period ( X with a chip timel ( s (i.e., with a
DS-SS roughly over a bandwidta(  MHz). Alternatively,
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one can adopt & ( op s over a bandwidtfE (  MHz to
synthesize a code peridqd "X . The synthesis of such
waveforms can be easily obtained with high spegtuaity and
accuracy via an efficient waveform descriptor retiato| code
symbols and four parameters, i.e., start phasetart frequency
ls¢« , LFM slope ., and pulse duratiori (the amplitude
parameter can be programmed as well). Specifically, e
AWG (for  ( 5°5® .) generates a single-pulse waveform in
time (© directly on a carrier in the UHF band (e.g.,
lo i=ip i z ), i.e.,

NorsnB(B]—M0) e 9;) S 9" ). HFE0] 922 (41)
with
o . E 3 < 8, =
@3B ( Uyc.onsl 9€ o i (4.2)

where .38 is the *th code waveform, ¢5? a5 ae(for w(
5°5]) is thewth symbol of the*th code waveform, and (

|0 . Downstream the waveform synthesis in the UHF Bémel
RF upconversion chain for each of tRe transmit waveforms
translates the UHF waveform to the-band. Fig. 4.4 hints a
possible frequency translation of thil transmit channel based
on PLLs relying on a first upconversion stage m thband (e.g.,
lo4+ipopGHz) and a second upconversion stage in thbéand
(e.q./ g i=i pop GHz). Consequently, tHeh single-pulse signal
fed to the AESA subsystem can be written as

<

NesBB(o J—TMUM D) S L9 ). Ge] 9258 (43)

where theg . parameter also accounts for the tunable output
power to properly drive the AESA subsystem input.
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Fig. 4.4. Upconverter frequency plan for ttib channel.

The structure of the upconversion chain in Fig.ias not
changed with respect to the SIMO counterpart oedim chapter
2 (albeit the number of transmit channels of th&KdISBR has
increased from 1 t®. ). Interestingly, this paves the way for a
flexible SBR payload, possibly switching between $8/and
PWS operations. Indeed, (using the same RF sulbsystethe
former case the® AWGs would transmit independent
waveforms toward®. independent transmit-subarrays within
the AESA subsystem (as per a nominal MIMO configarg. In
the latter case, th®. AWGs would transmit (coherently) the
same waveform towards th®. transmit-subarrays (as per a
SIMO configuration).

4.2.2 AESA Subsystem

After upconversion to the , theth transmit waveform
(for™ ( 5°5® .) is distributed via a power-divider towards the
radiating elements of tgh transmit-subarray within the AESA
subsystem. On the receive side, the radiating elesroé theath
receive-subarray (foéd ( 5°5® g) interface receive-power-
combiners (i.e., for the H and for the V polarization,
respectively) conveyed towards RF downconverters,
respectively (thus, resulting i® g RF receive channels in total).
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As hinted in chapter 2, paramount electrical,
electromagnetic, mechanical, and thermal aspeatsl ne be
faced with such an AESA subsystem. To begin whk, quad-
pol characteristics of the MIMO SBR can be impletedn
relying on radiating elements supporting both and V
polarizations. In order to illuminate a specificb®vol (located
inagiven! g , " g direction), the narrowband assumption of
the waveforms spectrum (i.e., a few megahertzwallfor an
ABFN at subarray-level based on phase-shifterseaustof
TTDL. Besides, each subarray comprises severat sihte
HPAs on transmit and LNAs on receive integratechinitT/R
modules. It appears from public proceedings thabte sensing
applications with space qualified T/R modules ia th-band are
still limited (e.g., see [145] and [146]) while tA&RL of GaN-
based MMIC devices moves steadily forward [147,]148 this
end, fruitful SBR operations for SSA are expecteddly on
sufficient EIRP over (say roughly) 100 km of slaahge with
maximum beam-steering angles of (say rougply)with respect
to broadside. This drives once again the desigore T/R
module for each radiating element (as per the SISER in
chapter 2). Hence, pitch accommodation, mechadis&brtion,
displacement of mass, electromagnetic couplingceffeheat
dispersion, and ABFN integration must be thorougidpdered.
In particular, the minimum inter-element displaceinen a
regular array lattice has a key influence on thximam off-
broadside scanning angle without sprouting gratloges.
Interestingly, for a -band AESA on a regular array topology
the transmit peak power can be significantly inseshwith a
slight augmentation of either T/R module peak powvaantenna
area (see Figs. 2.10 and 2.11). Therefore, in daleope with
thermal requirements and proper allocation of beads [149], a
scalable design of the instrument FoV can be obthiby a
reasonable trade-off between slightly enlargingAESA lattice
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area (say, roughly on the order of £)nand increasing T/R
modules transmit peak power.

On top of these insights, requirements againstirgyat
lobes for a subarray-based MIMO AESA affect notyanter-
element distances within a subarray but also isidbarray
distances within the AESA [150]. In other words; &MIMO
SBR the general functional requirements on bearactivity
(e.g., beamsteering, beamwidth, and beamshape) st
conceived on a two-level beam-forming hierarchye Tirst one
pertains to the ABFN at subarray level (i.€., ABFNs for
forming the®. transmit beams an® 3 ABFNs for generating
®¢ receive beams ad andV, respectively). The second level is
related to the MIMO DBFN (i.e., the DBFNs acting the so-
called MIMO super-array of siz® ®; [150] for generating
multiple transmit-receive narrow beams within a Sid). De
facto, manufacturing efforts strive for reducing thter-element
distance within a subarray regular lattice as cls@ossible to
*+ . Thus, adjacent (noncoincident) phase-centeriseoMIMO
super-array are likely to lie at a distance muchdathan*+ .
Therefore, in order to avoid grating lobes at stgreay level, one
must enforce the removal of a Vandermonde structurehe
super-array manifold by breaking any periodicitytio¢ super-
array lattice. This aspect is not trivial (seeif@tance [150]) and
can be tackled considering unconventional arrayigctures
[73]. For example, the ELRA multichannel AESA suiisyn
[150,151] relies on irregularly thinned subarraysariable size
and shape. In [152] a subarray surface is assemidatifferent
polyomino-based tiles. Also, [153] describes arrbgsed on
polygon-tiles of variable orientation with a numloérelements
regularly displaced on the tile. Other works (e[d54] and
[155]) pursue packing-optimization-strategies ogutar lattices
based on domino-tiles, viz., 2 radiating elemerg®mging to
either a VerticalZ) or Horizontal { ) domino-tile (where each
element of a tile is excited by the same completfament).
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Interestingly, in a MIMO AESA one can form
irregularities among the positions of the phasdersnof the
MIMO super-array manifold, starting from a bespalssembly
of domino-tiles at subarray level. To this endugfirst consider
the geometry of a tile-based subarray (eitherrestrat-subarray
or a receive-subarray) whose radiating elementsregalarly
displaced with mutual distanteon a plane spanned by tYiand

axes with broadside direction located on fhaxis (see Fig.
4.5).

Fig. 4.5. Pictorial representation of a tile-basetlarrayz and{ domino-
tiles depicted in yellow and purple color, respesdiy.

In particular, the domino-tiles are pictorially repented
as an assembly of couples-of-yellow-dots along\lais (i.e.,
z domino-tiles) and couples-of-purple-dots along tlais (i.e.,
{ domino-tiles). For the sake of clarification, Fig5 also shows
a differential solid angle\A (™ 1\lj\" subtending the
differential areda ( -~ ™ I\li\" identified by the spherical
triplet 3515"8 with respect to a given subarray-phase-center
reference. Remarkably, for a required subarrayatemt pattern
an optimum assembly of domino-tiles (along with teéated
complex coefficients excitation) can be computedsblying a
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so-called tlomino tiled array synthesis problémia so-called
Enumerative Tiling Methods (ETM) or Optimization lifg
Methods (OTM) [154,155]. Considering a 2-D array of
radiating elements (where the location of 3A& 8th element is
at V558 A(5°5 , (5°5 ,ontheVand axes,
respectively) a given assembly ¢f domino-tiles can be
characterized by a specifitile-clustering-set } ( &5 ?
N5°5| PA(5°55 (5°5 @aeand atile-complex-set- (
éh. ? €h ( 5°5 | i indicating the complex coefficients of the
radiating elements of thie tiles. For instance, in Fig. 4.5(

