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Chapter 5

Broadband Communication LEO
Satellite-Based Passive Radar System:

Analysis, Design and Developments

Several constellations of broadband Low-Earth Orbit (LEO) communication satellites, such
as Starlink or OneWeb, have started to be deployed in the last few years to provide global
internet access, becoming potential candidates to be exploited as illumination of opportunity
for passive radar applications. In fact, their characteristics provide promising advantages in
terms of global coverage, high bandwidth (i.e. better resolution), high received power on
Earth surface (i.e. increased maximum range), predictable trajectory, and network density
and robustness when compared to other satellite-based illuminators of opportunity. However,
they also pose certain challenges for the development of passive radar systems due to the
necessity to track the satellites with a narrow beam reference antenna, their fast-relative
dynamics which induce range and Doppler migration effects, and the use of non-standardized
signals with limited publicly available information, which in addition are not optimized for

radar usage.

Therefore, this chapter presents the the analyses of potential capabilities, with a special

focus on the estimation of the achievable performance and on the experimental characterization
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of the transmitted signals for passive radar applications. Besides, the proposed passive
radar architectures and the developed prototypes are also discussed. While in the following
chapter, this concept is experimentally validated by using the developed systems and proposed
techniques in measurement campaigns, showing potential applications on Earth monitoring

and target detection.

5.1 Overview of emerging satellite-based illuminators

of opportunity

The reduction in satellite launch costs has brought a revolution in the space sector with a
significant increase in the number of satellites launched, as shown in Figure 5.1, most of
them deployed in LEO with altitudes below 2000 km. In this regard, multiple LEO satellite
constellations have been recently planned and started to be deployed with the objective to
provide global services not only for broadband communication but also for Earth observation
(e.g. Capella Space, ICEYE or Planet), and positioning, navigation and timing (PNT) (e.g.
Xona Systems).

The ongoing deployment of broadband communication satellite constellations in LEO, such
as Starlink or OneWeb, generally composed of hundreds or thousands of satellites [Del19], has
made available an emerging class of satellite illuminators of opportunity with advantageous
characteristics for the development of passive radar systems. In this way, the opportunistic
use of the signals transmitted by these novel satellites could help overcome the limitations
imposed by previously investigated satellite illuminators of opportunity such as Digital Video
Broadcasting Satellites (DVB-S) [Pis20], Global Navigation Satellite Systems (GNSS) [San20;
Pas20], Iridium or Inmarsat [Stol7].

As of June 2023, Starlink and OneWeb companies have deployed respectively more than
4300 and 630 satellites out of their first-phase constellations of 4408 and 648 satellites [Spa20);
Wor20]. Nevertheless, considering the increasing number of applications filled by several

companies (e.g. Telesat, Keppler Communications, Kuiper Systems or Boeing) to deploy
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Figure 5.1: Number of satellite launches promoted by commercial, governmental and
academic/non-profit institutions (data from [McD]).

and exploit LEO satellites, more and more constellations are expected to be available in the

following years [Al 22].

Compared to other space-based illuminators of opportunity for passive radar applications,

these new broadband communication satellite constellations provide:
o Global and persistent coverage including oceans, poles and remote areas.
o High bandwidth signals for enhanced range resolution

o High radiated power levels with lower propagation losses due to the shorter transmitter-
receiver distances from LEO satellites for enhanced signal-to-noise ratio (SNR) and

detection range.

o Transmitter movement that can be estimated and predicted based on publicly available
orbital data [Cel] enabling passive Synthetic Aperture Radar (SAR) applications with

static ground receivers.
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e Transmitter robustness and redundancy with spatial diversity thanks to the multiple

and dense constellations.

Therefore, it is highly relevant to analyse and investigate the potential usage of these
emerging broadband communication LEO satellites as illuminators of opportunity and their
achievable capabilities for passive radar applications. As a comparison with other available
satellite illuminators with global coverage, including poles and oceans, Table 5.1 shows the
main system parameters of the Starlink constellation, the novel LEO SAR constellations, the
TerraSAR-X satellite, and the GNNS constellations. Global and persistent illumination is
only achieved by GNNS and Starlink constellation, but the latter offers higher bandwidth
signals, higher power levels on Earth surface and a higher transmission frequency more
sensitive to Doppler effect and in SAR and interferometric techniques. In this way, the novel
broadband communication LEO constellations may enable, for example, emerging persistent
high-resolution remote sensing application for local zones with ground-based receivers such
as avalanche detection or infrastructure monitoring, even in remote areas where terrestrial

transmitters of opportunity have no coverage.

Sayin et al. [Say19] firstly performed a power budget analysis for passive radar target
detection considering the preliminary design of the Starlink constellation, which was changed
during its deployment, reducing the altitude of the satellites from 1110 km to 550 km.
Nevertheless, they showed the theoretical feasibility of a Starlink-based passive radar in terms
of signal-to-noise ratio (SNR) when compared to already validated GNSS-based passive radar
systems. Besides, the possibility to use Starlink transmissions as opportunistic signals for

self-positioning and navigation applications have been recently demonstrated [Kha21; Nei2la].

However, these constellations also pose important challenges for the development of passive
radar systems. In order to receive the reference signal with enough signal-to-noise ratio (SNR),
the satellites are required to be tracked with a narrow beam reference antenna. Besides,
their fast-relative dynamics induce range and Doppler migration effects, which have to be
considered when developing the associated signal processing algorithms for target detection
applications, apart from giving rise to Doppler-spread clutter which could mask the moving

targets. And most significantly, since these LEO constellations are mainly proprietary systems
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Table 5.1: Main characteristics of Starlink, LEO SAR constellations (i.e. Iceye and Capella
Space), TerraSAR-X and GNSS constellations (i.e. Global Positioning System -GPS- and
Galileo). (Notes: Power flux density on Earth surface is estimated assuming pointing towards
nadir although SAR satellites usually operate in side-looking mode increasing the propagation
distance between the satellite and the Earth surface.)

Capella

Parameter Starlink Iceye TerraSAR-X GPS Galileo
Space
Number of active
satellites 4112 24 10 1 (not a 31 28
(May 2023) constellation)
Nomm&l&lmude 540-570 | 560-580 | 525 514 20,200 23,222
o [5%, 53.2°, 4, 5, . : :
Orbital inclination 70°, 97.6° 97.7 07 5° 97.44 55 56
Transmission 1.575 (L1), | 1.575 (E1),
frequency 10.7-12.7 9.65 9.3-10 9.65 1.227 (L2), | 1.191 (Eb),
[GHyz] 1.176 (L5) | 1.278 (E6)
Maximum 15.3 (L1), | 24.5 (E1),
bandwidth 240 300 600 300 11 (L2), 51.1 (E5),
[MHZ] 12,5 (L5) | 40.9 (E6)
Max. transmitting Not disclosed | ~26.5 (L1),
EIRP [dBW] 27.6-31 776 7 (~78 dBW) | ~16.6 (L2) | ~3230
Max. power flux
density on Earth | -98.2 484 | -494 472 -130.6 (L1), | _193.3
surface [ABW /m?] -140.5 (L2)
Global and
persistent Yes No No No Yes Yes
illumination

with non-standardized signals, there is a lack of publicly available information about their

properties, modulation and internal structure, which in addition are not optimized for radar.

Given the potential capabilities and challenges of the emerging LEO communication

satellite constellations as illuminators of opportunity for passive radar applications, this

doctoral thesis focuses on their analysis, with a particular emphasis on the estimation of the

achievable performance, on the experimental characterization of the transmitted signals in

terms of the resolution, ambiguities and sidelobe levels of their ambiguity functions, and on

the experimental validation of the proposed system and techniques.
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To perform the experimental acquisition of the transmitted signals, passive radar prototypes
have been developed based on the exploitation of user-downlink signals in the 10.7 — 12.7 GHz
band transmitted from these LEO constellations. In this chapter, in addition to the results of
the performed analyses, these experimental systems will be described, along with the general

passive radar architectures proposed for target detection and imaging applications.

5.2 Starlink and OneWeb satellite constellations

According to the applications approved by the FCC [Spal6; Spa20; Wor20], Starlink and
OneWeb are deploying LEO satellite constellations composed in a first stage of 4408 and 648
satellites, respectively, at polar and non-polar orbits. Besides, Starlink has recently started to

deploy a second-generation constellation with an orbit inclination of 43°.

The main aim of these constellations is to offer low-latency and high-speed global internet
access mainly in rural and remote areas. Since the first Starlink test satellite, launched in
February 2018, more than 4600 Starlink satellites have been launched, of which approximately
4300 are currently working in orbit (as of June 2023) providing commercial services in many
countries around the world. OneWeb began to deploy its constellation in February 2019,

reaching a total of more than 630 operational satellites by June 2023.

