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Abstract: Synthetic aperture radar systems operating with satellites in geosynchronous orbits (GEO-
SAR) can provide a permanent coverage of wide specific areas of the Earth’s surface. As well as
for primary applications in remote sensing areas such as soil moisture and deformation monitoring,
the wide availability of the signal emitted by a GEO-SAR on a regional scale makes it an appealing
illuminator of opportunity for bistatic radars. Different types of receiving-only devices located on or
near the Earth could exploit the same signal source, noticeably already conceived for radar purposes,
for applications in the framework of both military and civil surveillance. This paper provides an
overview of possible parasitic applications enabled by a GEO-SAR illuminator in different operative
scenarios, including aerial, ground and maritime surveillance. For each selected scenario, different
receiver configurations are proposed, providing an assessment of the achievable performance with
discussions about the expected potentialities and challenges. This research aims at serving as a
roadmap for designing parasitic systems relying on GEO-SAR signals, and also aims at extending the
net of potential users interested in investing in GEO-SAR missions.

Keywords: geostationary SAR; passive radar; bistatic radar; signals of opportunity; surveillance
radar systems

1. Introduction

Synthetic aperture radar (SAR) imaging represents today one of the most powerful
tools for active Earth Observation from space. Usually, spaceborne SAR instruments operate
with satellites in low Earth orbit (LEO), with a revisit time in the order of several days
(depending on the orbit inclination and the latitude of the observed area), representing
a major limitation of such sensors. In contrast to LEO-SAR systems, geosynchronous
SAR (GEO-5AR) configurations could provide a permanent illumination of wide areas
of the planet. Originally proposed in 1978 by Tomiyasu [1], the GEO-SAR concept has
been studied for many years, exploring several aspects of the mission design, such as the
coverage, orbit, atmospheric perturbation and impact of Radio Frequency Interference
(RFI) [2-9].

Over the last few years, researchers have assessed a wide range of primary remote
sensing applications for GEO-SAR missions, including earthquakes, soil moisture, snow
mass monitoring and meteorology [2,10,11], arousing the interest of scientists and poli-
cymakers attracted by the unprecedented potentialities in terms of frequent revisit time.
The growing interests of several users and stakeholders is accelerating the transfer process
from the concept and feasibility studies toward the operative phases.

Thus far, a few studies have considered surveillance applications, mainly focusing
on the possibility to detect moving targets by means of ground moving target indication
(GMTI) approaches [12]. Nevertheless, such a type of approach seems barely appealing
for safety and security services, due to the very long integration times required to cope
with very high satellite altitude. To extend the range of potentialities to surveillance
applications, in this work we propose secondary utilizations of the signals transmitted
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by the GEO-SAR system. The idea is to resort to bistatic radar configurations comprising
receiving-only devices on or near the Earth’s surface that parasitically exploit the signals
emitted by the satellite. A similar concept has been proposed in [13], assuming a high-
power cooperative geosynchronous illuminator and LEO satellites/unmanned airborne
vehicles as receivers for ground and aerial moving target indication. Conversely, in this
work we assume a non-cooperative illuminator, whose design has been tailored for primary
remote sensing applications, and we consider different classes of receivers depending on
the specific surveillance task to be addressed. Such a type of radar configuration is known
as passive radar.

Passive radar, also known as parasitic radar [14], is a class of radar systems in which
the sensors are not equipped with a dedicated transmitting segment, but they capitalize
on the signals already existing in the environment (signals of opportunity) [15]. This
lowers the cost of the system and its maintenance, allowing for sensors with reduced size,
weight and complexity. These factors, together with the low power consumption and the
reduced environmental impact, facilitate the installation and multiple deployment of such
systems, even in places where active radars cannot be installed or are undesired due to
their harmful radiations. While the traditional choice for passive radar configurations is
exploiting terrestrial illuminators (e.g., DVB-T signals), over the last few years new ideas
about passive radar applications relying on satellite transmitters have begun to emerge. A
suitable solution is represented by Global Navigation Satellite Signal (GNSS) constellations:
for many years their opportunistic exploitation has been well known by the remote sensing
community for reflectometry [16] and passive SAR [17] applications, and, more recently,
their alternative utilizations for passive coherent locations have also been explored [18-20].
Other noteworthy options are represented by communication satellites such as Iridium
and Inmarsat [21], and broadcast systems such as DVB-S transponders [22-24].

The parasitic exploitation of GEO-SAR signals could be an appealing solution for
several applications where employing a light, green and easily deployable receiver is
highly desirable.

First, such a system can rely on transmissions from space, assuring a coverage even in
those environments where terrestrial signals are absent (e.g., in open sea) or their reception
is hampered by the particular terrain conformation (e.g., mountain areas). In addition, the
system is less susceptible to multipath effects and its operability is not easily compromised
by manmade or natural disasters.

As the systems leverage on a SAR instrument, it can benefit from a waveform already
conceived for radar purposes, and, therefore, has better properties of the ambiguity function
than commercial illuminators using non-native radar waveforms. It should also be noted
that for a few commercial satellites such as mobile communication systems (e.g., Iridium),
the availability of the signal might even be subject to user demand and, therefore, not
persistent. A further fundamental benefit offered by SAR signals is the availability of
bandwidths much wider than most communication satellites, often using narrowband
signals (e.g., a single frequency channel of Inmarsat I-4 has a nominal bandwidth of just
200 kHz) that limit the effectiveness of the system, especially in multi-target scenarios. The
wide bandwidths adopted by current SAR missions (from tens up to a few hundreds of
MHZz), enable range resolutions comparable or even better than the size of several targets of
interest, such as aircraft, ships or ground vehicles, also sensibly reducing system sensitivity
to clutter echoes.

Finally, the selection of an instrument mounted on a GEO in lieu of an LEO satellite
can guarantee a continuous signal availability over a large area. LEO platforms are in
visibility of a geographic area for a limited amount of time, and a constellation of satellites
would be needed to assure continuity of the coverage, with the further issue represented
by the handover. Furthermore, passive systems typically use a dedicated receiving channel
to record the direct signal as reference to enable the radar operations: in the case of LEO
illumination, such a direct channel should possess tracking capability to properly follow
the fast trajectory of the satellite. In contrast, a GEO illuminator keeps a nearly static
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position in the sky allowing an easier recording of its direct signal, which can be captured
by using narrow-beam and high-gain antennas, assuring also robustness to interferences
from other RF sources.

Prompted by these good characteristics, in this work we investigate which types
of applications can fruitfully be enabled by GEO-SAR signals. In particular, we refer to
satellites operating on geosynchronous orbits with small eccentricity, which are gaining
momentum due to their capability to provide a near-continuous imaging with relaxed
requirements for the system design [9]. We introduce parasitic concepts based on the
availability of the emitted signals on a wide area referring to three main scenarios: aerial,
ground and maritime surveillance. For each scenario under consideration, a few specific
applications have been detailed. In each case, a feasibility study has been carried out to
assess the achievable performance, discussing the expected potentialities and challenges to
meet the main user requirements of the particular surveillance application. The purpose of
the research is to provide a roadmap for designing parasitic systems exploiting GEO-SAR
signals, with the ultimate goal to increase the number of applications that might justify
investments in the forthcoming missions.