, (£, and| (E whereby the bottom line-set of
radiating elements along theaxis encompasses 9 domino-tiles
(i.,e., from left to right: { ¥ 5§ %Y %5 ) whose
radiating elements are identified by a componer}t ahd~ . In
this case, the radiating elements of the bottone-siet are
identified (for example) a& 5 5 5 5+5+5p53B 5 5E5 for}
andh. S 5 Hrz5z5 5h 5h 5 5h 5h 5 5. 5., for ~,
respectively. Accordingly, a domino-tile-based grfactor can
be written as a function of a specific~, and direction cosines
t(™ ™" O (™ I™ " with respect to the subarray
direction cosines%o{SQo{ (see also [155, eq. (1)]), i.e.,

5 }5‘53'.53’.31-5@( ui(T<uf)T<u |oT<h-

o - N s .8 3 5 8P (44)
where' (1) * + is the wavenumber andy is the Kronecker
delta, i.e., ;) ( for (X, and ;)q ( for &4 X

Considering a general phase center analysis f&ESA [150,

156] and taking into account operations in the Rhadier region,
an approximation of the phase-center of a subatiayacterized
by } and~ (namely,fs5 andfyss. on theV and axes,
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respectively) can be computed as the centroid efeflement
positions weighted by the modulus value of the demp
excitation coefficients (see also [156, eq. (5)case of linear
phased arrays), i.e.,

ugpu ¥ gl o, ey W10

“ ut I .4
UG.DU T dj "-‘. D.OH .--0 »

fiss ( (4.5)

ugpu 'k o ,l,‘r DO, wg , e

“oul [ .4
UgpU % ot DO, e gy .

fyss. ( (4.6)

Interestingly, for a given3’r%°{5@°{8 pair, different
combinations o} and~ provide a means to exert a variability
of fiss and fyss. Such a variability can be applied
(independently) to the phase-center of each ofethéransmit-
subarrays and®g receive-subarrays of the MIMO AESA
subsystem while illuminating a specific Sub-Vol.

Fig. 4.6. MIMO AESA based on subarrays (transmbliesrays labeled by
&, forr ( 5°51 ;receive-subarrays labeled by; , fora ( 5°5+ ).
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To this end, Fig. 4.6 depicts a possible partingnof the
AESA surface into specific transmit and receive astdys
shapes. Specifically, the perimeters of the tratsobarrays
(i.e., Eq, for™( 5°51 ) are represented by black rectangles
while those of the receive-subarrays (i.e.,j , fora ( 5°5+ )
by green rectangles. As shown in Fig. 4.6, thenpeters of the
aforementioned subarrays follow a regular pattertheV and
axes of the AESA surface centered on Zhaxis. Namely, the
transmit and receive subarray perimeters are supesed on a
regular grid whose units of measure areand\. along theV
and axes, respectively. Each transmit and receiversajparea
is N \. andi+\ \., respectively, whereas the areas of the
transmit-subarrays as well as those of the recainirays are
nonoverlapped to aid manufacturing, decrease aogipland
avoid intermodulations on transmit. Consequentig phase-
centers of the transmit and receive subarrays regpect to the
AESA center can be written as

334535 ( f}'34535 L s F§$*45*5 ( ff’f&a B @)
for the coordinates on théaxis and as
I334535-( f}'34535-; S R%f&*s-( f?f&w-i e (4.8)

for those on the axis. In this case, th¢€ ;%5 %L pair indicates

the coordinates of thé&th transmit-subarray reference (e.g., its
center) with respect to the AESA center while the

Kf; 5.5 5f}.5.5.L pair represents the coordinates of tth
transmit-subarray phase-center with respect toK&5 o2l
pair (similar definitions apply to the phase-cestairthe receive-
subarrays). As an example, in Fig. 4.6 for ﬂ&f transmit-
subarray ;2 ( X\ and ;2 (\ . whereas (taking into
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account a giveh,* and~,*) f; % .5 andf; .. 5. are computed
by egs. (4.5) and (4.6), respectively. Now, letcossider all
transmit and receive subarrays pointing towardsnanson Sub-
Vol cued by 631‘%0{5@ (8 pair. Accordlngly, let us define the

AESAtile-clustering-set as -, 5. . ( 4, 5. .58 (5°5@ <&

% . .5, .55 (5°5@4¢ In which }T 56,5 and }T 50,54 are the

relative tile-clustering-setof the~th transmit-subarray andth
receive-subarray, respectively. Similarly, let uddr@ss the
AESA-tile-complex-set as . (e~‘3 5 o (5°5@ 1 E
&% o gt (5°5@4 suchthat ;4 50, 5Aand TT 50, 5aaccount for the
relative tile-complex-setof the ~th transmit-subarray andth
receive-subarray, respectively. Besides, let USM%O{ (

- ..5..E* , 5. .. Also, for a given } 4 5. . 5% and
~ 'f' 5, .sxlet us represent the phase-center of"thetransmit-
subarray (with respect to the AESA center) as the
2R* 4 5. .5 .6 5. .5 Pair (similar definitions

apply to the phase center of thé&th receive-subarray).
Consequently, for a glveﬁ%o the array factor of thIMO-
super-array(see also [150, eq. (1.22)]) can be formulated as
function of the direction cosiné&$5 @ with respect to the pencil
beam direction cosine3t. 5 08 generated within the Sub-Vol
cued by thety, (5, (8 pair, i.e.,

a( yH . ,
s o .5s 553 @( UGZTU L T, 5. L5 15 p5%0sI

rvui U, 5, ,5851A1 iU, 5, 585 l'J(4 9)

whereby (for a givenT%o{SQo{STSO and considering: (
5°5@5 4( 5°5®), * ., 5. ,5:5:5%s5¢ € IS the MIMO super-

3 e
f

137



array complex weight coefficient3d]8 indicates complex
conjugation, and

o .
R ( L{,3'.53’.55,3'.53’.55AL¥,3'.53’.55,3'.53’.55
3«53 4 5%5I5 R

(4.10)

o .
R '( L{,sv.53’.55',3'.53’.55AL¥,3’.53'.55,3’.53'.55
3«53 . 5%0515 _

(4.11)

are the position of MIMO super-array phase-certartheV and
axes, respectively (see also [128]). Within tingsrfework, the
MIMO super-array complex weight vector for Direatlfarray
Weighting (DSW) [150] is "L 5 .55k (
2, 5. .505552°5 . .5, .55y il 2 €0 IN which NP indicates
matrix transpose and( ®. ®;. Gis the keystone which entails
(potentially) significant degrees of freedom foragrprocessing
and a high angular resolution of each pencil beatmirwa Sub-
Vol (provided that\ and\. are sufficiently large). Further
insights on the subarray-based AESA follow next.

First of all, if the phase-center of each subamayre
exactly at the center of its own circumscribingtaegle (see the
blue dots and the green dots in Fig. 4.7 for tl@smit and
receive subarrays, respectively), tlephase-centers of the
MIMO-super-array would be regularly displaced within the
interior of the AESA surface (see the red dots showFig. 4.7).
Moreover, this specific case would include a numieover-
represented (i.e., coincident) phase-centers gzg.the, , and
+ numbers pictorially inscribed within the red dotd=ig. 4.7 to
cue a single, two-fold, and four-fold phase-centenger-
representation, respectively). In fact, under tphpreximation
leading to egs. (4.5) and (4.6) and considering @qg$0)-(4.11),
the phase-centers of tMiMO-super-arrayare still guaranteed
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to belong to the interior of the AESA surface, gisplacing their
position (thus, potentially breaking any over-resgr@ation and
introducing an irregularity on the lattice). To ghend, the
irregularity of the Equivalent Linear Array (ELAepaining to
different AESA cuts as a function Zf%o{, \ ,\. represents a
possible AESA design criterion to break any peigiof the
super-array lattice and avoid grating lobes at sapay level
(see [150, § 1.3.3)).

Second, the subarrays depicted in Fig. 4.6 userihiee
set of AESA T/R modules, with important benefits AAESA
manufacturing as well as for subarray gain perforcea Being
the area of each receive-subarray overlapped onto
symmetrically-displaced transmit-subarrays (as shomw Fig.
4.6), the transmit-subarray beamwidth is nominalige as large
as that of the receive-subarray beamwidth. Yetsicemning that
transmit-subarrays are untapered (for power efimyg while
receive subarrays are tapered (for sidelobe conirad possible
to conceive surveillance operations based on trasm receive
subarrays with similar beamwidths.