The Starlink first-stage constellation is divided into five shells with different inclination
angles at altitudes between 540 and 570 km, while OneWeb satellites follow near-polar orbits
at 1200 km of altitude. The main parameters of these constellations are detailed in Table 5.2,
while Figure 5.2 graphically shows for a specific time both planned constellations, which are

almost completely deployed.

In addition, Figure 5.3 represents the percentage of time as a function of the number of
visible satellites of the planned OneWeb and Starlink constellations for receivers located in
mid-latitudes (i.e. 50° latitude) and in the polar region (i.e. 89° latitude), taking into account
the minimum elevation angles specified in the corresponding applications. Given their global
characteristic, it can be observed that both constellations persistently provide at least one

visible satellite at both considered locations, although OneWeb planned constellation results

92



5.2. STARLINK AND ONEWEB SATELLITE CONSTELLATIONS

Table 5.2: Starlink and OneWeb constellation parameters

Starlink

Parameter Shell T [ Shell 2 | Shell 3 | Sheli 475  OmeWer
Orbital planes 72 72 36 6/4 12
Satellites per plane 22 22 20 58/43 49 (+5 spare)
Altitude 550 km | 540 km | 570 km | 560 km 1200 km
Inclination 53° 53.2° 70° 97.6° 86.4°
Number of satellites 1584 1584 720 348/172 648
Operational (as of June 2023) | 1495 1548 404 233/- 634
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Figure 5.2: Starlink and OneWeb planned satellite constellations for a specific point in time

represented on an equirectangular projection.
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Figure 5.3: Percentage of time as a function of the number of visible satellites for the OneWeb
(OW) and Starlink (SL) planned constellations considering receivers placed at 50° and 89°
latitudes and the minimum elevation angles 6 specified in the corresponding applications.

in a higher number of visible satellites in polar regions while Starlink constellation has a

higher number of available satellites in mid-latitudes.

To provide broadband Fixed Satellite Services (FSS), Starlink and OneWeb satellites
maintain bidirectional links, shown in Figure 5.4, with user terminals at X/Ku band and
with gateways at Ka band using left-handed or right-handed circular polarization (LHCP or
RHCP). Figure 5.5 shows their frequency plan [Spal6; Wor20], noting that user-downlink
signals, which are considered as potential candidates of illumination of opportunity for passive
radar, cover the 10.7 — 12.7 GHz band, which is also the allocated band for DVB-S satellites
deployed at geostationary equatorial orbits (GEO).

The user-downlink band is divided into 250 MHz channels, which Starlink satellites, thanks
to their onboard phased array antenna, use to realize a hexagonal cell deployment with
simultaneous steerable and adaptable spot beams of approximately 2.25° -3 dB-beamwidth
[Spal6]. On the other hand, OneWeb satellites have 16 user-downlink non-steerable spot
beams arranged linearly in the South-North direction with highly elliptical patterns of 50° x

3.12° -3 dB-beamwidths. To avoid interference between spot beams, both constellations use
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Gateway User terminal

Figure 5.4: Bidirectional links for broadband LEO communication satellites.

User downlink User uplink
K,-band Elljgg
10.7 GHz 12.7 GHz 14 GHz 14.5 GHz
Gateway downlinks Gateway uplinks
“ > < > . > >
K,-band ES(?FF: r \ IIII I N
17.8 GHz 18.6 GHz 19.7 GHz 20.2 GHz 27.5 GHz 29.1 GHz

18.8 GHz 19.3 GHz 29.5GHz 30 GHz

Figure 5.5: Frequency plan of Starlink and OneWeb communication satellites.

different frequency channels for adjacent beams. These illumination patterns are schematically

represented in Figure 5.6 and Figure 5.7 for Starlink and OneWeb satellites, respectively.

Starlink satellites adapt the effective isotropic radiated power (EIRP) density of their
spot beams between -56.2 dBW/Hz (at nadir) and -52.8 dBW/Hz (at maximum offset) in
order to compensate the additional propagation losses when increasing the distance to the
Earth surface in the pointing direction. OneWeb satellites have a maximum EIRP density of
-49.4 dABW /Hz, which gives rise to a similar power flux on Earth surface for both constellations,

since OneWeb satellites are at a higher altitude.

Although, detailed information about the physical layer of the user downlink is not publicly
available, based on measurements and other published works [Hum23], it is noted that
Starlink satellites use Orthogonal Frequency-Division Multiplexing (OFDM) modulation, while
OneWeb user-downlink transmissions are based on Single Carrier-Time Division Multiplexing
(SC-TDM). However, their experimental characterization for passive radar applications in

terms of the ambiguity function is presented in Section 5.6.
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Figure 5.6: Illuminating spot beam patterns of a Starlink satellite with a cell deployment
(left) and an exemplary frequency reuse factor of 3 (right).
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Figure 5.7: Illuminating spot beam patterns of a OneWeb satellite showing 16 fixed beams
with respect to the satellite body reference system (left) and exemplary frequency reuse factor
of 2 (right).
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5.3 Passive radar system architecture

Based on the common architecture of passive radar systems composed of a reference channel
to receive a copy of the direct signal and a surveillance channel pointed towards the area of
interest to receive the reflections on the targets, Figure 5.8 shows a proposed architecture to
exploit satellite user-downlink signals for target detection applications based on the use of a

satellite tracking reference antenna.

IHluminating
Starlink satellite

Satellite
orbital data
!
Satellite position

estimation || Antenna Surveillance channel |
tracking
GNSSand M system Reference channel |

inertial sensors ||————— ___________3 L \

: Signal reconstruction |
____________ ksl

| Range compression |

—’I Doppler-spreadl clutter filtering |

:4 Target motion compensation |

7
| Range-Doppler map computation |
)

| Target detection |
7

| Target tracking |

Figure 5.8: Proposed passive radar system architecture for target detection applications.

In order to receive the reference signal with enough SNR to effectively apply signal
processing algorithms based on the cross-correlation between the reference and surveillance
signals, a high-gain narrow-beam antenna is required to track the illuminating satellite. The
inputs of the tracking system are the location and attitude of the receiving platform, measured
with dual GNSS and inertial measurement unit (IMU) sensors, and the estimated satellite
position computed for example with the SGP4 model (Simplified General Perturbation 4)
[Val01] from the orbital parameters in Two Line Element (TLE) format, which are regularly

updated. In this way, the mechanically or electronically steerable reference antenna can be
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pointed in azimuth, elevation and polarization skew towards the direction of the illuminating
satellite after applying multiple coordinate system transformation, schematically shown in
Figure 5.9, to transform the estimated satellite position from Earth-fixed coordinate system
to the antenna-body coordinate system, represented in Figure 5.10. The attitude of the
antenna body can be measured with high performance dual GNSS/IMU sensors, which also
enable the operation on moving platforms. Alternatively, in a GNSS-denied scenario, the
antenna body orientation can be calibrated by resorting to GEO satellites with a known
position, such as those broadcasting DVB-S signals. In this latter case, in order to improve the
accuracy of this attitude calibration, several DVB-S satellites can be sequentially considered.
The exploitation of GEO DVB-S satellites in this context is particularly convenient as their
broadcast signals are transmitted in the same frequency bands of Starlink and OneWeb
user-downlink signals and, therefore, this calibration step can be performed without the need

for additional hardware.

Earth Orientaton Receiver location (latitude, Antenna orientation
Parameters (EOP) longitude, altitude) in tangent local coordinates
Orbital data (TLE) — SGP4 /SDP4 L, ECI to ECEF L, ECEF to tapgcm local L, Tangent local to quy—ﬁxcd
Considered ti model transformation coordinates (antenna) coordinates
onsidered time l l transformation l transformation
Satellite state vector in ECI ~ Satellite state vector in Satellite state vector in Satellite state vector in
coordinates (True Equator ECEF coordinates tangent local coodinates body-fixed (antenna)
Mean Equinox frame) (e.g. ENU) coordinates
¥ +

Transformation to
spherical coordinates
and skew calculation

l |

Transformation to
spherical coordinates

Satellite azimuth (clock-wise Satellite azimuth, elevation
from North) and elevation and polarization skew in
(from tangent plane) antenna reference frame

Figure 5.9: Diagram with computation steps to estimate satellite azimuth, elevation and
skew in the antenna-body coordinate system from TLE data. SGP4 = Simplified General
Perturbations 4, SDP4 = Simplified Deep Space Perturbations 4, ECI = Earth Center Inertial,
ECEF = Earth-Centered Earth-Fixed, ENU = East, North, Up.