The paper is organized as follows. Section 2 describes the GEO-SAR system considered
in this study. Aerial, ground and maritime surveillance applications are addressed in
Sections 3-5, respectively. Section 6 provides a summary of the research findings and
draws the conclusions.

2. GEO-SAR Parameters

The GEO-SAR system considered in this study belongs to the quasi-geostationary
class, characterized by a nearly zero inclined eccentric orbit; such orbit configuration
has been found attractive for GEO-SAR missions, as it could allow remarkable imaging
performance with relaxed requirements for antenna size and power demand. While high
inclination orbits would require very large antenna diameters (20-50 m) and several kW of
transmitted power, low inclinations allow much lighter antennas (2-6 m diameter) and few
kW or even less [6]. These factors could facilitate mission design using current technologies
in terms of power and antenna reflectors [3,9], and, therefore, are the most promising to
become operative.

Table 1 lists the parameters here assumed for the GEO-SAR. In particular, we focus on
an X-band instrument transmitting wideband pulsed waveforms and operating with an
antenna diameter of 5 m, resulting in an area of about 20 m2. Moreover, the considered
peak power and duty cycle bring a mean transmitted power P,, = 400 W. These parameters
are compliant with related studies on low-inclination geosynchronous SAR missions [9].

Table 1. Parameters of the GEO-SAR system.

Definition Symbol Value Unit
Orbit inclination io 0 deg
. Orbit eccentricity o 0.002 -
Orbit Incident angle 0o 42 deg
Orbit radius rg 42,164 km
Antenna diameter d, 5 m
Antenna aperture efficiency Oa 0.46 -
Peak transmit power Pr 5 kW
Radar payload Duty cycle DC 8% -
Carrier frequency fe 9.6 GHz
Pulse Repetition Frequency PRF 1000 Hz
Simultaneous beams Nrx 4 -

As aforementioned, the main highlight of such a configuration is that it maintains
near-continuous coverage of a regional area. Taking into account the operative frequency
and the orbital choice, we assume a footprint in the order of 300 km x 300 km (evaluated at
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the —3 dB level from the beam centre) [9,11]. Figure 1 shows an example of coverage using
four simultaneous beams steered toward the Italian territory. A higher number of beams
could be assumed to further extend the coverage; however, in such a case, we assume that
additional feeds are mounted on the payload, therefore not affecting the following power
budget analysis.

[-95, 98] dBW/m2

o - Z LA

Figure 1. Example of GEO-SAR signal coverage of the Italian territory using four beams.
The average power density available at ground level for each beam can be evaluated as
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where Gy = %Ae is the transmitting antenna gain, A, being its effective area, which
includes the aperture efficiency p,. L includes the signal power losses due to atmospheric
propagation. Rr is the satellite distance from the Earth’s surface, approximately given by

Rr = \/rg + 13 — 2rerg cos (o) ()

7. being the Earth’s radius. Considering the parameters in Table 1, such a distance is ap-
proximately equal to 37,667 km. Assuming L is equal to 4 dB to account for the potential
transmission and propagation losses, an average power density in the order of (—95,—98)
dBW/m? is expected within the main lobe footprint area of each transmit beam (see Figure 1).
As it is apparent, the price to be paid for the good properties of the opportunistic
illuminator under consideration is the restricted power budget provided, representing the
main obstacle to be addressed to enable surveillance tasks. Therefore, the key element
to be analysed in order to assess the feasibility of the secondary applications is the link
budget. Let us consider a generic target characterized by radar cross section (RCS) 0; within
the footprint of one beam and located at distance Rg from the receiver using an antenna
with gain Gg. The signal-to-noise ratio (SNR) achievable after waveform compression and
coherent integration of multiple pulses over a coherent processing interval (CPI) of length
Tint is given by
SNR — PDenGrZGR 01 A? Ty
(4m)"R3 kT F

®)
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where A is the wavelength, k is the Boltzmann constant, Tj is the standard noise temperature
and F is the receiver noise figure.

While the transmitter parameters are defined according to the mainstream remote
sensing applications and therefore are not under the control of the parasitic system, higher
degrees of freedom can be exploited for the receiving system design. In the remainder
of the work, we will propose several solutions for each identified secondary application,
taking into account the available SNR and the main user requirements. In the analysis,
the possible presence of clutter will be neglected. Indeed, the most critical factor affecting
the concepts feasibility and the design of the receiving systems is the low power density
made available by a non-cooperative geosynchronous satellite, while appropriate signal
processing techniques could be adopted to eliminate possible clutter deleterious effects.

Table 2 summarizes the parameters used to compute the SNR taking into account
the assumed GEO-SAR parameters reported in Table 1. It is worth pointing out that o}
denotes a bistatic RCS. As is well known, the bistatic RCS could differ from its monostatic
counterpart, and its characterization is a difficult task, especially in the case of complex
objects of very different classes such as aerial, ground and ship targets. This topic is
well beyond the scope of this work and, therefore, for the feasibility study of parasitic
surveillance potentialities here addressed, in the remainder of the work, the typical values
available in the literature for monostatic RCS in X-band will be considered.

Table 2. Radar equation parameters.

Parameter Symbol Value Unit
Average transmitted power Py 400 W
Transmitting antenna gain Gr 50.6 dB
GEO-SAR to Earth’s surface distance Rt 37,667 km
Losses (processing + atmospheric) L 4 dB
Receiving antenna gain Gr depending on the rx configuration dB
Target radar cross section o depending on the target type m?
Receiver to target distance RR depending on the application km
Boltzmann constant k 1.38 x 10~23 JK1
Noise temperature Ty 290 K
Receiver noise figure F 2 dB
Coherent processing interval Tint depending on the scenario s

3. Aerial Surveillance

The availability of a persistent illumination over large areas enables potential air traffic
surveillance applications, relying on the use of ground-based passive receivers in bistatic
configuration. The echoes from cooperative and non-cooperative aircrafts may be collected,
parasitically exploiting the satellite power density available up to 10-12 km from the Earth’s
surface. In this section, we illustrate the concept of a GEO-SAR-based passive radar for
air traffic surveillance and propose potential user requirements for different application
scenarios. Then, a performance analysis is carried out to evaluate the feasibility of such a
concept and investigate the possibility of it complying with the requirements set.

To this purpose, based on the idea that the proposed bistatic sensors might complement
(or possibly enhance) the performance of existing technologies in specific scenarios, we
refer to the standards and recommendations regulating the international civil aviation.