Finally, it is worth pondering power demands and
sensitivity taking into account [125] and [130]. [b25], the
benefit of a MIMO paradigm with respect to a claakiSIMO-
based beamforming is stressed considering sevespécts
(mostly from a ship-based perspective), includingpwL
Probability of Intercept (LPI), ubiquitous searareoa large Vol,
as well as operations against imposing mainbeattecleturns
over littoral regions without saturating the reegiv
Notwithstanding such general MIMO benefits, [125k0a

comments that:Since the transmitted waveforms do not combine

coherently in space, there is a loss in sensitegyal to the loss
in transmit array gain. This reduced sensitivityndae restored
by integrating longef. Unfortunately, a MIMO SBR for SSA
cannot leverage longer integration times in thevdime, since
targets hyper-velocity would inevitably induce rangigration
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on the MF scheme. Certainly, in a MIMO SBR for S&#% may
slightly augment the transmit duty-cycle to impradetection
performance (especially in case of low-RCS hypdoeity
targets). But upstream any possible detection émiez, the main
issue is to let an echo stimulate the receiver dgab Digital
Converter (ADC) above the Least Significant Bit B)SThis can
be tackled by increasing transmit subarray EIRFh@lwith
receive subarray gain. For this reason, in lindnthie concerns
highlighted in [130], thermal conditioning is a parount aspect
in a MIMO SBR entailing an increase of T/R modufe=ak
power capabilities and subarray lattice areasHi® ¢nd, Figs.
2.10 and 2.11 provide straightforward hints theoedp

Fig. 4.7. Phase-centers single representatiégmsgcribed within a red dot) and
over-representation (or 4 inscribed within a red dot) of the MIMO-super
array (if the phase-center of each subarray weaetbxat the center of its own
circumscribing rectangle).
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4.2.3 Downconversions and Complex Envelope
Acquisition

Similarly to the RF architecture of the SIMO SBRiegbksed in
chapter 2, the® ¢ downconverter chains translate the

echo signal from the® ¢ receive-subarray power combiners of
the AESA subsystem down to a suitable IF towardsdigital
section. Again, the whole set of receive channptsates under
the shared control of an AGC loop providing thetrimsient
dynamic range with over 50 dB of gain control witile receiver
chain applies a double-conversion superheterodsimense [80].
Fig. 4.8 indicates a possible frequency translateging on a
first downconversion stage in C Band and a secorio the
High Frequency (HF) Band. In particular, the freggye plan
assumes a Band Pass Filter (BPF) in the centered at
35.515 GHz, a BPF in the-band centered at 5.095 GHz, and a
BPF in the HF Band centered at 25 MHz before tigaadiis
digitized. As discussed in chapter 2, considerilgtive SBR-
debris velocities up to 16 km/s, the Doppler eftacthe received
echoes at 36 GHz would result in a Doppler frequestuft /.
around 3.8 MHz. For this reason, the IF band pssk)i MHz
wide.

Fig. 4.8. Downconverter frequency plan f@rg receive channels.
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The receive digital section is based on harmonmpdiag
for each of the® ¢ IF signals using a single ADC for each
channel (i.e., 8 ADCs as shown in Fig. 4.8), thumdpcingde
samples for each channel without phase and amelitud
imbalances of a quadrature analog demodulator.k&rfHAR
applications with distributed targets (to this esde [132] for
further insights on MIMO SAR), the SSA environmdsiznario
outlined in chapter 1 mainly cues the occurrenceaht-like
targets (namely, individual debris or debris clqudis particular,
from the SBR perspective a point-like target att€aan position
U within a CUT is identified by the spherical triple, !, "
whereas the target velocitfinduces an echo Doppler frequency
shift /.. Accordingly, due to the narrowband assumption and
considering that the SBR is a coherent colocatdd®™tadar (see
[157]), letus define- ( .+ as the target delay from the AESA
center, and". as the target amplitude and phase, respectively
(pertaining to RCS and signal propagation effedtseaeive-
polarizationWy, ”"3'5!8( N—"™"™ 5™ "™ |5__"TR 3s
the unit direction vector (expressed as a funatiioh and! from
the AESA center to the target), anc ., s. sus
R, 5. susiR, .5, .s%sid [ - Consequently, the (noiseless) single-
pulse echo of a point-like target on the; channel (fora (

5°5®;, andW ( 5 ) can be approximated at ADC input as

<

~ . 1391 H» _~T_ . 1l . _ .

Z.si 3Biziuh, W) Y. i/ .89;" . ;) S .BX.8;

">3 58',3’,53’.535~
k

E 0+,

). 40X +8; % g 92 (4.12)

Each addend in eq. (4.12) accounts for the pduet-li
target echo from théth transmit-subarray (for ( 5°5® .) to
theath receive-subarray at receive-polarizads clarified in
chapters 1 and 2, (X O * affects only the carrier of the echo
whereby O cues the echo range-rate for all transmit-receive
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subarrays pairs (i.e., independent @nda). Notably,0 ( ™3]
embedding the mutually unknown radial target-vejodi.e.,
Serie ) and SBR-velocity (i.$gs ), i.€.,S ( Sgyig X Sgrie
such that an outward target motion is defined agtipe (see also
Fig. 2.13). Interestingly, the complex envelopeath of the®.
addends in eq. (4.12) is factorable in space-tigee (81] and
[158-159]), namely, the angular components (l.eand" ) and
the temporal components (i.e.,and/ ), respectively.

A description of the processing lineup from ti®@g
ADCs to the CFAR-like detection block input followmext (see
Fig. 4.9). While the SBR illuminates a given Subl¢oed by a
3T%0{5Q0{8pair during a dwell made @& PRIs, the® g ADCs
acquire at each PRI a number of samples pertatniagSWL in
the fast-time. The separation of tthe samples for each of the
® ¢ ADCs is obtained by sampling at 20 MHz the HF algn
centered at 25 MHz. Each ADC output is multiplieda1,0,-
1,0,... sequence and 0,-1,0,1,0,... sequence fordtaed
branches, respectively, followed by an 1&D LPF as ghapter 2.
The aforementioned samples account for the complata
hypercube shown in Fig. 4.3. As clarified in chap® the
imposing value of . in eq. (4.12) is likely to induce significant
losses on a MF magnitude response (depending omatireform
ambiguity function). For this reason, a suitable ppler-
frequency-offset/ provides a means to reduce the residual-
Doppler-frequency- o, (i.e.,/», (/ -~ X/ ) of the echo before a
MF is applied in the fast-time. Accordingly, at théh PRI (for

( 5°5® g) the345 \&th I&D LPF output (ford ( 5°5® ¢ and
W ( 5 ) can be expressed as@nsj; N2Pcomplex sequence in
the fast-time (where2 ( 5°5 indicates the fast-time
index). Thence, at an$5a58vtriplet thed 55 N2P complex
sequence is passed through a bank of phase rothtoen by
NCOs, inducing (in parallel) in the fast-time a sétDoppler-
frequency-offsets/ ? d55 5°54 @& Consequently, at any
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3545 W8 /quadruplet the complex sequence at phase rotator
output can be written assis 5, NP(d g5 NP @ B with «
indicating the sampling time. Then, at &y a5 W8 fquadruplet,
the > 5i55,N2Pcomplex sequence is fed (in parallel)@ MFs
(where therth MF, ~ ( 5°5® ., is matched to the complex
envelope of théth transmit waveform). Next, for eveB5 W3/
triplet it is straightforward to group tl&&VIF outputs as a function

of 2 (for2( 5°5 ) into a complex matrix 55, ? €°°Y

which is eventually routed to the DBFN. The DBFNnfig (in
parallel) a set ofR pencil beams within the Sub-Vol, i.e.,
a3 .51 8awith3' .51 87 &3' .58 °5K}5,Li. To this end, at
each35W5/55! 8 quintuplet the MIMO DBFN output can be
formulated as a complex sequence in the fast-time., (

i 555 5. ? € %®X) via the Hermitian product of the complex
spatial steering vector with respect'to5!, namely,” 5. 7

€° andz 5g,, i.e.,

i 555 5 ( ’£F5Fii 55> (4.13)

with 38 indicating the Hermitian matrix operator.
Consequently, at evefy5" . 5! 8triplet the input to the CFAR-
like detection block is a real sequence in the -tiasti
B,5 5 7 @ & ®* which is obtained by passings s,s 5 for
W ( 5 through a modulus value operator elevated to the
power with ( 5 (j]j inFig. 4.9), a noncoherent combiner for
the®;, PRIs within the dwell, and a noncoherent combioethe
and polarizations on receivé (n Fig. 4.9), i.e.,