When the LEO satellite tracked with the reference antenna is no longer visible or stops
transmitting towards the area where the passive radar receiver is located, it is necessary to
switch the antenna pointing to start tracking a subsequent illuminating satellite. However,
since these constellations are designed to maintain a continuous communication with low
latency, handover protocols between satellites are implemented and, therefore, the illumination

of the area is not expected to be interrupted because of the requirement to switch between
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Local Earth-fixed coordinate system Antenna coordinate sytem

Zenith

~y | elevation

Figure 5.10: Diagrams of the considered local Earth-fixed coordinate system at the position
of the antenna (left) and of the body-fixed antenna coordinate system (right), showing the
considered definition of azimuth and elevation of the pointing direction « in each coordinate
system.

satellites. Besides, if only a single reference channel is available, the use of an electronically
steerable antenna is preferable in order to perform the satellite switching with practically no

interruption of the continuous operation of the suggested passive radar.

Regarding the signal processing for target detection applications, after coherently digitising
both reference and surveillance channels, the range compression is applied by computing the
cross-correlation between both channels. In order to ideally reconstruct a noise-free reference
signal, the direct signal can be demodulated and remodulated based on blind demodulation
algorithms for OFDM signals in the case of Starlink, as the one specifically developed in
[Hum23|, or for SC-TDM signals in the case of OneWeb, requiring time and frequency
synchronization. This required synchronization (i.e. start of symbols and, for OFDM, position
of pilots) can be achieved for example by leveraging the synchronization sequences embedded
in the transmitted signals obtained by reverse engineering based on cyclostationary analysis
of experimentally acquired signals [Hum23]. However, the reconstruction step can be avoided
with a limited loss of performance, also reducing the computational complexity of the signal
processing, if the SNR of the reference signal is high enough (i.e. above 10 dB) [Cuil5].
Besides, the usage of a narrow beam antenna for the reference channel greatly reduces the

multipath components.
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Given the dynamics of the LEO satellites, the clutter cancellation must consider the
Doppler spread [Was19]. However, depending on the position and velocity of the moving
targets, clutter signals might still hinder their detection, as their scattered signals may lie
within the intra-clutter region. On the other hand, not only the movement of the target gives
rise to range and Doppler migration effects, but also the movement of the satellites during
the integration time. This issue is particularly relevant due to the fairly high bandwidths
and carrier frequencies (in passive radar context) offered by Starlink and OneWeb signals.
In order to coherently integrate and focus the target response for integration times in the
order of hundreds of milliseconds or higher, the application of target motion compensation
(TMC) techniques is required. However, for integration times shorter than one second and
common linear target dynamics, a 15 order TMC algorithm [Pigl7] is appropriate to effectively

integrate the target response, as shown in Subsection 5.5.4.

After the computation of the range-Doppler map, target detection can be performed
by constant-false-alarms algorithms (CFAR), and estimations of the bistatic range and
velocity of the detected targets can be computed. Considering the sequence of associated
target measurements along the satellite pass, or measurements from different illuminating
satellites (i.e. multistatic approach), target localization and tracking in Cartesian coordinates
can be achieved by means of particle filtering or extended Kalman filter (EKF) [Gom22a].
Besides, when multiple satellites, for example from different constellations, are simultaneously
illuminating the area but only one receiving reference channel is available, resource management
methods, in order to select the reference satellite, can be applied to optimize the target
localization and tracking performance. In this case, the use of an electrically steerable
reference antenna is also preferred to allow the fast switching between illuminating reference

satellites.

As previously introduced, the predictable trajectories of the satellites enable the application
of imaging techniques based on synthetic aperture radar (SAR). In this case, a wide beam
antenna (e.g. a horn antenna) is suitable for the surveillance channel in order to simultaneously
image a wide area, compensating the decrease of the antenna gain with a longer integration

time, which also improves the along-track resolution. Besides, as shown in Figure 5.11, if
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several receiving surveillance channels are available, multiple spatial channels can be used
to apply single-pass cross-track (e.g. for terrain elevation or displacement measurements) or
along-track (e.g. for ground moving target indicator, GMTI) interferometry. It is important
to note that the continuous illumination of the area of interest from different spatially
diverse LEO satellites allows to get images persistently and from multiple illumination angles.
Subsection 5.5.5 includes further discussion on the potential SAR imaging performance.

Illuminating PPt “~-
Starlink satellite"' ,
-y

5 Qred area
Satellite | | | AMN Y T
orbital data Bistatic SAR
T Surveillance channel 3 l—' processing

Satellite position Tt

estimation Antenna Surveillance channel 2 Bistatic SAR | = Interferometric

tracking processing processing

GNSS and system - LA J) 1
Lo Surveillance channel 1 istati .
inertial sensors _'| I Bistatic S_AR Interferometric

—'| Reference channel | processing SAR radar image

il

Figure 5.11: Proposed passive radar system architecture for imaging application including
multiple surveillance channels (in grey) that enable the application of single-pass along- or
cross-track interferometric techniques.

Based on the presented system architectures, passive radar prototypes have been developed
in order to receive the signals transmitted by the considered LEO satellites and validate the

proposed techniques.

5.4 Experimental passive radar prototypes

The SABBIA 2.0 system developed over the last years by Fraunhofer FHR is a high-resolution
passive radar with antenna steering and satellite tracking capabilities that can operate

with GEO DVB-S/S2 or LEO communication satellite signals in the 10.7-12.7 GHz band
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[Sei22]. This high-performance and modular system includes four coherent channels with
an instantaneous bandwidth of 625 MHz that can be flexibly used for surveillance/reference
polarimetric or spatial channels, enabling the acquisition of up to two adjacent Starlink or
OneWeb channels. Figure 5.12 depicts the SABBIA 2.0 front-end diagram for the low-band
operation (i.e. 10.7-11.7 GHz) for one of the channels, while Figure 5.13 shows the rack
including the system components. In order to enable the coherent operation of the channels,
required for the passive radar signal processing, the GPS-disciplined 10 MHz reference for
the Low-Noise Blocks (LNB) and the local oscillator for the 1Q demodulators are shared
between channels. Besides, the system implements an Automatic Gain Control (AGC) in order
to efficiently exploit the full dynamic range of the 8-bit Analogue-to-Digital Conververters
(ADC).

Recorder
1Q demodulator

Low band | . > )
>—LNB o O8] Bias T %—[> > %_[>_;|7..ADC
10.7 - 12.7 GHz | 1 950-1950 Mz 0-250 MHz
10 MHz DC
reference
> 4 - L
Variable frequency N D ? ADC
oscillator
0-250 MHz

Figure 5.12: SABBIA 2.0 front-end block diagram for one of channel.

Figure 5.13: Rack of SABBIA 2.0 passive radar system including the front-ends, reference
signal synthesizer, controlling units and recording computers.
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Besides, an acquisition system mounted in a transportable 8U 19" rack, shown in Figure 5.14,
based on the use of COTS SDR has been also developed. Figure 5.15 represents the system
diagram which consists of an Ettus USRP X310 SDR with two UBX 160 daughterboards
that simultaneously and coherently provide two receiving channels, i.e. one for the reference
channel and one for the surveillance channel, covering frequencies between 10 MHz and 6

GHz with an instantaneous bandwidth of up to 160 MHz and an ADC resolution of 14 bits.

|
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Figure 5.14: Portable 8U 19" rack including the USRP X310, reference signal generation,
power supply and recording and control computer.

DC
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10.7 - 12.7 GHz 10 MHz reference RX1 210 GbE
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10.7-12.7 GHz I
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Figure 5.15: Block diagram of the developed system based on a COTS SDR, i.e. USRP X310,
for the acquisition of signals transmitted by broadband communication LEO satellites.
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For controlling the USRP and recording the digitised signals, the USRP is connected
via two SFP-10G-T (Small Form-factor Pluggable 10 Gigabit Transceiver) and two Cat 7
Ethernet cables to a server computer A116TS-H11 from SuperMicro, which includes an AMD
EPYC 7401p processor with 24 cores, 62.8 GB RAM and 8 TB of storage capacity in NVMe
SSDs (Non-Volatile Memory Express Solid State Drives). For passive radar operation, a
common 10 MHz reference signal obtained from a signal generator is shared between the
USRP and the LNBs of both channels. This 10 MHz reference signal and the power supply
(DC) for the LNBs are injected via the bias-tee. In this way, up to 160 MHz bandwidth
of the intermediate frequency signals after the LNBs, which ranges from 950 MHz to 1950
MHz for the lower-band (i.e. 10.7-11.7 GHz) of DVB-S or LEO communication satellites,
can be digitised. Although, this limited bandwidth does not allow the complete digitization
of a broadband communication satellite channel (i.e. 250 MHz bandwidth), this system
has been validated for the reception of the narrow-bandwidth pilots transmitted by Starlink
satellites, which can be exploited for specific opportunistic navigation [Nei2la] or passive
radar techniques [Cri23b], or to verify the reception of signals and the correct tracking of the

satellites by steerable directional antennas.