3.1. Conventional Radar Systems for ATC

Air Traffic Control (ATC) services regulate air traffic, prevent collisions between
aircraft, and between aircraft and ground obstructions. These tasks are accomplished
by means of several surveillance systems, whose use and requirements are regulated by
the International Civil Aviation Organization (ICAQO). Surveillance systems provide the
controller and ground-based automation with the required information. For this purpose,
a combination of cooperative and non-cooperative systems is usually employed [25-31].
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Radar systems play a crucial role in many operational scenarios, thanks to the capabil-
ity to detect any aircraft within their coverage area without requiring cooperation by the
targeted aircraft. Among the primary radar systems,

e  Airport Surveillance Radar (ASR) is an approach control radar used to detect and
track aircrafts in the terminal area. It usually operates in S-Band and provides reliable
detection of aircraft at altitudes below 25,000 feet and within 60 nautical miles from
the airport, with 360° azimuth coverage and update times below 5 s.

Additional specialized radars are employed in other divisions of control. Common
applications include:

e  Precision Approach Radar (PAR), which provides ground-controlled guidance infor-
mation for aircraft landing;

e  Surface Movement Radar (SMR), which locates aircraft and ground vehicles’ positions
within a few kilometres on the airport surface;

e  Collision Avoidance (CA) radar, which operates to prevent unintentional contact with
other aircrafts, obstacles or the ground.

The specifications provided by the authorities for the abovementioned ATC radar
systems can be found in [25,28-31]. When these are not explicitly defined, the typical
performance of commercial systems have been considered in the following.

Most of the considered radar systems use large rotating antennas and associated
machinery. They typically require several pieces of equipment, cooling systems, backup
generators and a consistent energy supply. Moreover, their installation typically takes
several months for site preparation and deployment. Besides the costs, a wide range of
drivers may contribute to the way in which surveillance infrastructure would need to
operate in the future [26], including increasing traffic density, new types of aircraft and
construction techniques with reduced radar cross sections, increasing use of secondary
airports and the introduction of spectrum charging schemes and RF congestion.

Spectrum pressure and cost drivers might possibly carry to less use of conventional
primary radar surveillance systems in favour of cooperative systems, based on targets
equipped with transponders, which nowadays represent a principal component of ATC.
Nevertheless, non-cooperative surveillance will continue to be required for reasons of
safety and security and to guarantee the full situational awareness against intrusions by
non-cooperative aircraft or aircraft experiencing failures.

In this regard, multi-static primary surveillance radar (MSPSR) represents a viable
solution. This technology, currently under development, is expected to provide several
advantages by exploiting multiple transmitters and receivers in a multi-static mode to
detect and localize aircrafts. Surveillance at a lower altitude (<10,000 ft) could be achieved
by exploiting transmitters of opportunity, ensuring spectral efficiency and reducing costs.
The fusion of different techniques is expected to be one of the most important trends of
the next years with the aim to obtain the best cost benefit depending on local constraints.
These key elements motivate our investigation for a GEO-SAR-based passive solution.

3.2. Passive Radar Concept for Air Surveillance

The use of passive radar for air traffic surveillance applications has received consider-
able attention in the last few decades. Ground-based receivers exploiting the illumination
offered by transmitters of opportunity can be employed as a gap-fill/back-up technology
on specific airspaces and in particular scenarios (e.g., low altitude surveillance) [32,33].
Moreover, the idea of applying passive radar on board aircraft has been investigated, to
protect the platform from collisions and other threats [34,35]. Most studies have considered
the use of ground-based emitters, such as radio/TV broadcasting, [36,37]. However, the
main limitation of VHF/UHEF emitters is the poor achievable accuracy in terms of target
localization and motion parameter’s estimation due to the low available carrier frequency
and bandwidth, being unsuitable for use against dense traffic in the area surrounding
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airports. Moreover, the radiative characteristics of typical ground-based transmitters [38]
and the emitted waveform can significantly affect the achievable performance.

The parasitic exploitation of satellite transmitters may represent a viable solution to
several of the issues above. Only a few contributions have considered satellite emitters of
opportunity for aerial surveillance applications. In [39], the authors exploit the 2.3 GHz
downlink of the geostationary XM-Radio satellites to detect aircrafts at short distance.
Noticeably, the proposed passive radar system exploiting an X-band GEO-SAR as an
illuminator of opportunity represents an innovative solution for air traffic surveillance.
In fact, it is expected to complement the existing solutions and enhance the performance,
at least in selected scenarios, widening the network of potential receivers for pervasive
aerial surveillance.

The concept of the proposed system is illustrated in Figure 2. By deploying one or
more ground-based receivers that collect the echoes from potential aircrafts and vehicles,
several functions can be developed, as those foreseen for the conventional ATC surveillance
radar, with the well-known advantages of non-emitting systems.

= — :

Figure 2. Concept of GEO-SAR-based passive bistatic radar for air surveillance.

Depending on specific applications, the proposed passive sensor might be employed
as a stand-alone technology to replace the conventional systems, or to restore a basic
performance level when the existing radar is disabled due to unwanted events. Moreover,
it might be thought as an auxiliary technology, to monitor specific areas where the coverage
of the existing sensors is not guaranteed or to extend their capabilities.

In this study, potential system requirements are provided for the case of the application
of the passive sensor as an auxiliary technology within a more complex system jointly
exploiting mixed solutions, as, for example, in MSPSR. This allows us to define a set of
possible specifications for different ATC application scenarios by relaxing some of the
requirements compared to those generally provided for the conventional radar systems.

The set of selected requirements for each considered application is summarized in
Table 3. Specifically, it is expected that a GEO-SAR-based passive radar could be employed
as an auxiliary solution for ASR and SMR systems. The range and angular coverage
requirements have been reduced, compared to those of the conventional sensors, assuming
to deploy a network of receivers and/or to cover a limited area or sector where the coverage
of the existing sensors is not easily guaranteed. Similarly, the potential exploitation as a
PAR system is also considered. Furthermore, we report the possible requirements for use
in airborne applications as a low-cost CA system. This would enable civil airliners and
general aviation aircraft to be equipped with a stand-alone solution for collision avoidance
applications as commonly adopted for military aircrafts. Finally, we report the tentative
requirements for a possible application to the detection of commercial drones. While this
application is of high interest and actuality, there are no definite and universally accepted
requirements for the performance of anti-drone (AD) sensors. The idea of possible desired
performance is based on the current experiments and common sense.
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Table 3. Requirements for a GEO-SAR-based passive radar as an auxiliary solution for different air traffic control and

surveillance applications.

Precision Surface Airport Collision
Approach Radar Movement Radar Surveillance Avoidance (CA) Anti-Drone (AD)
(PAR) (SMR) Radar (ASR)
Range coverage 9 km 3km 28 km 3km 1km
Angular sector 20° az./7%l. 60° az./40° el. 45° az./30° el. 20° az./20° el. 40° az./60° el.