05 5. ( UAZRN 555 5.0 ;hi sess,5.0 [ (4.14)
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Fig. 4.9. MIMO SBR digital receiver lineup upstre&RAR-like detection block.
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Notably, such an approach proves useful in a cdedes
scenario for SSA (i.e., in case a CUT hosts mae tine debris).
Alternatively, assuming that a pencil beam gendratéhin a
Sub-Vol hosts at most one target in a CUT (an apsomheld
for example in chapter 2), only the branch of oplidoppler
offsets/|g (i.e., the one which inducélse maximum of the MF
magnitude response) is fed as input to the CFAR-li&tection
block. Clearly, the digital subsystem of the MIMBFRS upstream
the CFAR-like detection block presents a higher glexity with
respect to that of the SIMO SBR in chapter 2. Meegpthe
MIMO DBFN based on DSW may implement different lsraf
beams within the Sub-Vol, including, e, and a for
monopulse angular estimation as wellgad for SLB. For this
reason, while bespoke high-speed signal procesasks could
be implemented on space-qualified FPGA (e.g., wawef
generation and complex envelope extraction), theaneing
workloads could be carried out on advanced mang-tonware

(e.q., [65]).

4.3 Numerical Results

As a proof of concept for the signal processordied in Fig.
4.9, some numerical results follow hereafter. Adaagly, a
reference operative scenario comprises an SBRmglat" km/s
with an AESA in forward-looking configuration ando®int-like
targets moving at km/s head-on towards the SBR. In this case,
O ( + km/s and both targets’ DOA coincides with the AESA
boresight. The 2 targets ane km far from one another (in
particular, the leading target and the trailingyé&drappear gb

s and p s, respectively, from the SWL start time).
Considering a dwell made of 4 PRIs, a simulatioplements the
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onboard processing lineup from théADC inputs to the CFAR-
like detection block input (as per Fig. 4.9). Trdopted point-
like target echo model is that of eq. (4.12) alevith AWGN
with a 4 dB SNR for each addend in eq. (4.12),(ke(

ypK “#+ L with # accounting for noise power over the
ADC sampling frequency). The simulation is aimed at
highlighting the peak of the signal fed to the CFAg detection
block as a function of the fast-time samplevithin the SWL at
boresight, i.ei3t.,56,8( 35 8 and 3'.5.8( 35 8 when
either a significant or negligiblé o, affects the MFs input. At
each PRI, each ADC is sampled at 20 MHz considetigg
superposition of 16 LFM pulses for each targethwe&ch chirp
spanning a 1 MHz bandwidth for a 127 $ pulse duration with
a Doppler frequency offset of -3.267 MHz pertainiaghe echo
range-rate. Moreover, each of the 16 LFM pulsephase
modulated by a dedicated Kasami code with binamglmts of
period| ( pp  with a 0.5 s chip time (this is an entire period
of the selected Kasami codes from the small-setlygitd4]).
For the sake of clarification, the selected Kasaates have a
number of features: the periodic auto and crosselaiion
properties of the codes are known by design amihaitelch’s
lower bound on the Peak to Side Lobe Ratio (PSLR)@ auto
and cross correlation [144], the code synthesisffisient via
simple operations starting from an 8-bit Linear disseck Shift
Register (LFSR), and the number of available cdabesed on
| ( pp is sufficient for the MIMO diversity conceived this
work. Fig. 4.10 shows as a reference the echo dioeam one of
the eight 16-bit ADCs (namely, that correspondimg { and
W (). In particular, Fig. 4.10 a) and b) representtdrmaporal
and spectral echo behavior, respectively. As expkethe DS-SS
appears shifted by the Doppler frequency offsenfrat of the
sampling frequency (i.e., 5 MHz).
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Fig. 4.10. Echo of targets 1 and 2 at ADC output ( andwW ( ) atagiven
PRI with  (pp s. a) temporal echo; b) spectral echo.

In general terms, considering a CDM-based MIMO SBR
for SSA, it is desirable to employ transmit wavefsrsuch that
the MF magnitude response decreases monotonically a
smoothly, and introduces a limited range bias wettpect to the
residual Doppler frequency of the input signalsleled, in this
case the required amount of parallelization neeéddlde digital
receiver to distribute a set of tentative Dopplegliency-offsets
can be reduced. In other words, adopting transmieforms
with a high Doppler tolerance allows reducing thenber of
phase rotators and NCOs. For example, the well-knloighly-
Doppler-tolerant LFM waveform adopted in the SIMBRSin
chapter 2 spans the same bandwidth of the MIMO SiBiRosed
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in this chapter whereas its MFs can cope with gnof hundreds

of kHz. On the other side, a pulsed waveform maedlan phase

by an LFM with a Kasami code superimpressed hadaced
Doppler tolerance. This is evident by the ambigtiyction of
such a waveform in Fig. 4.11. In this case, despitslight
inclined ridge does appear in the ambiguity funciidue to the
LFM component), a MF can cope with AR, of approximately

™ kHz before the MF magnitude response decreases
significantly. Consequently, a large set of tewe@tdl j/ (

lsg 5°5§ @emust be implemented in the receiver in case of
pulsed waveforms modulated in phase by an LFM witasami
code superimpressed.

et Ambiguity Function of Onboard Waveform 1 - Pulse Duration = 127.5 [usec] - Chip Rate = 2 [MHz] - Pulse LFM Bandwidth = 1 [MHz]
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Fig. 4.11. Ambiguity function of transmit waveforfdasami codes). . (
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For the sake of comparison at the same range tesglu
replacing Kasami codes (for example) with Gold codel4] of
period| ( " with a 0.5 s chip time (while spanning the 1
MHz LFM bandwidth during 63.5s) would not ameliorate the
Doppler tolerance of the ambiguity function butetintroduce
different interference features in terms of amhigdunction
sidelobes (see Fig. 4.12).

)

Fig. 4.12. Ambiguity function of transmit wavefor(@old codes). . (
op" pi < Hz/s,0 (Top  sjt (op s,|( " chips.

After applying the coherent MIMO DBFN cascaded with
noncoherent combining in both thg ., and=;. dimensions,
Figs. 4.13 and 4.14 report the peaks of targetsidl Z2as a
function of2 at the input of the CFAR-like detection block for
two cases. In particular, Fig. 4.13 accounts fonegligible
residual-Doppler-frequency (namelyy, = 3 kHz). In this case,
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the 2 targets peaks are evident on the magnitadefd s and

p S, respectively. On the contrary, Fig. 4.14 pedgdm a
significant residual-Doppler-frequency (i.€:y, = 23 kHZz)
whereby no peak appears markedly evident for ageta

Megitude Sqaed n 0B aferNon Coherent Combining - Residul Doppler Frequency = 33333 Kz - MIMO DBEN Carinaty = 64 - #Pulses =4 - SWL=280[usee] - Tage 1 Deey = 50 usec] - Taret 2 ely = 180 sec] - Code iy = Kesani
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Fig. 4.13. Normalized magnitude of targets peakislemt at CFAR I|ke
detection block input/{y, = 3 kHz).

Magnitude Squared in dB after Non-Coherent Combiring - Residual Doppler Frequency = 23,3333 [KHz] - MIMO DBFN Cardinalty = 64 - #Pulses = 4 - SWL = 550 [usec] - Target 1 Delay = 50 usec] - Target 2 Delay = 150 [usec] - Code Family = Kasami
0

y |
L l LIl H‘H} ,,,,,,, ]
AL U S ‘ T .
SRR 1
Lo [ I L AR
| S R | T
R S S R
Time (5) 0

Fig. 4.14. Normalized magnitude of targets peaktsewident at CFAR-like
detection block input/{y, = 23 kHz).
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The benefit of using the LFM modulation within the
pulsed waveform (in addition to the Kasami code
superimpressed) is addressed next. First of ak, IKFM
waveform can be activated at ease on transmit byplgi
programming a suitable slope (i.e., theparameter) in eq. (4.1).
Consequently, an interleaved upchirp-downchirp LipMise
train on consecutive PRIs during a dwell (as disedsn chapter
2) allows squelching even-time-around echoes, yf ancase of
a negligible residual-Doppler-frequency. For ins@nin Fig.
4.15 a degradation of the MF magnitude responsare¢ce., no
peak is markedly evident) when the onboard and e@weforms
have opposite LFM slope féry, = 3 kHz.