Several antenna options, shown in Figure 5.16 are available with characteristics suitable for
different applications. Among them, mechanically or electronically steerable antennas with
high-gain narrow beams can be used thanks to ad hoc developments based on commercial
antennas from EPAK [EPA] or Kymeta [Kym], respectively. While EPAK antennas allows
the simultaneous reception of both orthogonal linear polarizations, Kymeta antennas present
a low-profile suitable to be mounted on certain platforms (e.g. vehicles) and faster pointing
switching. Besides, wider-beam horn antennas are also available to be used, mainly in the
surveillance channel, when a fixed wide area is required to be covered for example in imaging

applications or short-range wide area surveillance.

As already described, the reference channel antenna tracks the illuminating satellite to
receive the direct signal with enough signal-to-noise ratio. This satellite tracking is achieved
based on orbit propagator methods from the updated orbital data publicly available and by

calibrating the orientation of the antenna body using reference DVB-S satellites. The example
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(a) EPAK antennas (b) Kymeta antennas (¢) Horn antennas

Figure 5.16: Antenna module options for the developed LEO satellite signal acquisition
systems.

reception of OneWeb signals, shown in Figure 5.17, and further results of signal reception
and characterization presented in Section 5.6 validate the proposed calibration method, the
developed antenna control, and the possibility to track LEO satellites from their TLE orbital

data using a narrow beam antenna with an approximate -3 dB-beamwidth of 2°.

These systems have been used to perform the experimental analysis of the Starlink and
OneWeb user-downlink signals for passive radar applications and to validate the exploitation

of these signals as illumination of opportunity in passive radar experiments

5.5 Theoretical analyses of achievable capabilities

5.5.1 Maximum detection performance and range resolution

Based on the characteristics of Starlink constellation and the parameters of the developed
prototype, shown in Table 5.3, a power budget analysis is performed assuming free space
propagation and perfect coherent integration in order to estimate the maximum detection
range of the system for the two antenna configurations of the surveillance channel (high-gain
narrow-beam or low-gain wide-beam). Figure 5.18 represents the SNR of targets on the Earth
surface with respect to their distance to the receiver, while the SNR of the direct signal in
the reference channel is estimated above 12 dB when a high-gain tracking antenna of 39

dBi is used. Besides, it can be noted that these results are approximately similar to the
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Figure 5.17: Exemplary spectra of received signals with the USRP X310-based system and
Kymeta antennas at two different times while a OneWeb satellite was being tracked with
the reference antenna. The USRP was configured to digitised a 100 MHz-bandwidth at the
intermediate frequency of 1.45 GHz (i.e. the center frequency of the acquisition was set to
11.2 GHz given the first down-conversion performed by the LNB with a local oscillator at
9.75 GHz). Part of two adjacent OneWeb channels are therefore digitised.

Table 5.3: System parameters considered for the power budget analysis.

’ Parameter \ Value ‘
Frequency 11.7 GHz (user-downlink)
Bandwidth 240 MHz

EIRP density -56.22 dB/Hz (Nadir)
Antenna gain (high/low) 39 dBi (dish) / 17 dBi (horn)
Noise factor 2 dB
Additional losses 4 dB
Integration time 0.5s

ones obtained considering the OneWeb constellation as both Starlink and OneWeb satellites

achieve an analogous power flux on the Earth surface.

As can be observed, with a high-gain surveillance antenna of 39 dBi gain, a 1 m? RCS target
might be detected up to 1.9 km away from the receiver with a 90% probability of detection and
a 10™* probability of false alarm, assuming a Swerling 3 (SW3) target and a Neymann-Pearson
detector [Ricl4]. However, the narrow beam of approximately 2° considerably limits the

instantaneous field-of-view and, therefore, a scanning of the area of interest is necessary. But,
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Figure 5.18: Estimated SNR for ground targets of different radar cross sections (RCS) (1 m? or
10 m?) based on their distance to the receiver (RX), considering the two antenna configurations

of the surveillance channel (high-gain narrow beam, i.e. dish, and low-gain wide beam, i.e.
horn).

a 360° scan for only one elevation angle would require 90 s, which might not be operationally

suitable in many application scenarios.

On the other hand, the use of a low-gain wide-beam antenna of 17 dBi gain reduces
the maximum detection range of a 1 m? RCS target to only 150 m. Although increasing
the integration time is suitable for imaging SAR applications, this might not be effective
and feasible for target detection as more complex target motion models and compensation
algorithms need to be considered. However, the future development of compact, low cost and
wide bandwidth digital array receivers at X band may overcome this issue by enabling the
generation of simultaneous narrow beams and increasing the full instantaneous field-of-view

[Gom22b].

Nevertheless, it has to be noted that the power flux on Earth surface of Starlink and
OneWeb user-downlink signals is approximately -98 dBW /m?, which is considerably higher
than the one achieved by DVB-S GEO satellites and GNSS signals [Cril0]. As examples, for
an Astra-1KR transponder, the estimated power flux on Earth surface is about -108 dBW /m?,
while for the global positioning system (GPS) L1 signal, it is -140.5 dBW/m?. Therefore,
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the passive radar system based on the novel LEO communication satellites is expected to
achieve better detection ranges than the already experimentally-validated passive radar based

on other satellite illuminators of opportunity.

Since the transmitter-ground target distance is much longer than the considered target-
receiver distances, a 10 dB increase in the SNR (e.g. by considering larger target RCS)
results in a detection range improvement by a factor of about 3. However, in relation with
the maximum detection ranges, the illumination pattern of the satellites also needs to be
considered because, in order to retrieve the reference signal and apply the cross-correlation
processing, both the reference channel receiver and the target have to be illuminated by the

same spot beam.

With the objective to estimate the size of the Starlink spot beam footprints on Earth
surface, Figure 5.19 shows the results obtained by simulating a planar square phased-array
antenna with a 2.25° -3 dB-beamwidth in broadside (nadir) direction [Spal6] to carry out a
hexagonal cell deployment with fixed cell centers on Earth surface around the area centered
at 50.5°N, 7.38°E. Two different satellite locations are considered along a satellite pass. The
practically elliptical footprints change during the satellite pass due to the beam widening
behaviour of phased-array antennas when pointing away from broadside direction, and to
the distance and incident angle variations. However, the minor axis of Starlink spot beam
-3 dB-footprints is always longer than 20 km. Since OneWeb satellites have wider highly
elliptical beams and a higher altitude, their spot beams have a larger footprint on Earth

surface of about 1100x70 km.

The achievable range resolution on the Earth surface is time-varying and depends on the
position of the illuminating LEO satellite and the receiver. Considering a 240 MHz channel
bandwidth, two Starlink satellite positions (i.e. altitude 550 km) with different satellite
elevation angles along one pass and a receiver placed at Fraunhofer FHR (50.617°N, 7.132°E),
Figure 5.20 represents the range resolution on Earth surface in the orthogonal direction of
iso-range contours. As can be observed, when the satellite is in a low elevation position, the
area between the satellite and the receiver (i.e. around the projection of the baseline on the

Earth surface) presents a diminished resolution, while the area around the extended baseline
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Figure 5.19: Spot beam footprints at -3 dB and -10 dB for two positions of a Starlink
satellite (with 53° inclination orbit) considering a rectangular phased array antenna with a -3
dB-beamwidth of 2.25° at broadside (nadir). In order to compare with the size of a OneWeb
beam footprint, a 70 km width associated with the -3 dB-beamwidth of a OneWeb beam in
the South-North direction is shown in grey.

(i.e. beyond the receiver) presents a pseudo monostatic configuration with a resolution close
to 0.6 m. In contrast, when the satellite presents a high elevation angle (i.e. near-zenith
position), the achievable range resolution on Earth surface is mostly uniform with a value
around 1.25 m (i.e. the speed of light divided by the channel bandwidth). Therefore, although
a high range resolution can be achieved, if several satellites are simultaneously illuminating
the area of interest, an appropriate reference satellite selection should be done in order to

optimize the range resolution where targets are expected.