Update time 1s 1s 5s 1s 2s

Target RCS 15 m?2 1 m? 5 m?2 5m? 0.1 m?
Range resolution 50 m 15m 50-150 m 20m 10m

3.3. Analysis of Potentialities

As stated above, the most critical aspects for a GEO-SAR-based passive radar are
related to the expected low signal power level, due to the large distance of the transmitter.
Therefore, long integration times are required to achieve appreciable range coverage
capability for a surveillance radar. However, in the case of air surveillance applications,
typical target motion properties are likely to not be suitable for excessively long coherent
integration times (several seconds).

To give a first insight about the system performance, let us assume a ground-based
receiver characterized by A, = 1 m? antenna aperture and able to coherently integrate the
echoes from an aerial target for a processing interval of T;,; = 100 ms. Considering the
transmitter parameters reported in Section 2 and the example receiving system parameters
summarized in Table 4, the expected SNR as a function of range from the receiver is shown
in Figure 3. Notice that the typical average X-band RCS has been assumed for different
target classes, from light aircraft to large four-engine aircraft. It is also worth recalling
that we assume to be within the main-beam illumination area of one of the transmitter
beams. In fact, considering the wide field of view of the multiple transmitted beams (see
Figure 1) and the interest of the primary GEO-SAR applications on terrestrial areas, an
almost constant illumination can be assumed for this kind of secondary applications.

Table 4. Example of receiving system parameters for air surveillance.

Parameter Symbol Value
Antenna area Ay 1 m?
Aperture efficiency or 0.5
Coherent integration time Tint 100 ms

50

~—@— 7, = 5 dB (light aircraft)
40 - ——c, = 10 dB (medium aircraft)

,= 20 dB (large aircraft)

SNR [dB]

| I . |
0 10 20 30 40 50
Target-to-receiver distance, R, [km]

Figure 3. SNR as a function of range for different target classes assuming a receiving antenna of 1 m?
and a CPI of 100 ms.

As expected, by assuming a minimum SNR requirement of 13 dB to guarantee an ac-
ceptable detection performance, the achievable range coverage is limited to a few kilometres



Remote Sens. 2021, 13, 4817

9 of 23

for small targets and below 30 km for large aircraft. Actually, the achievable performance is
strictly related to the receiver design strategy. Typical user requirements specify a minimum
angular coverage and a corresponding minimum update time. Therefore, given a specific
area for the receiving antenna (and, hence, a specific beam size), the CPI will be limited by
the need to cover the entire scanning sector in the required update time.

Aiming at some standardization, to analyse the performance independently from the
design choices for the receiving system, we consider the required angular coverage in elevation
A6 and azimuth A¢, the minimum update time Ty;p, and we rearrange Equation (3) as

SNR — Ppencr A2 o Tup
4 R% k Ty F AOA¢

(4)

To achieve Equation (4), the antenna gain Gr and integration time Tj,; have been
written as

4 4
Gr= g Arpr = + = 5)
R 12 rPr (565(}7
590
Tint = Tup A0 A(PgD (6)

where dg and Jyp, respectively, indicate the elevation and azimuth beamwidth related to an
assumed rectangular antenna of area A;.

Therefore, the achievable SNR can be evaluated regardless of the design choices on
the receiving antenna and the integration time. If the achievable SNR is not sufficient,
solutions with multiple simultaneous beams on receive could be considered, either by
employing multiple separate antennas or array-based beamforming. In this case, the
SNR in Equation (4) can be increased by a factor equal to the number of simultaneous
beams Ngx.

The performance analysis for the considered ATC applications and system classes is
carried out according to the specific requirements of range coverage, angular coverage and
update time. The results of this analysis are summarized in Table 5. Specifically, by setting
a minimum required SNR of 13 dB, we show the resulting minimum number of simul-
taneous beams on receive that would allow us to satisfy the requirements by exploiting
the considered GEO-SAR design. Likewise, we report the additional equivalent isotropic
radiated power (EIRP) that would be required on transmit to enable the corresponding
ATC bistatic application by exploiting a single receiving beam (staring or scanning).

Table 5. General requirements for enabling ATC applications.

Precision Surface Airport Collision .
. . Anti-Drone
Approach Movement Surveillance Avoidance (AD)
Radar (PAR) Radar (SMR) Radar (ASR) (CA)
Num. of beams 3 80 150 3 50
Additional EIRP 5dB 19dB 22 dB 5dB 17 dB

From the above results, the PAR class of applications proves to be the most feasible,
thanks to the lower requirements in terms of angular and range coverage. However, it is
worth mentioning that this kind of system might not be of primary interest in the context of
civil air traffic control, being most frequently used by military facilities. The SMR systems
typically operate at short-range, but they are required to also detect smaller vehicles on
the airport surface over a relatively wide angular sector. This results in the need for
many simultaneous beams. The ASR application probably represents the most appealing
scenario, thanks to the well-known advantages of a passive bistatic system complementing
the existing active technologies, although it is penalized by the demanding requirements in
terms of range and angular coverage. Anyway, the air surveillance potentialities might still
be considered by accepting further relaxations on the performance constraints, in the case
of a dense network of sensors, each with a limited assigned coverage. The same applies to
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the AD radar application. Finally, it may be of interest as an on-board passive radar as a
stand-alone solution for CA applications, whose short-range operation makes the concept
ideally feasible.

4. Ground Surveillance

Due to its large distance and long integration times, the GEO-SAR system can provide
useful information only against persistent scatterers, being incompatible with the typi-
cal ground target velocities and surveillance applications. Nevertheless, the continuous
availability of a radar illumination from a geostationary emitter over very wide ground
areas, opens interesting opportunities for ground surveillance and imaging applications by
considering bistatic configurations with lower altitude receivers. Bistatic SAR and GMTI
capabilities may be enabled by lightweight and low-cost airborne receivers, exploiting the
GEO-SAR as a common illumination source.

4.1. Passive Radar Concept for Ground Surveillance

Even if passive radar research has been primarily focused on the detection and tracking
of airborne and maritime targets exploiting stationary ground-based receivers, in the last
few years a great interest has been devoted to airborne passive radar systems as a way
to enhance the current potentialities of ground monitoring, surveillance and situational
awareness, in both defence and civil scenarios. First, theoretical and experimental results
have been presented on passive bistatic radars on board a moving platform, aimed at
SAR [40,41] and GMTI applications [42—46]. Digital communication signals from ground-
based transmitters have been primarily considered. However, such sources are usually
characterized by a limited coverage and unfavourable illumination geometries, being easily
subject to shadowing phenomena. Moreover, the emitted waveforms are not well suited
for conventional clutter suppression strategies, possibly reducing the performance and
complicating the signal processing.

In this context, the GEO-SAR transmitter may represent a valuable source for airborne
passive radar, providing a very wide area illumination, with a convenient geometry and a
pulsed waveform, and opens interesting perspectives for ground surveillance and GMTI ap-
plications in several scenarios. Figure 4 sketches the considered system concept. According
to the desired coverage, persistence of observation and specific application requirements,
different kinds of platforms could be considered, such as conventional aircraft, unmanned
aerial vehicles (UAV) or high-altitude platforms (HAPs). Long endurance HAPs or con-
stellations of lightweight receivers might represent an extremely appealing solution for
surveillance and reconnaissance applications in the near future, meeting the requirements
for long-term monitoring or short revisit times, and could significantly benefit from the
advantages of a passive radar sensor.