Magnitude Squared in dB after Non-Coherent Cnmbnmg - Residual Doppler Frequency = 3.3333 [KHz] - MIMO DBFN Cardinalty = 64 - #Pulses =4 - SWL= 550 usec] - Target 1 Delay = 50 usec] - Target 2 Delay = 150 [usec] - Code Family = Kasami
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Fig. 4.15. Normalized magnitude of targets peaksewvident at CFAR-like
detection block input/{y, = 3 kHz) for onboard and echo waveforms with
opposite LFM slope.

Further echo acquisition variabilities and detect
performance degradations due to endogenous (&asemoise,
numerical quantization, multichannel impairments)nd a
exogenous (e.g., plasma scintillation, target edat))
impairments are outside the scope of this work.
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Chapter 5

Conclusions Towards Cognitive-
Based Bayesian Multi Target
Tracking

Based on the SBR concept discussed so far for &Sitical
reflection follows in this concluding chapter. Irarpicular, a
number of questions (and comments thereof) argsa & variety
of perspectives. First and foremost, let us rettadl leitmotiv
guestion of this Ph.D work which has been stregsetapter 1:

Q1) How can a SBR for SSA be designgd to e§tinnaegiaen
time epoci9 at least an initial conditiondJ39 85 39 8amf one
(or more than one) debris crossing the SBR FoV?”

In order to cope with Q1), as hinted in chapteds 8ich an SBR
has been contrived to operate as a fully-polarimedictive
instrument in the -band with a focus on detection and tracking
of small-size debris (thus complementing groundedasssets for
SSA). To this end, it is paramount to stress thist$BR concept
entails a scalable FoV (see Fig. 1.10) which depeml the
performance of the enabling technology embarkedhenSBR.
Specifically, the FoV scalability pertains to @neilable transmit
peak power (see Figs. 1.5) and thermal conditioniivegeof,
SIMO and MIMO multichannel diversity (see Figs. 2u2d 4.1,
respectively), and AESA steering capabilities (Begs. 2.9-11).
BesideQ1), which is clearly tailored to SSA, another possilde
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of such an SBR relies on its exploitability for @asch on

planetary ionospheres, atmospheres, surfaces, clparti
distribution of rings, and the like. That is, tleldwing questions

could be pondered:

Q2) Could the SBR transceiver, originally desigh@dSSA, be
exploited to augment in-situ a-priori knowledgemerplanetary
spacecraft housing dedicated instruments for RELED]?

Q3) Alternatively, could it be adopted as a nowadlar-based
instrument for RSE [22]? For example, could leg&ontinuous
Wave (CW) scattering investigations (historicallased on
distant interplanetary bistatic configurations [3&P1]) be
extended with novel pulse-based measurements feBdard
RAdio Science (OBRAS) [162] from shorter backsdatje
distances?

Definitely, Q2) and Q3) introduce a potential liaison between
SBRs and space-based radioscience and, thereferejoath to
be mentioned for the benefit of space agencies, EL.d.63],
(albeit further digressions thereof are outside sbepe of this
work). On the other sideQ4) highlights the potential dual-use
(i.e., civil-military) of a SBR envisaged for SSA:

Q4) Could an SBR for SSA be tailored to detectteauk stealth,
hyper-velocity HVTs?

That is, an hostile low-RCS HVT moving at hypereaty
represent a threat to the HP and critical assedpane. In simple
terms,Q4) is worth to be posed for the benefit of Space Doma
Awareness (SDA) [164] in line with the Strategicn@mass for
Security and Defense [165] (clearly, a thorouglalision orQ4)

is outside the scope of this work). Other questtortse discussed
more openly in the conclusions of this thesis, presented
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hereafter. In particulaQ5) takes into account the SBR processor
indicated in Figs. 2.2 and 4.1 for tracking purfose

Q5) What "kind" of debris tracking data can be saged such
that current SSA can be improved?

Interestingly, the answer t@5) may hinge on the cross-
disciplinary tracking wisdom summarized in [166] sapport
aerospace communities in their thriving efforts fdebris
cataloging. Next,Q6) identifies further research endeavors
sprouting from this Ph.D. work:

Q6) Considering the Ph.D. work addressed in chaftdr what
lines of research appear as a promising way forn#®ard

Indeed, by posing new questions in radar-theQg),embodies a
profound scientific value for SSA and frames thdofe-on
research activities of this Ph.D. work. Last bunleymeans least,
Q7) represents a paramount question (in terms of y9afet
future space-based navigation:

Q7) Could an SBR payload for SSA be embarked odldaaure
spacecraft in an early warning mode for autonomoakision
avoidance maneuvering?

Remarkably, the answer @7) has been investigated by Robert
Briskman [167], relying on observables provided different
onboard instruments, namely, optical and radarsens
Downstream this discernment, the rest of the tehap
organized as follows. Section 5.1 tack@s) paving the way for
a cognitive-based SBR tailored to Bayesian MTT.tiSac5.2
focuses on research avenues emerging from then§iadif this
Ph.D. work in line withQ6). Finally, Section 5.3 address@3)
making provision to harmonize the SBR payload wilie
onboard debris avoidance system concept propogééTi.
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5.1 Towards Cognitive-Based Bayesian MTT

Following the discussion on the SBR functional @ssture for
the SIMO and MIMO configurations, a digression aognitive-
based Bayesian tracker is presented hereaftereasetarence
paradigm downstream the CFAR-like detection bl&@khin this
framework, the SBR comprises a signal sensor, a glacessor,
as well as a controller (Fig. 5.1). Specificallgnsidering one (or
more than one) debris appearing within the SBR Fs8é also
Fig. 1.10), the primary task of the SBR sensoroiscollect
observables whereas the primary objective of thR $Bcessor
is to estimate the state of each debris.

Fig. 5.1. SBR perception action cycle.

That is, let us first recall that the modeling key= for
debris tracking via a SBR is the approximation elbris motions
along straight lines in 3-D at constant hyper-vitles with no
maneuvering and considering “automatic tracking®dL in
limited time spans on the order of seconds (in twhacdebris
might, or might not, cross the SBR FoR). To thisl,ea neat
definition of a “track” and related “automatic tk&g” proves
useful as given by [168]:A track represents the belief that a
...target is present and has actually been deteuydtie radar. An
automatic tracking radar system forms a track waeough radar
detections are made in a believable enough pat®indicate a
target is actually present...and when enough tirag jpassed to
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allow accurate calculation of the target’s kinencagtate... Thus,
the goal of tracking is to transform a (time-lapdejection picture
into a track picture...The result of the automatacking process
is a track file that contains a track state for baarget detected
by the radar’ Armed with such “track” and “tracking” definitics)
let us assume that reliableéebris-tracks-estimatés(i.e., the
B, 3¢, 8tracklets in Fig. 5.1) are suitably inferred b$BR via
a posterior probability distribution on target staln particular,
Co € 8&.5005®is defined as a set ofé™-instantsSBR-
measurementsand the staté , € & .5005ds defined as a set
of “e -instantsdebris-states of one (or more than one) debris
from the time instanf to the time instan® . Within such an
elapse time,i- (U 5éigT"< is the ‘th-instant-debris-state-
vector’ (for ( 5°5é ), which includes a number of “debris-
entity-state-vectordi.e., the cardinality of the debris-entity-state
vector set is possibly variable during e 9 Pelapse time), each
identified by a 3-D cartesian positithy, and representing (in the
most general sense) either an individual debria @oint of a

. P T . .
debris cloud. Moreoveé- ( €éé 561 gr 1S the “ th-instant-debris-

measurement-vectoffor ( 5°5eé ), which includes a number
© of “debris-singleton-measurement-vectore, (i.e., the
cardinality of the debris-singleton-measurementaecset is
possibly variable during tHfL.5 9 Pelapse time). Accordinglg:-
can be processed by the Bayesian tracker (eith#rasholded
or unthresholded data [59]), as per the followitrygture of the
debris-singleton-measurement-vector