5.5.2 Required tracking antenna azimuth and elevation rate

In order to continuously track the satellites with the reference antenna, the maximum tracking
speed of the system should be greater than the maximum azimuth and elevation rate reached
by the satellites during their passes. Figure 5.21 shows the analysis of an exemplary near-
zenith pass of a Starlink satellite for a receiver placed at Fraunhofer FHR (50.617°N, 7.132°E)
including the temporal evolution of the baseline length and Doppler frequency (for a 11.7
GHz transmitter center frequency) and the satellite’s azimuth, elevation, azimuth rate and

elevation rate.
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Figure 5.20: Achievable range resolution on Earth surface and iso-range contours (black curves,
in km) for two positions of a Starlink satellite (with 53° inclination orbit) at 40° elevation
angle (left) and close to 90° elevation, i.e. near-zenith position (right), and a receiver placed
at Fraunhofer FHR.

The fast relative motion of the satellite is reflected in the high Doppler frequency of the
direct signals. Besides, considering a minimum elevation of 40°, a near-zenith pass lasts around
2.7 minutes, other passes being of shorter duration. However, even for near-zenith passes, the
required azimuth and elevation rate is limited to 5°/s which is completely feasible for current
systems, including mechanical tracking systems. Both considered tracking antennas for the

developed prototypes, i.e. EPAK and Kymeta antennas, meet this requirement.

5.5.3 Estimated accuracy of satellite position predictions

Using the methodology suggested in [Osw06], the position prediction confidence level of the
SGP4 orbit propagator based on TLE data is approximately evaluated for Starlink LEO
satellites. This method is based on the comparison of satellite positions propagated from
previous and later TLE data with the position obtained by TLE data at their specific epochs
without propagation. In this way, assuming uncorrelated errors in subsequent TLE data and
low errors of the orbital parameters at the TLE epoch, the accuracy of the propagation method
can be approximately assessed. This historical analysis is performed using TLE data provided

by the 18" Space Control Squadron (SPCS) through space-track.org [spa] during one month.
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Figure 5.21: Analysis of a near-zenith pass of a Starlink satellite.
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Figure 5.22: Box plots of satellite position propagation errors in RTC coordinates for the
STARLINK-1007 satellite based on historical analysis of TLE data and using SGP4 propaga-
tion method.

As an example, Figure 5.22 shows the results for the operational satellite STARLINK-1007

with box plots for radial, transverse and cross-track (RTC) coordinate errors.

As can be observed, for a propagation time less than 15 hours, the error in transverse and
cross-track coordinates are limited to approximately £3 km which entail a pointing error of
less than £+0.45°. Besides, supplemental TLE data are provided by CelesTrak [Cel], which are
presumed to be more accurate as they are derived from the onboard positioning measurements
and orbital data distributed by satellite operators. Therefore, taking into account that TLE
data of the satellites of these LEO constellations are updated on average every 9 hours, the
propagation of TLE data to predict the satellite positions can be considered a feasible method

to track them even with a narrow-beam reference antenna.

However, some signal processing techniques for passive radar applications, e.g. imaging
algorithms such as back-projection or Doppler radar tomography [Cri23b], would require
a higher accuracy in the transmitter position estimation. Therefore, further developments
of methods to improve the estimation of the transmitting satellite position, for example,
based on the received Doppler frequency of pilot signals [Nei21b] or interferometric techniques

[Nic22], are required.
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5.5.4 Range and Doppler migration effects

The dynamics of LEO satellites give rise to fast changes of the bistatic geometry (i.e. bistatic
range and Doppler frequency) that result in migration effects of the target response when
the target bistatic range and Doppler frequency change more than the associated resolution
during the integration time. In this case, if target motion compensation (TMC) techniques
are not applied, the energy of the target is smeared throughout several resolution cells, and

the achieved integration gain is diminished.

In order to compute the target migration, the following definitions of the bistatic range Ry;
and Doppler frequency fp have been considered, which include the effect of the dynamic

baseline due to the movement of the satellite but assume a static receiver:

Rui (1) = Ro () + R () — L (1) (5.1)
fou =5 0] =~} | 3o )+ S Re ()= HL(O 52
1

— X [(Usat - UTgt) ! 'L_L‘Ta:ngt + 'UTgt : ﬁTgtme - 77sat ' 'L_I:T:lifR:B]

where Ry (t) is the time-dependent transmitter-to-target distance, Rp (t) is the time-dependent
target-to-receiver distance, L (t) is the time-dependent baseline length (i.e. transmitter-to-
receiver distance), A is the wavelength associated with the center frequency of the transmitted
signal (taken as 11.7 GHz in the performed analyses), Uy, is the three-dimensional velocity
vector of the satellite, Uy is the three-dimensional velocity vector of the considered target
(null for static clutter), Wr,—rq is the unitary vector in the direction from the transmitter to
the target, Uy, is the unitary vector in the direction from the target to the receiver, and

Uty Re 18 the unitary vector in the direction from the transmitter to the receiver.

Figure 5.23 shows the bistatic range and Doppler migration undergone by a stationary
ground target as a function of its position around a passive radar receiver placed at Fraunhofer
FHR for an integration time of 1 s and a near-zenith Starlink satellite position along its

trajectory.
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Figure 5.23: Bistatic range and Doppler migration of a stationary ground target as a function
of its position around a receiver placed at Fraunhofer FHR for an integration time of 1 s and
a near-zenith Starlink satellite position. Target 1 and Target 2 mark the positions analysed
in Fig. 5.24.

In addition, for the same satellite position, Figure 5.24 represents the bistatic range and
Doppler migration as a function of the integration time for two specific target locations (i.e.
[0, 2000] m and [2000 , 0] m in Cartesian coordinates with respect to the receiver position).
As expected, large bistatic range and Doppler migration levels occur, which significantly limit
the integration time if TMC approaches are not considered. Given the high range resolution
of the system, even the response of static ground scatters may cross several range resolution

cells for integration times shorter than 0.1 s.

It should be noted that, in general, higher range migration levels occurs for high elevation
angle positions in lower altitude orbits. Therefore, the use of OneWeb satellites transmission
generally results in lower target migration effects. Besides, if multiple satellites are illuminating
the area of interest, the selection of the reference satellite can be made in order to achieve a

favourable geometry that decreases the range and Doppler migration effects in a specific zone.

To analyse the applicability of TMC algorithms by simulating a scenario based on the signal
model described in Equations 2.14 and 2.15, Figure 5.25 shows a comparison of range-Doppler
maps obtained without TMC and applying a 15 order TMC algorithm based on Keystone

transform [Pigl7] for a coherent integration time of 0.5 s, a stationary ground target located
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Figure 5.24: Bistatic range and Doppler migration as a function of the integration time for
two static ground targets at [0,2000] m and [2000, 0] m in Cartesian coordinates with respect
to the receiver placed at Fraunhofer FHR, and a near-zenith Starlink satellite position.

at [0,2000] m with respect to the receiver and the satellite location and orbit represented in

Figure 5.26.

As can be observed, without TMC, the energy of the target is spread throughout several
resolution cells preventing target detection for low input SNR levels. However, since the
target mainly undergoes range migration, a 15 order TMC approach is appropriate to focus
the target, achieving enough integration gain to enable its detection for both the input SNR
levels considered (-40 dB and -60 dB). Longer coherent integration times and more distant or
moving targets may require 2" order TMC algorithms to additionally compensate for the

induced Doppler frequency rate.

5.5.5 SAR and polarimetric modes

The predictable dynamics of the satellites enable the application of SAR techniques in order
to focus the response of static ground scatters and obtain an image of the area improving the
cross-range resolution. However, as shown in Figure 5.27, different satellite positions along the
trajectory (i.e. different bistatic geometries) give rise to different iso-range and iso-Doppler
curve patterns. Therefore, some bistatic geometries are favourable to increase the cross-range

resolution in certain areas of the scenario, usually when iso-range and iso-Doppler curves are
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Figure 5.25: Range-Doppler (RD) maps obtained with no TMC and with a 1% order TMC
algorithm. A coherent integration time of 0.5 s is considered for simulated scenarios composed
of a stationary ground target located at [0,2000] m with an input SNR of -40 dB (left) and
-60 dB (right) and the Starlink satellite position, shown in Figure 5.26, at 75° elevation angle
from the receiver.
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Figure 5.26: Considered Starlink satellite orbit and specific location, marked by a circle, for
the range-Doppler map simulation with range and Doppler migration effects.
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Figure 5.27: Iso-range (ellipses) and iso-Doppler (lines) curves for two exemplary geometries
considering a trajectory of a Starlink satellite with 53° inclination when the satellite is at a
low-elevation position (left) and when the satellite is near its culmination point, i.e. maximum
elevation (right), for a receiver placed at Fraunhofer FHR.

nearly orthogonal. These geometries can be achieved, for example, when the satellite is near
its culmination point (i.e. maximum elevation) and the imaging is performed in a side-looking
configuration from the satellite track. Thanks to the different orbits, which provide a spatially
diverse and multiangle illumination as shown in Figure 5.28, the reference satellite can be

selected to achieve a favourable geometry for the area of interest.