GeoSAR
airborne receiver illuminator

moving targets

Figure 4. Concept of GEO-SAR-based passive bistatic radar for airborne ground surveillance applications.
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Apart from the more straightforward military and defence applications, several civil-
ian applications can be identified, connected to the capability of detecting, tracking and
imaging of ground moving targets. Among them we mention:

e  Vehicular traffic monitoring: to control traffic of vehicles, especially in areas where
no other kind of systems for this purpose is available, or in critical situations where a
backup information system might be required.

e Rail traffic monitoring: to monitor the circulation of trains on railways in critical
junctions in case of outage of other kinds of dedicated sensors.

e  Borderline and strategic areas’ surveillance: to monitor sensitive areas and detect the
possible presence of unauthorized vehicles or people.

e Disaster and crisis management: to increase situational awareness in emergency
circumstances, integrate terrestrial segment and support search and rescue vehicles.

The achievable performance, in terms of resolution, coverage and detection capabil-
ity, would strongly depend on the design and complexity of the receiving system, the
acquisition geometry and the platform flight velocity.

A set of potential performance requirements for the mentioned ground surveillance
applications are reported in Table 6. Since no specific standard is defined for such scenarios,
being the GMTI surveillance more commonly related to the defence sector, the definition of
consistent requirements is not straightforward, and our proposal is based on the typical
performance of commercial systems and common-sense criteria.

Table 6. Potential requirements of airborne GEO-SAR-based passive radar for GMTI applications.

Vehicular Traffic Rail Traffic Disaster and Crisis Strategic Area
Monitoring Management Management Surveillance
Spatial coverage ground area ground area ground area ground area
p & diameter > 50 km diameter > 120 km diameter > 20 km diameter > 10 km
Update time 2-20s 30-120 s 1-5s 1-2s
Continuity continuous coverage continuous coverage on demand on demand
Target features min. velocity 4 m/s min. velocity 8 m/s min. velocity 2m/s min. velocity 2m/s
min. RCS 1 m? min. RCS 20 m? min. RCS 1 m? min. RCS 0.5 m?
Spatial resolution 30 m 100 m 30 m 20 m

4.2. Analysis of Potentialities

Several challenges must be faced for the conceived passive radar system on board
an aerial platform to be effective in detecting and localizing potential moving targets,
discriminating them from ground clutter. Contrary to stationary operation, the detection
of slow-moving targets requires a proper suppression of clutter echoes, which is spread
in Doppler due to the relative motion of the receiver with respect to the stationary scene.
For this purpose, multi-channel solutions are typically employed, relying on space-time
processing techniques [47]. The pulsed waveform of the GEO-SAR illuminator is well
suited for these kinds of techniques.

On the other hand, the low available power density might severely limit the range
coverage capability and requires relatively long integration times. This may represent
an obstacle, especially for airborne receivers flying at high altitudes, with the purpose of
wide area surveillance. The long integration times might be limited by potential range
and Doppler migration issues, due not only to the target motion characteristics but also
to the flight speed and stability of the receiving platform. Further limitations may derive
from the expected low PRF adopted by the GEO-SAR transmitter, which may limit the
unambiguous Doppler space in the bistatic applications, possibly resulting in ambiguous
velocity information and clutter spectral folding. Nevertheless, such effects could be
suitably addressed by means of appropriate signal processing techniques.

Let us assume a receiving antenna of A, = 1 m? area, coherently integrating the
echoes of a ground target for a processing interval of Tj,; = 1s. Two classes of carrier
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platforms are considered: a conventional aerial platform (light aircraft or UAV) flying at an
altitude of 4 km and a high-altitude platform (HAP) at an altitude of 20 km.

The achievable SNR for different target classes is reported in Figure 5, as a function
of the receiver to target ground range R;; (see Figure 6) corresponding to an incidence
angle 6! from 20° to 80°. Typical values of X-band RCS have been assumed for targets,
from 0 dBm? (small ground vehicle) to 15 dBm? (medium to large ground vehicle). As an
order of magnitude, the average RCS of a medium size car oscillates between 0 dBm? and
7 dBm?, depending on the aspect angle.

SNR [dB]

0 5 10 15 20 25 30 0 20 40 60 80 100 120
Target-to-receiver ground range, qu [km] Target-to-receiver ground range, ch [km]

(a) (b)

Figure 5. SNR as a function of ground range for different target RCS assuming 1 m? receiving
antenna and 1 s of coherent integration time: (a) from an aircraft at 5 km altitude; (b) from a HAP at
20 km altitude.
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Figure 6. Airborne receiver acquisition geometry.

Assuming a minimum SNR requirement of 13 dB to guarantee acceptable detection
performance in the case of 6 km flight altitude, the achievable ground range may reach
15-20 km from platform nadir for medium class targets, and even more for larger targets.
While, for a 20 km altitude platform, ground range coverage below 50 km is ideally
obtainable only for large RCS targets. Although the above results may not correspond to
the very wide area access capability typically desirable in an airborne surveillance system,
the detection of ground targets seems feasible within localized areas, with all the mentioned
benefits deriving from the use of a receive-only system.

If a single receiving beam and carrier platform motion are not sufficient to guarantee
the coverage of the surveyed area in a given update time, this can be obtained by exploiting
multiple beams on receive and/or adopting a beam steering agility. Again, a trade-off
exists between the receiving antenna gain and the available integration time.

To define a performance analysis not bound to specific design choices for the re-
ceiving system, we refer to a global parameter Gg x Tj;; given by the product of the
receiver antenna gain and the coherent integration time. Results in terms of minimum
Gr x Tjys values required to achieve an SNR of 13 dB are shown in Figure 7 as a function
of ground range, for 5 km and 20 km platform altitudes and for different target classes.
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Figure 7. Minimum required gain Gr x Tj,; as a function of ground range: (a) aircraft at 5 km
altitude; (b) HAP at 20 km altitude.

As expected, large gain values are required to compensate for the low available power
density and enable target detection at distances such as to justify the use of an aerial
platform. To guarantee this minimum required gain, proper design choices should be
made for the receiving antenna and integration time, according to the technological limits,
payload restrictions, signal processing capabilities and adopted operational strategies.

The feasibility of the potential surveillance applications proposed for a civil scenario is
now analysed. The preliminary analysis takes into account the tentative user requirements
defined for each application, focusing on the range coverage capability in a worst-case
condition (target located at farthest range). The minimum value of gain Gr x Tj,; required
to allow target detection at desired range (assuming a minimum SNR of 13 dB) is reported
in Table 7, for a platform flying at 5 km and 20 km altitude. Notice that the impact of
the receiver altitude on the minimum required gain becomes less relevant in applications
involving wide range coverage.