855 ( WOge . B . 520 .6¢.. [ U (5.1)

where O . deeis the matrix column stacking operator and the
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remaining terms are clarified hereafter. Specifycait the th time
instant for thewth debris-entity (i.e., at( 5°5e , for h (
5°5 9,05 ? @< is the range estimation for thé andV
polarizations, respectivel... ? @ < is the centroid elevation

angle estimation for the and polarizations, respectively,
.. ?@" isthe centroid azimuth angle estimation for the
and polarizations, respectively, and ... ?€"H" is a
complex matrix whose entries represent the sebofptex MF
outputs (extracted during a dwell at a selecteddbmffset and
range gate) for channels and® pulses available at théh
measurement time. At thtéh time instant for theith debris-entity
(at (5°5e , for h (5°5 9, ¢ .. can provide the
onboard tracker with further insights. For exampighe SIMO
configuration the complex MF outputs of the e, and a;
channels embody additional attribute measureme8€90]
useful to the onboard tracker. These attributegeleged to the
possible unresolved detection of closely spacegetamwithin the
CUT in terms of joint centroid-extent estimationeds [89,
footnote of page 131] and [77, Fig. 11]). As hinbecthapter 1,
considering limited time spans on the order of eosd, it is
possible to enforce a NCV model 83 3, 8 Thus, from each
tracklet cued by the position g8ssi within 8, 3¢, 8 whoseh
index occurs during a sufficient elapse tigg e : 595> Pi.€.,
pertaining to the time instant® Nige: 595> PO NLS59P it
is possible to estimatéJ; 39 85 ()39 8amt a given time instant
9 ?Nge: 59> Pand, consequently, estimate a complete set
of ephemerides & .

Considering theth measurement time, for the SIMO SBR configuration
- (1T (due to the , &, and 4, channels, each bearing the and
polarizations); for the MIMO SBR configuration ( G (accounting forG
channels, each bearing theand polarizations).
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Additional comments cue further insights on theissyed
SBR tracker. First of all, space objects maneugdid69] can be
neglected, thus abandoning the need for banksrafiglaracking
filters or Interacting Multiple Models (IMM) [60]As stressed in
chapter 1, the debris motion relying on the linEd8YNA model
allows representing the NCV scenario for debrissirmgy the SBR
FoR. Moreover, by properly constraining the CWNA deb
parameters it is possible to characterize mild gbann debris
velocity components during an observation inte(sak footnote
2 in 8§ 1.5.3). Also, a Bayesian MTT functionality9] can be
contrived in case of a multitude of debris appapmvithin the
instantaneous SBR FoV (see Fig. 1.10). In this,aasepossible
to consider approaches relying either on Measuremaefrack
Associations (MTA) as tailored to multipledividual debrisor on
point process models as tailoredd&bris clouds

Now, in the specific case of a SBR aimed at SSA via
Bayesian inference, the objective of the SBR mawgaide with
estimating the tracklet8, from a MTT perspective and
according to a Bayesian formulation of the infeesproblem.
Namely, allowing for the capability to exploit aiqm
distributions for environmental debris density, g&tr motion
models, and interference; the capability to formsutable
likelihood-function based on the SBR sensor dat@iadion; and
finally the capability to combine the a-priori dibutions and
likelihood-functions into a suitable posterior distition on target
state [59]. Traditionally, the MTT-based stateraatie could be
accomplished by a, so called, feed-forward chaiccotding to
the feed-forward paradigm, the SBR, after transngjtt
electromagnetic waveforms in the environment, aeguin its
sensor possible scattered signals from debris preise the
environmental scene, and then feeds the procagsot with the
sensor output informatiog, in cascade (see Fig. 5.1). An
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advanced, and more complex, approach would allevptbcessor
decisions to be supported by an additional comtrolvhich

perceives feedbacks data from the processor @self by virtue
of a constrained optimization framework, performslosed loop
a retroaction on both the sensor and processarefliehavior in
terms of transmit waveform and radiation patteee(5ig. 5.1).
The foregoing tracking concept based on messagengaand
feedback between the sensor and processor hashivéed in

[89] with clear ties to modern radar lines of reshgd170-172]

relying on the so called Perception-Action-CycleA(®. The

PAC for target tracking is inspired by the cognitivof the human
brain as well as by sonar echolocating capabilitéseveral
mammalians. Both feedforward and feedback baseadjpns
can be implemented via the SBR functional architechinted in
Figs. 2.2 and 4.1. Both configurations allow for yBsian

inference capabilities on small-size debris dynastates and
time series analysis on scattering signatures ipertato the
RCS. The system architecture needed to implemerartthetype
sketched in Fig. 5.1 makes provision for a cogaittapability of
the SBR to interact within the geophysical enviremtn In

particular,cognitivity is a feature of a modern radar transceiver

(see [170-172]) characterized by:

A PAC entailing a feedback between the receive and

transmit sections.

An onboard memory to store, update, and predict

information.

An attention manager allocating priorities amongst

concurrent tasks and resources.
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An intelligence (interpreted as a decision capgbili
relying on manifold layers of abstractions) takimgo
account observables states on receive, actionstakda
over the environment on transmit, as well as optimu
policies for pondering costs.

To this end, the enabling-technology for impletiren
such functionalities on a SBR relies on miniatura@a (in terms
of system-on-chip and system-on-package policiesyall as on
advanced performance keystones. Namely, large mast®ories
housing functional a-priori as part of an onboard Hesign
comprising endogenous (i.e., transceiver relatad)exogenous
(i.e., environmental related) databases; high speedaces, e.g.,
[173]; as well as distributed High-Performance-Erie-
Computing (HPEC) digital architectures, e.g., [65iich HPEC
digital architectures are aimed either at job-lepelallelism via
multiple processors running independent activiiies, Multiple-
Instructions-Multiple-Data (MIMD) or at parallel @cessing via
multiple processors running simultaneously the sattevity,
i.e., Single-Instruction-Multiple-Data (SIMD).
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5.2 Research Avenues

A number of research avenues may sprout from thiB .Rvork.
Specifically, chapter 1 has provided an ontologihework for
radars aimed at supporting SSA. After reasonaldelis on
space physics and debris fluxes, several assunspiave been
outlined not only based on radar heritages but abso
astrodynamics, space-based radio science, as weijeaeral
remote sensing experimental legacies. Remarkaidyrdsult of
this reasoning has pinpointed several comparisetwsden GBR
and SBR measurements. A specific focus has beanated to
clarify the benefit of adopting a novel SBR in the-band as a
gedankenexperimento infer key debris features. Interestingly,
in-situ measurements from an SBR would not be &dtedy
possible neutral atmospheric nuisances whereasg usgher
frequency bands such as the -band, electromagnetic
propagation would suffer from milder degradatioAstransmit
peak power on the order of kilowatts and an AES#esent key
paradigms for such a novel SBR archetype. In thsegcfully
polarimetric capabilittes and a wide and adaptively
programmable receiver power dynamics represent key
architectural designs. Moreover, employing signaith small
bandwiths and spanning the sun only via the ARBIsEs are
valid operative configurations for framing suitaldBIR regimes
within signal processing schemes. Also, considdimged time
spans on the orders of a second for debris deteatid tracking
in a small FoV (e.g., roughly a 100-km instantarsemnge from
an orbiting SBR), it appears fruitful to model batkbris and
SBRs with an NCV motion. Such onboard processitgses
can be tailored not only to the general tasks téa®n and MTT
in the SBR FoR, but also to time series analysis RIS
signatures. As a by-product, this would endorsendbaing the
intuitive and ambitious (yet intrinsically ambigug)USEM. The
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idea is to nurture current debris catalogs for S8tk a novel
(less immediate but more realistic) unit of measalated to RCS
signatures provided by the SBR onboard processingrses.
Chapter 2 has outlined a novel SBR payload foneli
architecture for SSA as a bespoke fully-polarincetnonopulse-
based pulsed radar in the-band taking into account state-of-
the-art space-qualified technologies in both digaad RF
domains. Indeed, unlike a classical airborne pDisppler radar
[63, 174] (which estimates an echo range-rate naltyirvia a
discrete Fourier transform in the slow-time), tigRSdeals with
hyper-velocity targets and very few pulses in tloavgime (e.qg.,
say 4 pulses) since additional pulses would inbiytanduce
range migration on the target detection schemehib case, a
target is range non-ambiguous in the fast-time, &ighly
Doppler ambiguous in the slow-time. Accordinglybank of
frequency offsets is applied directly in the fastd to a group of
MFs in parallel. This is equivalent to a filter lxan the fast-time
with a group of Doppler frequency offsets not fetimating a
target radial velocity (due to the inherent amhiguwif the echo
range-rate in cueing the debris range-rate) bberaas a means
to enforce Doppler tolerance on the PC scheme\awid atraddle
losses. To this end, the envisaged monopulse-basetional
architecture in Fig. 2.2 is aimed at acquiring anptex data
hyper-cube while searching for targets based oht#ABF RRRS
scheme. The adaptivity of such an architecturenallmcluding
robust and selective debris detection schemegsddilm CFAR-
like paradigms. Moreover, specific parameter edtsdrom a
burst of pulse echoes make provision for furtherye3an
inference capabilities on small-size debris dynastétes as well
as RCS-related signatures via time series analj&isv, the
acquisition of echoes related to the motion of aridefor an
elapse time up to several hundreds of millisecoomisid be
operatively extended to a few seconds, thus augnggtite time
on target with additional measurement and gaugergpectives.
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By selecting an optimal transceiver configuratiacts that the
SBR AESA transmit beam points the debris targetimmiing a
cost function (for example, as per a joint wavefand beam
control optimization with ties to [175]), it woulde possible to
refine radiometric signatures insights.