Considering a zenith satellite location, Figure 5.29 represents an estimation of the achievable
cross-range resolution on Earth surface (i.e. in the tangent direction to the iso-range curves) as
a function of the coherent integration time at 5 km from the receiver for a side-looking imaging
configuration. For this estimation, the transmitting synthetic aperture has been approximated
as a linear array (i.e. linear satellite trajectory) with an approximate -3 dB-beamwidth given
by A3y = %, where A is the wavelength associated to the center frequency of the signals (i.e.
11.7 GHz for the performed analysis), and D is the length of the synthetic array based on the
velocity of the satellite and the integration time [Shol4]. This approximation is considered
suitable based on the analysed integration times shorter than 10 seconds, and the distance
to the satellites. It is also important to note that in this considered scenario, if the area of
interest is limited to the side-looking region, the iso-Doppler curves are almost orthogonal to
the iso-range curves, as similarly shown if the receiver is looking towards South in the bottom

graph of Figure 5.27.
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Figure 5.28: Satellite ground tracks for ascending and descending zenith passes of OneWeb
and Starlink satellites of different constellation shells for a receiver (RX) placed at Fraunhofer
FHR. The passes are represented for a duration of 60 s. The values inside the figure indicate
the elevation of the satellite from the ground receiver located at (0,0) at the position of the
markers, which are represented every 15 s (the markers associated to 30 s that lay over the
RX are not represented for simplicity).
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Figure 5.29: Estimated achievable cross-range resolution with SAR processing as a function
of the coherent integration time for a side looking configuration and a zenith position of
OneWeb and Starlink satellites, considering a receiver placed at Fraunhofer FHR. Similar
side-looking cross-range resolutions are estimated for the different Starlink constellation shells
and, therefore, their associate curves overlap.

As expected, the faster relative dynamics and lower altitudes of Starlink satellites give
rise to a better achievable cross-range resolution. However, these estimations show that
sub-meter cross range resolution might be achieved with both constellations as transmitters
of opportunity. Nevertheless, to effectively achieve these resolutions the coherence of the
target responses and the receiver must be guaranteed during the integration time. Besides,
the trajectory of the reference satellite during the integration time needs to be estimated with
a high accuracy in order to apply the back-projection algorithm. Although the propagation
of the orbital data might not achieve the required level of accuracy, as shown before, methods
based on the exploitation of the Doppler frequency of the received direct signal (e.g. beacon
signals of Starlink) could be used to improve the trajectory estimation accuracy, apart from
applying auto focus algorithms that compensate for residual motion errors in the SAR

processing [Che21].

Since multiple simultaneous illuminating satellites are potentially available, the use of these

dense satellite constellations as illumination of opportunity not only provides a multiangle
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Figure 5.30: Sky plot of Starlink (shells 1 and 2) and OneWeb passes during two time intervals
of 180 s, showing a complementary geometry between constellations. Solids lines are to
compare a specific OneWeb pass with a Starlink pass.

illumination of the area, that can reduce shadows and increase spatial diversity, but also enable
the application of multistatic SAR techniques, which may eventually extend the coverage or
improve imaging resolution. A multistatic fusion approach for imaging applications based
on the exploitation of the Starlink narrow-band pilot signals from multiple satellites, as a
robust illumination of opportunity, applying Doppler radar tomography has been investigated
in [Cri23b]. An additional approach is to consider the complementary geometries, shown in
Figure 5.30, given by the orbits of OneWeb satellites (i.e. 86.4° orbit inclination), which pass
in the South-North direction, and Starlink satellites from shells 1 and 2 (i.e. 53° and 53.2°
orbit inclinations), which predominantly pass in the West-East direction. This multistatic
geometry leads to different target bistatic range, bistatic Doppler frequency, bistatic angle
and incident angle from the transmitter along time, as represented in Figure 5.31, providing

the possibility to exploit spatial diversity thanks to the dense satellite networks deployed.

In addition to the multiangle illumination with spatial diversity, these novel illuminators
of opportunity also allow the application of polarimetric methods. Both the multiangle
illumination and polarization information may improve the target classification performance

of the system [San21].
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Based on the available information, user-downlink signals may be transmitted in both or-
thogonal circular polarizations. If the reference and surveillance channels allow the digitization
of two orthogonal polarization (horizontal and vertical or RHCP and LHCP) and the satellites
simultaneously transmit pseudo-orthogonal signals in each orthogonal circular polarization,
these signals could be separated in the receiver and exploited to get full-polarimetric informa-
tion of the targets. However, even if the satellites transmit in a single circular polarization,
the reception of the horizontal and vertical polarizations in the surveillance channel may allow

the application of hybrid compact polarimetric techniques [Mun22; Kum23|.

These analyses demonstrate the significant potential capabilities that these emerging
illuminators of opportunity offer. Nevertheless, since these are proprietary systems and there
is no available standard defining the physical layer, it is necessary to perform an experimental
characterisation of the signals and to determine their properties and suitability for passive
radar applications, mainly based on their ambiguity function, as presented in the following

section.

5.6 Experimental signal characterization for passive
radar applications

Using the developed receiving systems, Starlink and OneWeb signals were acquired in order
to perform their experimental characterization and assess their properties for passive radar

applications.

5.6.1 Starlink signals

In order to demonstrate that Starlink signals were being transmitted towards the area around
Fraunhofer FHR (50.617°N, 7.132°E), the first experimental set-up for signal acquisition was
a commercial LNB feed horn (model AK54-XT2) with linear polarization pointed towards
zenith (i.e. 90° elevation) and connected to a receiving channel of an Ettus USRP X310
software defined radio with UBX 160 daughterboards. As this receiver configuration does

not allow the digitization of a complete transmission channel (of approximately 250 MHz
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bandwidth), only the central 10 MHz bandwidth of the channel centered at 11.325 GHz was
digitised without any antenna polarization axis alignment since Starlink signals were expected

to be circularly polarized.

During a 150 second signal recording, 32 Starlink satellites met the elevation angle
requirement (i.e. greater than 25°) specified in the constellation application. However, as
shown in Figure 5.32, only 4 satellites crossed the estimated 60° -3 dB-beam of the LNB feed
horn during this signal acquisition. The computed spectrogram of the received signal centered
at 11.325 GHz, shown in Figure 5.32, confirms the reception of Starlink beacon signals around
the center frequency of the selected transmission channel. As can be seen, the received beacon
signals follow the estimated Doppler frequency pattern based on the predicted trajectory of
the satellites (overlaid as coloured lines), although they present a frequency shift possibly
due to orbit propagation inaccuracies from TLE and a local oscillator frequency bias of the
receiver as it was not GPS-locked during these measurements. These patterns also show the
fast changes (approximately up to 3.4 kHz/s) of the Doppler frequency of the received signals
during the passes due to the dynamics of the LEO satellites.

As can be seen in the spectrum represented in Figure 5.33, nine beacons or pilot signals
are transmitted with 44 kHz separation between them. These beacons could be used to point
the reference antenna towards the satellite and to estimate and compensate the frequency

offset of the received signals.

These signals are received during a long-time interval while the satellite is passing. Therefore,
they can be considered as an “always-on” signal whose transmission does not depend on
the number of users connected to the network or to the network load. Although this kind
of “always-on” signals is particularly suited to be used as illumination of opportunity for
passive radars, in terms of availability and robustness, the narrow bandwidth of these beacons
prevents their usefulness with common signal processing techniques. However, by exploiting
the dynamic multistatic geometry of the transmitting network, the application of only-Doppler

or Doppler radar tomography approaches can be considered [Cri23b].