Table 7. Minimum global gain value to enable the proposed ground surveillance application.

GrxT: Vehicular Traffic Rail Traffic Disaster and Crisis Strategic Area
RA int Monitoring Monitoring Management Surveillance
H, =5km >52 dB >47 dB >45 dB >42 dB
H, =20km >54 dB >47 dB >48 dB >49 dB

It is evident that a minimum gain above 40 dB is required in all cases. This means
that the receiving system should employ, for instance, an antenna of area larger than 1 m?
(Gr = 38 dB at X-band) and/or coherent integration intervals longer than 1 s.

In conclusion, it can be stated that a GEO-SAR-based passive radar on board an aerial
platform may enable ground surveillance applications, with some limitations in terms of
extension of the surveyed area. The assumed GEO-SAR system parameters may require
non-negligible technological efforts in the receiving system design, especially for long
range surveillance applications. Nevertheless, the concept could be extremely appealing
for specific kinds of scenarios, providing the benefits of a passive surveillance system,
such as covert operations for defence use. In the considered civil scenario, shorter range
applications focusing on limited surveyed areas, such as strategic area surveillance and
crisis management, could be more easily achievable. Potential additional products could
be enabled if an increase in the available power density at ground level was possible.

5. Maritime Surveillance

Keeping the sea environment safe has been one of the biggest challenges of the last
few years. Various types of vessels navigate the seas, varying from cruise and trading ships
up to vessels involved in nefarious activities such as piracy, human smuggling or terrorist
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actions. Nowadays, maritime surveillance is essential in order to guarantee the safety of
the marine environment and the security of every nation with access to a seashore.

Most of the existing systems tackling maritime traffic safety are based on the use of
Automatic Identification System (AIS) transponders, which do not guarantee the monitor-
ing of non-cooperative maritime traffic, often responsible for illegal activities [48]. Radar
sensors represent a fundamental asset for improving the safety and security of the maritime
domains. Usually, ground-based radar systems monitor the coastal areas, whereas airborne
and spaceborne radars survey large, offshore areas. In this section, we define two operative
scenarios within which the parasitic exploitation of GEO-SAR signals can represent an
appealing alternative solution. In particular, we consider two segments of the maritime
environment: open sea and coastal areas.

5.1. Open Sea Surveillance

Open sea surveillance denotes systems and methods providing situational awareness
in marine areas far from land, namely in Economic Exclusive Zones (EEZ) or in international
waters. The protection of these environments from illegal activities, such as unregulated
fisheries and other harmful practices, is essential for both economic and security reasons.
However, providing monitoring of such vast areas is difficult. Solutions based on SAR
sensors have been proposed [49], but they suffer from the low revisit time allowed by
LEO instruments. In this section, we define a novel solution based on a parasitic receiver
hitchhiking GEO-SAR signals.

We consider the receiving hardware installed onto a HAP, assumed stationary at a
height equal to 20 km above the sea level, collecting the signal reflections from a large
offshore area. Figure 8 sketches the system concept. The goal is providing monitoring
in a vast offshore area of several tens of nautical miles (NM) [48]. Such a large area is
comparable with the size of the GEO-SAR footprint; however, we must assume that one of
the transmitting beams is steered toward the maritime area of interest, at least on a periodic
basis, with a period suitable for the considered application.

Figure 8. Concept of GEO-SAR-based passive bistatic radar for open sea surveillance.

The system aims at the detection of moving ships that could belong to very different
class types, varying from large vessels such as oil tankers, offshore fishing boats up to
small wooden and glass-fiber boats used by traffickers. This large variety, along with the
challenging conditions of the system under consideration, make it necessary to define
different levels of confidence for the radar detection outputs [50]. To this purpose, we
define three different levels of confidence as Low (L), Medium (M) and High (H). Indeed,
even though a surveillance system should provide very reliable detections, the presence
of small, low observable targets prompts the acceptance of plots less reliable but still
useful to enable the detection of the lowest RCS ships. These confidence levels correspond
to different objective SNR in Equation (3), particularly equal to 5 dB (L), 9 dB (M) and
13 dB (H). Table 8 lists the assumed levels of confidence for the various classes of targets
of interest. It is to be noticed that, even in the case of a low confidence level, performance



Remote Sens. 2021, 13, 4817 15 of 23

can be considerably improved considering a successive decision with a tracking stage or
resorting to track-before-detect approaches.

Table 8. Receiving system parameters for open sea surveillance (evaluated at a ground range of 80 NM).

Target Type ) Required Receiving Expected Coverage
Description RCS Confidence Level Antenna Gain Range Swath x Azimuth Swath
Inshore fishing vessels, sailing boats, 2
speedboats and the like 3m L 53dB 4.6 NM > 0.6 NM
Aids to navigation with radar reflector 10 m? L 47 dB 8.5NM x 1.3NM
Small metal ships, flshlng and patrol 100 m2 M 41dB 15 NM x 2.5 NM
vessels, and the like
Coasters and the like 1000 m? H 35dB 26 NM x 5 NM
Large coasters, bulk carriers, cargo 10,000 m? H 25 dB A8 NM x 16 NM
ships and the like
Containers carriers, tankers, etc. 100,000 m? H 15dB 69 NM x 58 NM

To design the receiving equipment to be installed onto the HAD, it is necessary to
quantify the needed antenna gain to assure the nominal performance at the maximum radar
range. Here, we assume the farthest target at a ground range distance R¢ = 80 NM from
the receiver projection on the sea level (see Figure 8). This can be evaluated by making use
of Equation (3) considering the SNR objective pertaining to the different confidence levels.
For maritime targets under X-band observations, a typical value that can be assumed as
upper bound for CPI (to avoid de-correlation effects of the e.m. response) is 1 s. To further
stress the operative conditions, we also consider a reduction of 3 dB on the flux power
density provided by the GEO-SAR at the footprint centre to consider targets navigating on
the edge of the main lobe area. By also assuming a receiver noise figure F = 2 dB, we found
the needed Gy values listed in the fourth column of Table 8. Moreover, it is of interest
evaluating the area coverage resulting from the exploitation of a single antenna with size
able to assure the desired gains. To this purpose, we consider a symmetrical beam in
azimuth and elevation and then calculate the corresponding swath in range and azimuth
directions, whose resulting values are reported in the last column of the table.

From the analysis above, it is clear as the detection of low RCS targets, even though
with degraded performance, is very challenging in the considered scenario, requiring
narrow-beam antennas to assure high gains. Consequently, multi-beam receiving antennas
or scanning capabilities should be considered to monitor large maritime sections. However,
it must be pointed out that most of the offshore vessels usually belong to medium/large
RCS classes, such as cargo ships, bulk and container carriers. Short and less reflective ships
navigating far from littoral areas are usually small wooden and glass-fiber boats currently
used by traffickers for smuggling irregular migrants and illicit drugs. These types of illegal
traffics often occur in specific critical areas, where a highly directive beam can be steered
for providing situational awareness.