Chapter 3 has discussed the performance analysis of
conventional radar detectors in AWGN for a monaostat
configuration accounting for either Rayleigh or &®ftuctuating
targets, and considering plasma media with weahtiBation.
Additional hints have also been outlined to extdreanalysis to
bistatic configurations. Finally, numerical resuttave cued a
paramount framework to characterize the influentg@lasma
media in weak scintillation on SBR performance asnation of
the scintillation index* . Remarkably, the analysis of the FOP
for a SBR in a monostatic configuration has denratetl that a
SBR for SSA aimed at processing a burst of echamreddtection
and tracking schemes is prone to fading lossesedamg plasma
effects as a function of the scintillation index Also, the FOP
curves provide a conceptual framework (which iseidvom a
radar perspective) to empirically estimate thetgtation index
AN by fitting (e.g., via least squares) a sufficientmber of
available echo returns from reference targets imamostatic
radar configuration. As already stressed in [99,108), the
detection performance of a SBR can be seriouslyadiegl if the
effects of turbulence in plasma media are not takenaccount.
The analysis in this work is novel since it highlig from a
theoretical perspective such a degradation as etitbomof a
measurable parameter, namely, the scintillatioexrd. In other
words, this work demonstrate that debris inferericas a SBR
aimed at supporting SSA can be affected not onlytdrget
fluctuations but also by channel scintillations. Asuseful
reference, it is worth comparing the required rgllse SNR in
order to obtain 44 ( OE at]|« ( for (£ with and
without plasma scintillation. More specifically, Gla 5.1
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summarizes the required single pulse SNR for SW8\WW1-C,
SWO-NC, and SW1-NC cases in the aforementionedeede
example based on Figs. 3.5, 3.6, 3.8, and 3.10.

6.5 dB

7.5dB 7.8 dB 12 dB
14 dB 14.1 dB 17 dB

15.5dB 15.6 dB 18 dB

Table 5.1. Required single pulse SNR in orderti@io a| ; ( OE at].x (
for (+ atdifferent values of .

Accordingly, a negligible increase of the requisdgle pulse
SNR appears for very mild plasma scintillation.(i’e ( 0 )
whereas a much larger single pulse SNR emergesvéak
scintillation (i.e., » ( ot ). Interestingly, without plasma
scintillation (i.e., ( ) the SWO0 and SW1 target models
require the minimum (i.e., 6.5 dB for the cohefauite train case
and 7.5 dB for the noncoherent pulse train casé)naaximum
(i.e., 14 dB for the coherent pulse train case En8 dB for the
noncoherent pulse train case) single pulse SNRyecotisely.
However, when weak plasma scintillation occurs.(é.g( o+ )
to maintain the same performance the SWO targeehreduires
a larger augmentation of single pulse SNR (i.eughty 4 dB
more for the coherent pulse train case and 4.5 dBrfor the
noncoherent pulse train case) compared to th&eobW1 target
model (i.e., roughly 3 dB more for the coherentsputain case
and 2.5 dB more for the noncoherent pulse traie)c#dso, the
chapter capitalizes on analytic solutions to strrexd integrals
expressed as the Laplace transform of the produdaocum Q
and power functions for eq. (3.26) and the Laplaaesform of
the product of Marcum Q, Bessel |, and power fuordifor egs.
(3.30-3.33). The closed form analytical expressiomputed in
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this work for the performance analysis of convemdioradar
detectors in case of Rayleigh targets (namely, 187-3.29)
based on eq. (3.26) are well known in literaturg2]1 On the
other side, the closed form analytical expressmomputed for
the performance analysis of conventional radaratiets in case
of Rice targets namely, egs. (3.35, 3.36, and 3aB8hovel and
rely on the support of egs. (3.30-3.33) which appefL20]. The
value of such theoretical findings is significaRteviously, the
use of a Rician distribution for fluctuating targetid not allow
for closed form analytical expressions for the perfance
analysis of conventional radar detectors and, fiis teason,
Swerling 1lI/1V target fluctuating models were adeg as an
approximation for Rician target fluctuating modgl$4, 115]. A
few additional comments follow in order to stimaaurther
lines of research. First of all, considering gyopics effects in
magnetized plasma media [23], the original polairaof a

general propagating Transverse Electromagnetic NTOE®) is

affected by Faraday rotation angles (see for ingth76]). This
drives the mandatory design of state of the arragstems for
SSA encompassing polarimetric architectures [9] amerefore,
related detection and tracking performance analifsa®of. A
second comment provides insights on the limit gliagbility of

the Rice distribution when weak scintillation is loager a valid
assumption. Apparently, for a turbulent plasma.(é.g- ),

one might be tempted to assume the Rice distributidoecome
a Rayleigh distribution [99,100]. However, for-  the weak
scattering assumption on propagation is unlikellydta (i.e., the
Rytov solution [24, egs. (3.24) and (3.25)] is nander

reasonable). Interestingly, for a turbulent plas@aeral hints in
[24] cue to the occurrence of a compound procegsipag to

the co-existence of slow refractive effects (dedifeom large
plasma irregularities) superimposed on fast diffvac effects

(derived from small plasma irregularities). In tloisse, a more
structured composite fading distribution may degiprapriate
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[177-179] whereas further performance analysis miggnefit
from analytic expressions derived from applications
communication theory [180]. Eventually, it is algasonable to
ponder if the slowly decorrelating component of tsua
compound process can be assumed as a random c¢ahsiag
the timescales of the coherence-time of the chaynm(@d smaller)
during a radar burst, thus modeling the scintliatprocess as a
Spherically Invariant Random Process (SIRP) [183}18hird,
the scintillation index* has been adopted as a measurable
parameter to estimate the state of the channeleiakvplasma
scintillation (as stressed in chapter 1 based 2hgd@d [24]). Yet,
it is worth reminding that is a function of the intensity of the
electric field measured at a specific wavelengthairgiven
location and temporal window. In particular, thengutation of
A does not rely on a thorough knowledge of the nmadia a
joint temporal-spatial spectrum. To this end, ifmstvork a
condition of stationarity and isotropy of the madiuwas
inherently assumed during the measuremeni.dhsaddition, a
flat-flat channel and a planar wavefront impingorgthe antenna
surface was also assumed during a short radar baratsmall
bandwidth within the -band. Future works could analyze the
effects of the spectral structure of the mediump@s[24] and
[184]) on SBR performance. For instance, a spedifie of
research could investigate the fluctuations offthéerm in eq.
(3.3) via mutual intensity functions (see [185, @&)]) applied to
the spatial extent of the antenna surface. A foedmment
stresses the exploitability of the scintillatioml@x” as a useful
proxy-parameter (as clarified in chapter 1) torisasured either
by bespoke probes directly in-situ (e.g., [186])matirectly from
data (see [187]) to sustain a KA design of a modachar
architecture for SSA. In particular, in case oindigant plasma
turbulence, radar systems for SSA might have toptearily
interrupt detection and tracking operations olgast, optimize
the radar mode or transceiver configuration. Lasbly no means
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least, future works could extend the performancalysis of
conventional radar detectors in plasma media witbakv
scintillation in case of bistatic configurations.