Thanks to the enhanced instantaneous bandwidth of the developed SABBIA 2.0 passive

radar system, a complete user-downlink transmission channel can be recorded, enabling the
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Figure 5.32: Sky plot of Starlink satellite passes (left) during a 150 second signal recording at
11.325 GHz center frequency with an LNB feed horn of 60° -3 dB-beamwidth pointed towards
zenith connected to an Ettus USRP X310, and computed spectrogram of the received signal
(right). The Doppler frequency of the satellites that present an elevation above 50° during
the measurement are overlapped (dash line for elevation interval between 50° and 70° and
solid line for elevation above 70°) maintaining the colors associated to each satellites for both
the sky plot and the spectrogram.
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Figure 5.33: Spectrum of the received signal at 123 s showing the beacon signals around the
center frequency of the transmission channel with 44 kHz separation between them.
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signal characterization for passive radar applications. By tracking Starlink satellites with
a high-gain reference antenna, i.e. EPAK or Kymeta antennas, based on the TLE orbital
parameters of the satellites, transmitted signals were recorded and subsequently processed,
also validating the feasibility of receiving LEO satellite signals with a narrow-beam antenna
based on the position prediction from the TLE data, in accordance with previous accuracy
analyses. During these measurements no Starlink or OneWeb terminals were used to force

the satellites to transmit and, therefore, only opportunistic transmissions were received.

Figure 5.34 shows the computed spectrograms of two received Starlink signals. As can
be observed, the time and frequency band support of the Starlink received signals during
acquisitions longer than 1 minute is different between different receptions depending on the
resource allocation and handover protocols that these satellites might be using. A higher
average received power is generally observed when the satellite is near the zenith (i.e. higher
elevation). Since Starlink satellites adapt their transmitted power and array aperture to
approximately maintain the power flux on the Earth surface along their passes, this effect
could be mainly associated to the transmission of a more continuous signal with user data
when the satellite is in a near-zenith position in comparison to the transmissions received
when the satellite is in a lower elevation which are mainly pulsed, as shown in Figure 5.35.
It is important to note that a pulsed signal decreases the effective integration time of the

passive radar signal processing and limits the unambiguous Doppler interval.

Better availability of Starlink signals could exist in other areas, depending on the net-
work load. However, this entails a typical limitation of passive radar systems based on
communication systems with respect to broadcast systems and, therefore, the exploitation of
robust "always-on" signal components should be preferably considered or automatic search
and selection methods should be developed, which could be time intensive in the case of a
dense satellite constellation as Starlink whose resource allocation and handover protocol are
not well known. For Starlink satellites, the beacon signals transmitted at the center of the
frequency channels are considered a robust transmission, which could be exploited for radar

application, as said before.
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Figure 5.34: Normalized spectrograms of received signals from two Starlink satellites using a
linearly polarized reception without polarization alignment.
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Figure 5.35: Normalized spectrogram computed with a coherent integration interval (CPI) of
1 ms of a pulsed transmission from a Starlink satellite: full-channel spectrogram (left) and
zoom to the central 1.5 MHz of the transmission channel (right).
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The ambiguity function obtained from an experimentally received signal with data trans-
mission using a coherent processing interval (CPI) of 100 ms is represented in Figure 5.36.
The ambiguity function shows a -3 dB-width of the main peak in the zero-Doppler cut of 1.25
m in agreement with the theoretical 5, where c is the speed of light and B is the bandwidth
of the signal (i.e. 240 MHz). In the zero-range cut, the -3 dB-width of the main peak (i.e.
Doppler frequency resolution) is about 10 Hz corresponding to a 100 ms CPI. Although,
the “noise-floor” is below 40 dB, the zero-Doppler cut displays a single ambiguity with level
-33 dB associated with the cyclic prefix of the OFDM modulation, while the zero-range cut
presents several ambiguities (i.e. at odd multiples of 188 Hz and at 686 Hz) due to the internal
structure of the received signal and to some periodic OFDM symbols without transmission,
which should be considered when developing the signal and data processing for the suggested
passive radar architecture, for example, by attempting to remove them based on the reciprocal
filter [Gas16]. As with other OFDM-based communication systems used as illuminations of
opportunity (e.g. Digital Video Broadcasting — Terrestrial or Long-Term Evolution [Evel5]),
the ambiguities in Doppler can be associated with the repetition of synchronisation signals or
channel estimation pilots along multiple frames of the signal or, in communication system,

some periodicity in the intervals without transmission.

Besides, the Starlink ambiguity function changes over time due to the different network
load and worsens when less user data is being transmitted and a pulsed signal is received. For
example, the zero-Doppler cut shown in Figure 5.37 for a time interval of 80 ms with a pulsed

signal structure, i.e. with low data payload transmissions, presents higher ambiguity levels.

Nevertheless, when user data is being transmitted, the obtained ambiguity function is
considered suitable for high-resolution passive radar applications with a thumbtack shape (i.e.

a narrow peak at zero range and zero Doppler with low sidelobe levels and ambiguities).

5.6.2 OneWeb signals

Figure 5.38 shows the computed spectrogram of a received OneWeb signal during approximately
3 minutes in agreement with the satellite pass duration. The spectrogram shows an alternating

pattern between two adjacent frequency channels related to the use of multiple fixed beams in
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Figure 5.36: Normalized range-Doppler ambiguity function computed using 100 ms CPI from
a received Starlink user-downlink signal with data transmission (filtering the 250 MHz of the
transmission channel).
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Figure 5.37: Normalized autocorrelation (i.e. zero Doppler cut of the AF) computed with a
CPI of 80 ms of a pulsed transmission from a Starlink satellite.

128



5.6. EXPERIMENTAL SIGNAL CHARACTERIZATION FOR PASSIVE RADAR

the satellite-body reference coordinates that illuminate the area sequentially. This pattern has
been observed in all performed OneWeb downlink signal measurements, showing a more robust,
predictable and non-pulsed illumination of the area and an easier selection of the illuminating
satellite (i.e. the satellite with higher elevation from the receiver location). However, the
validity of this result should be analysed in the future when the OneWeb constellation starts

to provide general communication services.

OneWeb satellite
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Figure 5.38: Normalized spectrogram of a received signal from a OneWeb satellite using a
linearly polarized reception without polarization alignment.

The waveform diversity between both constellations is visible in the different ambiguity
function that is obtained from the experimentally received OneWeb signal with a coherent
processing interval (CPI) of 100 ms, represented in Figure 5.39. Similar to Starlink signals,
the widths of the main peak in the zero-Doppler and zero-range cuts correspond to the 240

MHz signal bandwidth and 100 ms CPI. However, some differences are observed in the level of
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ambiguities and sidelobes (i.e. “noise-floor”). OneWeb signals show a lower and more uniform
“noise-floor” level with multiple ambiguities with a level lower than 40 dB in the zero-Doppler
cut, while the common sinc-like pattern is obtained in the zero-range cut. However, for cuts at
non-zero delays (i.e. vertical cuts of the 2D AF shown in Figure 5.39), sidelobes at multiples
of 100 Hz are observed, possibly due to a signal frame structure associated to a 10 ms period.
Nevertheless, the obtained ambiguity function is also considered suitable for high-resolution

passive radar applications with low sidelobe levels and ambiguities.
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Figure 5.39: Normalized range-Doppler ambiguity function computed using 100 ms CPI from
a received OneWeb user-downlink signal (filtering the 250 MHz of the transmission channel).
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Having shown the technical feasibility and promising capabilities as illumination of oppor-
tunity of the user-downlink signals transmitted by the emerging LEO satellite constellations
for broadband communications, as well as experimentally evaluated their ambiguity functions,
which show properties suitable for high resolution passive radar applications, their preliminary
experimental validation was performed. For this purpose, two measurement campaigns were
carried out using the developed systems that allow the acquisition of the reference signals
transmitted by the satellites and of the surveillance signals that include target and clutter
scattered signals. Preliminary results of these measurement campaigns, which were focused
respectively on the measurement of signals reflected by clutter or static elements of the
monitored area, and on the measurement of signals reflected by a drone to evaluate the

feasibility of the proposed system for moving target detection, are shown in the next chapter.
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Chapter 6

Broadband Communication LEO
Satellite-Based Passive Radar:

Experimental Validation

In order to validate the exploitation of user-downlink signals from broadband communication

LEO satellites for passive radar applications, two measurement campaigns were performed:

o The first field test was focused on the measurement of scattered signals from clutter or
static elements in the area and was performed by deploying the SABBIA 2.0 passive radar
system at an elevated location overlooking the Rhine river valley. These measurements
are related to future remote sensing and structure monitoring applications, such as

avalanche detection.

o The second field test is focused on the measurement of scattered signals from a medium
sized drone, i.e. DJI Matrice 350 RTK. These measurements are related to future
surveillance applications of critical infrastructures or platforms, or to 24/7 monitoring of
drone flight or landing zones without the need to deploy active radars that contribute to

the spectrum congestion and possible interference with critical communications systems.