It is also worth stressing that in the analysis we did not consider any further strategy
to extend the integration time. However, ships are relatively low speed targets, for which
the overall dwell time can be extended by means of combinations of coherent and non-
coherent integrations, such as multi-frame [19] and/or track-before-detect [20] approaches,
thus allowing increasing of the system performance with slightly increased effort at the
processing level.

5.2. Coastal Surveillance

In this section, we put forward a parasitic system leveraging on the GEO-SAR signal
for coastal surveillance. Such an application is of particular interest in countries with long
shorelines (e.g., Italian shoreline is longer than 7400 km), where national Vessel Traffic
System (VTS) networks usually suffer for several gaps that are hard to be filled by active
systems due to environmental and legacy issues. Figure 9 sketches the system concept. A
receiving-only device is located on the seashore and operates with two RF channels: one
for reference, with the antenna pointed to the satellite and recording its direct signal, and
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the other for surveillance, collecting the reflections from the surveyed area. It is possible
that a multitude of receivers could be deployed to extend the coverage over the coast or to
perform multi-static operations. In the analysis, unless otherwise specified, we will focus
on a single receiving site.

Geostationary
Satellite

Figure 9. Concept of GEO-SAR-based passive bistatic radar for coastal surveillance.

The goal of the system is to monitor the littoral traffic in the area going from the shore
up to the optical horizon, or at least to the bound of the territorial waters, to ensure the safety
and efficiency of ship traffic, to dynamically assess marine risks and plan proper reactions.
The monitoring of possible threats must be continuous (24/7 service and independent
of the weather conditions), with high refresh rate of the maritime pictures (few seconds).
Usually, coverage required by VTS radar equipment must be compliant with the guidelines
defined by the International Association of Marine Aids to Navigation and Lighthouse
Authorities (IALA) [51]. In particular, detection ranges can be divided into different classes
of service: Basic, Standard and Advanced. Table 9 lists the assumed recommendations for
range performance for X-band VTS radar systems for the three classes of service. Moreover,
the system should be able to discriminate the target with a range resolution of about 30 m
(at ranges lower than 5 NM)-75 m (at higher ranges), while angular resolution should be
in the order of 1-2°.

Table 9. Range performance recommendations for VIS radar systems operating in X-band, [51].

Target Type Detection Ranges *
Description RCS Basic Standard Advanced
Inshore fishing vessels, sailing boats, speedboats and the like 3 m? N/A 7 NM 7 NM
Aids to navigation with radar reflector 10 m? 7NM 8 NM 9NM
Small metal ships, fishing and patrol vessels, and the like 100 m? 9NM 11NM 12NM
Coasters and the like 1000 m? 12NM 13NM 14 NM
Large coasters, bulk carriers, cargo ships and the like 10,000 m? Horizon Horizon Horizon
Containers carriers, tankers, etc. 100,000 m?2 Horizon Horizon Horizon

* In standard atmosphere; the detection range may be reduced up to 25% in the event of precipitation.

Concerning the geometric resolution, the wideband waveforms employed by SAR
missions assure a system accuracy compliant with the IALA guidelines, while in azimuth
the achievable resolution depends on the particular receiving antenna configuration, as
will be discussed later. Concerning the detection ranges, a target belonging to a given class
type must be detected with a detection probability Pp above a minimum required value
while keeping the false alarm rate Pga below a maximum allowed level. These values must
be compliant with the role of the system within the VTS service. Typical values for the
Pp lie in the range 0.7-0.9, while Ppa should not exceed 0.1%. In the following, an SNR
equal to 13 dB will be considered to meet such criteria. In line with the analysis provided
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in Section 5.1, the power budget analysis will be carried out assuming a CPl equal to 1 s.
While we could assume one of the GEO-SAR beams is centred on the coastal areas to
survey, considering the size of the footprint of the GEO-SAR beam we can assume that the
littoral area is covered even in the case that the primary applications of the mission require
the beam steered over land territories. To take into account such an event, we include a
loss of 3 dB in the power budget provided by the transmitter over the sea surface, namely,
assuming operation on the edge of the main lobe.

Three possible solutions for the receiver configuration will be analysed and discussed
in the following: rotating antenna, staring antenna and multi-beam configuration (see
Figure 10).

Figure 10. Possible receiver configurations for coastal surveillance applications. (a) Rotating antenna beam. (b) Staring

antenna beam. (c) Array receiver.

5.2.1. Rotating Antenna Beam

Generally, an active coastal radar operates with a narrow-beam antenna put in me-
chanical rotation to cover the surveyed area, see Figure 10a. While the narrow beam
assures a high gain and a fine angular resolution, the rotation imposes a boundary on the
CPI, equal to the amount of time a target is illuminated within a scan, referred to as the
Time-on-Target, ToT.

Let us assume an antenna having a beamwidth @, equal to 2° and gain Gg = 35 dB
rotating with a rotation rate w,. Obviously, the faster the rotation speed is, the shorter is
the ToT. In order to have an insight about the potential coverage achievable with such a
configuration, we evaluate the maximum radar range for a target having RCS equal to
100 m? subsequent to the coherent integration of the pulses within a ToT. The receiver
is supposed to operate with a noise figure of 2 dB. Blue ‘[]" markers in Figure 11 denote
the resulting maximum radar ranges for different values of the antenna rotation rates. It
can be observed that the ranges decrease with the increase in the rotation rate. As an
example, a maximum radar range of about 3 NM is achieved for the highest considered
rotation speed (22 rounds per minute, rpm), therefore, at ranges much lower than the IALA
requirements, even for the Basic class of service (see Table 9). Detection ranges could be
increased by binary integrations over multiple scans, but lower rotation speeds should
certainly be considered to increase the number of pulses that can be coherently integrated.
Nevertheless, slow rotations strongly limit the temporal resolution of the system, which
are shown by the red "* markers in Figure 11. As an example, w, = 6 rpm imposes a
minimum refresh rate of 10 s, which might not be acceptable in high traffic scenarios
requiring quick responses. Overall, this configuration seems not to be effective in the
system under consideration.
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Figure 11. Maximum radar range (blue) and temporal resolution (red) for coastal surveillance using
a rotating antenna beam (RCS = 100 m?).

5.2.2. Staring Antenna Beam

Using a staring antenna beam, Figure 10b, allows signal integration over long dwells,
which is particularly suitable for passive radar operations requiring to strengthen suffi-
ciently the received target energy. To assess the coverage performance of this configuration,
we assume an antenna with an azimuth beamwidth equal to 25°. Considering antenna
length in the elevation dimension such that the whole area can be covered by a single
antenna, and also taking into account a realistic antenna efficiency #, < 1, Gg =26 dB can
be obtained. As above, the noise figure is assumed to be equal to 2 dB.