Finally, chapter 4 has outlined the archetype obwgel
SBR in the -band for SSA as a CDM-based MIMO payload
transceiver. The functional architecture of thdyfplolarimetric
pulsed radar has been described including key cosgoe with
chapter 2 based on SIMO diversities. SBR operatiave been
clarified via timing hierarchies in surveillance d& the complex
data hyper-cube structure, and a L-PRF RRRS amgaliTWSS
contacts collection strategy. Ancillary details dne SBR
functional architecture have addressed paramowsights to
ponder critical MIMO aspects. Finally, numericabu#s have
provided a proof of concept for the signal procesgstream the
CFAR-like detection block relying on waveform-basegatial,
temporal, and polarimetric echo diversities. Dowesstn this
summary, the MIMO SBR paradigm has been conceivelea
cost of an augmented onboard complexity with relspeche
SIMO counterpart in chapter 2. This includes taskdemented
on space-qualified FPGAs and advanced many-conmawire
(e.g., [65]) along with mandatory calibration prduees to deal
with multichannel nonidealities [131]. Definitelthe flexibility
of a SBR payload switching between SIMO and MIMO
configurations represents a paramount operativalibty to
possibly swap TWSS and PWS strategies. To thiswhile the
digital section requires an increased level of ization of
atomic processing schemes [188], the design anelaj@went of
the AESA subsystem represents a major challenga fan
electrical and mechanical engineering perspecinguding the
burden for the microwave bulk of the subarrays paseenbiners
and dividers). Further lines of research are kyristimmarized
hereatfter. First of all, an interesting line ofeasch addresses the
analysis of an optimum assembly of domino-tiles. (s domino-
tiled-array-synthesis-problem) on a subarray-baSE8A with
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the additional constraint of irregularity of the Klpertaining to
different AESA cuts (see [150, 81.3.3]). A secorauable
research avenue is based on analyzing detectionaagdlar
estimation techniques [189], including SLB [190,11L%ith a
MIMO SBR. Third, in the MIMO SBR configuration the
amplitude and phase terms in eq. (4.12) (i.e.jand " .,
respectively) are modeled as constant with resjzeaen 3\5 &8
pair. This represents an approximation which matyhwdd in
case of plasma scintillation. An interesting lifer@search can
be tailored to investigate the effects of plasmalim&vith weak
scintillation on the detection performance of a MOM6BR as a
function of the scintillation indeX* as well as the spectral
structure of the medium. Finally, it appears maogato devote
further research efforts on novel CDM-based wawefomwith
improved Doppler tolerance.

5.3 Onboard-based debris avoidance system

Autonomous collision avoidance operations have loestrived
by Robert Briskman in [167] (see the green blockBig. A.1) in
order to bypass ground-based collision avoidanegations (see
[15] as an example). More specifically, let us assihat an SBR
can collect the observablg. and be able to provide reliable
debris tracks estimat& (i.e. the 101 block in [167]). Based on
B, (see the upper red arrow in Fig. A.1), future soaaft
computing capabilities are envisaged to carry ogascade of
operations, namely, debris orbit determination the 102 block
in [167]), debris ephemerides generation (i.e. 288 block in
[167]) (jointly with spacecraft ephemerides generatided by
ancillary onboard sensors and available data frieenground),
followed by a debris-spacecratft collision calcudat(i.e. the 104
block in [167]), a decision branch for act storereset (i.e. the
105, 106, 107 blocks respectively in [167]), a suaaft
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avoidance orbit processing (i.e. the 108 block 167]), and
finally, if need be, commands (i.e. the 109 blook167]) for
autonomous spacecraft thrusters firings and a#iwahtrol (i.e.
the 110 block in [167]).

Interestingly, the operative concept proposefll6v] is
based on a wise policy of interoperability (and réfhere
backward compatibility) with legacy ground-basedsteyns
which can provide the spacecraft with both debmis$ spacecraft
orbital ephemerides (i.e., see the ancillary lowput in Fig. A.1
feeding the 103 block).

Nevertheless, it is worth stressing that theeaf@ntioned
set of cascaded operations for autonomous colliaiandance
represent the set of operations currently devisedround [15]
(exploiting all available ground-based and in-siteasurements)
in order to maneuver a spacecraft. Within this famrk, a SBR
for SSA can provide ground stations with its trat&l thus
enlarging the set of available in-situ assets fopsu ground-
based operations for SSA (see the lower red amdwg. A.1).

Fig. A.1: Onboard-based Debris Avoidance Systemc€ph(green blocks
from [167]).
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Appendix A

Analytic Solutions to Structured

Integrals Expressed as the Laplace
Transform of the Product of

Marcum Q and Power Functions

In chapter 3, eq. (3.26) was exploited to formuldte
performance analysis of conventional radar detedtoicase of
Rayleigh targets. Eq. (3.26) is a structured irdegkpressed as
the Laplace transform of the product of Marc@rand power
functions. For convenience, its closed form sohgiare reported
in this appendix as eq. (A.1), i.e.,

U - V) <
A WV B By

Y\v

1 3 8 X8 R — .
r IX; BAEGW2 82QGBk3W, 25 Bsiiiiiiiiiiiiiiiiiii’ » i

"X W, I XS G
7 2 AX; 8 VEaw;2 8 ¢
BT:

W; 25 .5 "$W$ 5'? Si

(A.1)

txX;

and its derivation proceeds as follows. Consideriting
generalized Marcum function of order[117] in eq. (A.1), and
recalling thatd 3t 8 is the modified Bessel function of the first
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kind andf -th order, let us elaborate for  ithe left-hand side
of eq. (A.1) as

u V) <

+ 1tV 5+ Bl —— Y
A WV S By TV
- w oaq IRV SR
(A A i = Tiidyy K+ VU il Vi
TRV L X1iG 8
oSS VUi X ida K TV LWV W X (A.2)
X i@ Sk L% T '

Introducing the variabl& ( +V, and expressing
d3v8( "t avi T (A.3)

where®; 3V8is theBessel function of the first kind arfdth order
[118, eq. (8.406-1)], eq. (A.2) can be formulated a

LU U, Cc&W D 4 %D, e W i
WIS“TS Vel £ idy< K+ tV Li\Vii Wi * il

<

Wy Us. c.c SO Wi ii—C---
( WIS"TS Zii i‘w< JuiZ8\zii Wi "' <iii\ (A.4)
i - ’

where3 ("X W, p( +ti'e, and” ( IX; 8X. Using
[118, eq. (6.631-1)] on the inner integral of tight-hand side of
eg. (A.4), one may further develop eq. (A.4) as
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where! (N 0iZPis the confluent hypergeometric function [118,
eq. (9.210-1] holding in general fér 33 X; 8+X8+ and

1 3'X 8¢X (with * 38 indicating the real part of a
complex number [121]) which is satisfied in eq. FA.
Consequently, eq. (A.5) can be further elaboratgdducing the
variable® ( ++ (, thus resulting in
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where the last equality derives from using the Raaimmer
symbol defined in eq. (3.24) in the expression [d®@ (9.210-
1]. Now, let us have a brief detour and recall ttieg upper
incomplete Gamma functioBg, 3R B represented in eq. (3.23)
is generally valid fot 3RBe (see[118, eq. (8.350-2)] but can
also be represented as [118, eq. (8.352-4)], i.e.,

G FBB(G3FRB  uys 75 (A7)
when R? SiTid & Consequently, moving the discrete sum
outside the integral in eq. (A.6) it is straightf@rd to show that
eg. (A.6) can be further reduced to

iEW u ooin U IXE Vo, 38

.. 0-W< i i ‘A
ax. oidaE . R - Yo,

%3 8- "W U oA We i i o€
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To this end, the integral on the right-hand sideaef(A.8) has a
closed form solution, i.e.,

g ovA Wejj i ety o ( LiAMEE (p g

as per [118, eq. (3.381-9]. Consequently, as geugiper term on
the right-hand side of eq. (A.1)

. . AW U
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N
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This completes the demonstration of eq. (A.1) for i.e., for
the upper term on the right-hand side of eq. (AThg lower term
on the right-hand side of eq. (A.1) can be demaiedr (for' $

W$ 5’ ? S)as follows. To begin with, it is worth noting 92,
page 81] that

i . Yiva
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(A.11)
Thus, for ; N(" , ; » ; ( WY(t X, and%( E°",
the mid term of eq. (A.6) can be rewritten as
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Again, moving the discrete sum outside the integralg. (A.12)
results in
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Then, using [118, eq. (3.381-9] the integral in @413) has a
closed form solution, i.e.,
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and, therefore, eq. (A.13) simplifies to
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Q.E.D.
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