Figure 12 shows the SNR pertaining to a single frame of duration 1 s as a function of
the radar range. Taking 13 dB as objective SNR, we can observe that detection ranges greater
than the IALA recommendations are achievable for targets belonging to the 1000 m? RCS
class and greater. For a target with RCS = 100 m?, a maximum radar range of 8 NM could
be obtained, therefore, very close to the IALA requirements. Smaller targets (RCS < 10 m?,
such as sailing boats and small fishing vessels) are hard to detect at ranges required by the
IALA. However, the achievable ranges are still of practical interest (e.g., 3 NM for a 10 m?
target); moreover, given the exploitation of a staring antenna, detection performance could
be enhanced by resorting to multi-frame integration strategies.

60
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7,=100m’

——0, = 1000 m?

—#—0, = 10000 m? |

SNR [dB]
o

0 & 10 15 20 25 30 35
Target-to-receiver distance, RR [NM]

Figure 12. SNR vs. target-to-receiver range for a coastal radar receiver using a staring antenna beam.

Even though the coverage potentialities can be effective in practical applications, this
configuration poses some issues about the angular dimension. First, it is worth noting
that while a rotating antenna can cover the full 180°, this is not the case for a staring
antenna, whose angular coverage is limited by the need for a high gain. Therefore, a
proper trade-off between needed coverage in range and azimuth must be considered
depending on the specific user requirements. Moreover, a staring antenna cannot meet the
fine angular resolution requirement. Therefore, advanced solutions have to be considered
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to enable the target angular separation, such as multilateration approaches exploiting
multiple receiving sites.

Overall, this configuration can be of practical interest as a gap-filler in areas not
covered by active instruments. In particular, it can be an appealing low-cost solution for
those coastal areas where overlapping coverage from two or more radar sites is required
(as areas subject to high maritime traffic [52]) to guarantee the high levels of reliability and
availability required by the VTS authorities.

5.2.3. Multi-Beam Configuration

The performance of the system can be significantly enhanced by resorting to an array
of antennas, in lieu of the single-beam configuration. The concept is sketched in Figure 10c:
the same surveyed area is covered by means of multiple beams. The passive radar array
offers two main improvement factors:

1.  The coherent integration of the target signal returns received at the antenna elements
is expected to provide an increase in the final SNR by a factor K, K being the number
of elements of the array.

2. The receiving antenna array provides a DOA (Direction of Arrival) estimation capa-
bility. Specifically, a target resolution in the angle of arrival can be obtained up to
1/K of the receiving antenna beam, thus allowing the separation of multiple targets
potentially present on the same bistatic ellipse. Moreover, a proper estimation can be
provided for the target DOA with respect to the receivers, with an accuracy depending
on the signal-to-noise conditions.

The design of the array requires setting the number of elements (K) and their spacing
(d); once they have been set, the azimuth resolution is equal to %. Moreover, the spacing
of the elements impacts on the position of the grating lobes. In sine space, the array factor
is periodic with period %: grating lobes can be prevented if 4 is made small enough. In our
case, d can be set imposing that grating lobes will occur outside of the covered beamwidth.

Let us consider array receiver composed of K = 16 elements with inter-element distance
d = 0.6 A. This implies that: (i) grating lobes occur beyond +40° of steering direction,
which is supposed to be sufficiently larger than the antenna beamwidth; (ii) azimuth
resolution is about 5°, therefore not too far from the user requirements. Of course, finer
resolution can be obtained by using a greater number of elements, which also improves the
available SNR.

Table 10 lists the maximum radar range for the different target types along with
the results with the single-beam case. Comparing the achieved results with the IALA
recommendation in Table 9, we can observe that the array receiver can meet the user
requirements, even referring to the Advanced class of service, and also achieving proper
angular resolutions with a single receiving site. Therefore, at the price of a more expensive
receiver configuration than the single-beam case, this solution is potentially able to be
employed as a stand-alone solution for VTS operations.

Table 10. Maximum radar range for coastal radar system using single/multi-beam configurations.

Target RCS 3 m?2 10 m? 100 m? 1000 m?  >10,000 m?
Single beam 1.5NM 3NM 8 NM 27.5NM >40 NM
Multi-beam 8.3 NM 15NM  >40NM  >40NM >40 NM

6. Conclusions

Geosynchronous SAR systems could overcome the revisit time limitations posed by
current LEO instruments, with a privileged point of observation of the Earth’s surface. To
help this concept to become operative, it is essential to investigate potential applications
that might benefit from these instruments. With this objective in mind, in this work we
investigated several potential surveillance applications that can be enabled by the parasitic
exploitation of the signals emitted by a GEO-SAR satellite.



Remote Sens. 2021, 13, 4817

20 of 23

Table 11 provides a summary of the applications investigated, along with the consid-
ered solutions for the receiver design, highlighting for each one its main use and the main
benefits provided by the exploitation of GEO-SAR signals. The analysis showed as safety
and security services can be enabled by GEO-SAR missions, nicely complementing the
scientific applications usually considered, by using properly configured parasitic receivers.
This suggests that a wider net of users and stakeholders can be involved in the mission

planning to optimize the mission costs.

Table 11. Summary of potentialities and challenges of the proposed surveillance applications.

Receiver

GEO-SAR Main

Application Configuration Challenges Main Use Benefits
Range/angular Auxiliary solution to Reliable illumination to
Ground-based coverage and update existing ATC systems; monitor areas where
Aerial surveillance receiver time limited by the low back-up solution to coverage of existing

available power; aerial
target size and speed

restore basic
performance

sensors is not
guaranteed

Ground surveillance

Airborne receiver

Long range coverage;
multi-channel solution
for slow target
detection

Low-cost surveillance
of critical areas from
lightweight aerial
platform in covert
mode

Possibility to deploy
airborne passive
receivers for
low-cost/covert
monitoring of ground
areas

Open sea surveillance

HAP-based
receiver

Less reflective targets
hard to detect; need of
multiple beams to
cover vast areas

Permanent monitoring
of large offshore areas;
dedicated high-gain
beams can be
considered to monitor
critical routes

Capability to provide
continuous
illumination over large
areas far from land not
reached by terrestrial
signals

Coastal surveillance

Coastal receiver using a
staring antenna

Multiple receiving sites
or advanced DOA
estimation methods
needed to provide fine
angular resolution

Gap-filler /back-up
solution to add
redundancy in VTS
networks

Coastal array
receiver

Expensive array design
to cover large angular
sections

Stand-alone
solution for VTS
services

Possibility to employ
low
environmental impact
sensors relying on
wideband waveforms

Lastly, it is worth stressing that, in this study, we focused on an illuminator with a
moderate transmitted power. This heavily affected the parasitic systems” design, partly
limiting their potentialities. Higher transmitted power may allow enhanced performance
for surveillance tasks, but at the price of a more expensive GEO-SAR mission design. It
is worth noticing that mission design is a complex task, where proper trade-offs between
contrasting user needs and design solutions have to be found, also taking into consideration
cost optimization. The analysis provided in this work was also aimed at driving the
search for the best compromise for the different users’ needs. The next stage of this
research is exploring system design solutions to enable both remote sensing and safety and
security services.
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