The results obtained in these measurement campaigns are presented below, which allow to

validate the presented concept and demonstrate the feasibility of detecting signals reflected
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by clutter, up to about 2 km, and by medium sized drones up to at least 150 m, using a 30°
-3 dB-beamwidth horn antenna in the surveillance channel. However, these results can be
considered preliminary in the sense that better performance is expected from the application

and validation in the future of more advanced radar signal processing techniques.

6.1 Area monitoring measurements

6.1.1 Measurement description

For these measurements an elevated location was selected, known as Erpeler Ley (50°34'56.9”N,
7°14”50.2"E), for the passive radar receiver with visibility over the Rhine river valley. In addi-
tion, the deployment of the system took into account the possibility of achieving appropriate
geometries for certain satellite passes to apply radar imaging techniques as a way to improve

the cross-range resolution by means of Doppler processing.

Figure 6.1 shows the satellite view of the measurement location representing the angular
sector that is not blocked by orography and vegetation towards the area to be monitored,
while Figure 6.2 show the view over the Rhine valley in the direction of the surveillance

channels during the measurement.

Erpeler Eey
Measurement location
50°34'56.9"N,7°14'50.2"E

‘F:a: SABBIA 20

Visibility sector

A
N

Google Earth 100m

Figure 6.1: Satellite view of Erpeler Ley showing the deployment location of the passive radar
system and the sector with visibility over the Rhine valley.
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Figure 6.2: View of the Rhine valley in the direction of the surveillance channels during the
measurements.

The measurement equipment consisted of the recording system SABBIA 2.0, developed by
Fraunhofer FHR and adapted for the acquisition of LEO satellite signals, and two different
types of antennas. One antenna setup consisted of two Kymeta antennas, which, as previously
described, are electronically steerable antennas with a high gain and a narrow beamwidth,
while the other one consisted of two horn antennas with fixed manual pointing, which provide
a lower antenna gain but a wider beamwidth. The dimensions of these antennas are shown in

Figure 6.3 and their main properties are summarized in Table 6.1.

(a) u8 Kymeta antenna (b) Horn antenna

Figure 6.3: Antenna setups used for the measurement campaign and associated dimensions.

| Property | u8 Kymeta antenna | Horn antenna
Pointing method | Electronically steerable + manual tilting | Fixed manual pointing
Antenna gain 37 dBi (estimated) 17 dBi
-3 dB-beamwidth 2.5° (estimated) 30°

Table 6.1: Main properties of the considered antenna setups.

As the SABBIA 2.0 system has four recording channels (i.e. eight real channels), the four

antennas can be simultaneously connected. In this way, two reference antennas (one horn and
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one Kymeta) and two surveillance antennas (one horn and one Kymeta) were used. Figures
6.4 and 6.5 show the measurement location including the antennas and the recording system
SABBIA 2.0. Figure 6.6 shows the surveillance Kymeta antenna with the industrial area in

the background to which the surveillance antennas were pointed.

Sabbia 2.0 e

Figure 6.4: Figure of the trial location showing the antennas and the recording system
SABBIA 2.0.

The reference horn antenna was pointed towards zenith, i.e. 90° of elevation. Similarly,
the tripod and tilt of the reference Kymeta antenna were set up with the reference plane
of the antenna parallel to the X-Y plane of the NED (North, East, Down) local reference
coordinates (i.e. zero roll and pitch). Besides, the azimuth orientation of the antenna body
frame (i.e. yaw) was calibrated by measuring the reference direction in which the DVB-S
signals transmitted from the geostationary satellite ASTRA-1KR were received (associated
to 164.7° azimuth and 31.0° elevation for the measurement location). With the antenna
orientation calibrated, in order to acquire the signals transmitted by Starlink and OneWeb
systems, those satellites were tracked with the electronically steerable narrow beam of the

reference Kymeta antenna based on the orbit propagation from their TLE data.
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Figure 6.5: Figure of the trial location showing the antennas, the recording system SABBIA
2.0, and the view across the Rhein valley.

Regarding the surveillance antennas, the Kymeta antenna was manually tilted by -70°
(relative to zenith) with an additional electronically tilting of -31°, while the horn antenna
was tilted by -103°, in order to locate the building at 50°34’34.15”N, 7°14’49.17”E in the
main beam of the antennas. The location and tilting values of both surveillance antennas
are also summarized in Table 6.2. Taking into account the configured tilt of the antennas
and their associated beamwidths, Figure 6.7 represents an approximation of the estimated
instantaneous footprints of the antennas over the monitored area of interest, showing the
limited footprint of the Kymeta antenna due to its narrow beam. The electronic scanning
of the Kymeta antenna beam could be considered in future measurements to expand the

monitored area, although there would be a trade-off between the covered area and the time

required.
| Antenna | Location | Tilting (relative to zenith) |
Kymeta | 50.582473°N, 7.247245°F e
Horn 00.582475°N, 7.247287°E —103°

Table 6.2: Position and tilting (relative to zenith) of the surveillance antennas.
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Figure 6.6: Figure of the trial location showing the reference Kymeta antenna and the view
across the Rhein valley. The main beam of the Kymeta surveillance antenna was configured
in the direction towards the buildings on the left.

The center frequency of all the measurements was set to 11.2 GHz. Therefore, the two
adjacent channels from 10.95 GHz to 11.2 GHz and from 11.2 GHz to 11.45 GHz, respectively,
were recorded, as previous tests showed that these channels were commonly used at the

measurement location.

For these measurements, all the channels were linearly polarized. The polarization of
the surveillance antenna channels were set to vertical, while no specific linear polarization
alignment was set for the reference antennas since, based on public information, both OneWeb

and Starlink satellites transmit circularly-polarized signals.

6.1.2 Measurement results

Using the described setup, several measurements were performed while tracking Starlink and
OneWeb satellites with the reference Kymeta antenna. Since the signal transmission depends
on the scheduling and handover protocols used by the satellites, which are currently not
well known, as well as the network load (i.e. number of users and data being transmitted),

only parts of the recordings contain signals received with enough signal-to-noise ratio in the
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Ho_rn surv.
footprint

-

Figure 6.7: Approximate estimation of the instantaneous footprint of the surveillance Kymeta
and horn antennas based on their associated -3 dB-beamwidth and configured tilt.

reference Kymeta channel to be visible in the processed spectrograms and to be, therefore,

useful as reference signals for passive radar applications.

This highlights the need to improve the modelling of the resource allocation protocols or
to implement an automatic searching algorithm scanning throughout the different frequency
channels and visible satellites in order to reduce the time in which the system is not operational

due to the lack of a received reference signal.

However, several signals from both Starlink and OneWeb satellites were recorded for different
satellite positions and trajectories, as shown in Figure 6.8, giving rise to different bistatic
geometries. For the measurement location, OneWeb satellites passes occur predominantly
in the South-North direction, while Starlink satellites from the first and second shells (i.e.
inclinations 53° and 53.2°, respectively) goes from West to East, showing complementary
geometries. Preliminary analyses of exemplary Starlink and OneWeb acquisitions are reported

below.
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Figure 6.8: Sky plot of the tracked satellites during the measurements with signal reception.
The sections of the passes with signal reception are represented with a colored solid line, while
the sections without signal reception are shown as a gray solid line. The start of the satellite
tracking is marked with a cross, while the end with a circle, showing the direction of the
satellite pass (i.e. ascending vs. descending).

Results from a Starlink signal acquisition

Figure 6.9 shows the computed spectrograms of the received signals by the four considered
channels while the STARLINK-3943 satellite was passing in ascending direction and was
tracked with the Kymeta reference antenna. These spectrograms have been computed with
a sampling interval of the time axis of 0.05 s. For each sampling interval, the Fast Fourier
Transform (FFT) is applied over 50 consecutive signal batches of 128 ps each (i.e. coherent
processing interval, CPI), which are then non-coherently averaged. Figures 6.9(a) and 6.9(b)
show spectrograms computed for signals of 113 s duration received at the reference and
surveillance Kymeta antennas, respectively, while Figures 6.9(c) and 6.9(d) represent the

spectrograms for the reference and surveillance horn antennas.

In Figure 6.9(a) (i.e. for the reference Kymeta antenna tracking the satellites), Starlink

signals can be clearly detected at positive frequencies, associated to the channel from 11.2 to
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Figure 6.9: Spectrograms of the signals recorded for 113 s with a center frequency of 11.2
GHz using the four channels during a pass of the STARLINK-3943 satellite.
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Figure 6.10: Azimuth and elevation of satellites being tracked by the reference Kymeta
antenna during the considered recording.

11.45 GHz. As shown in Figure 6.10 and in the sky plot of the satellites passes during the
measurement represented in Figure 6.11, at the beginning of the measurement, the reference
Kymeta antenna switched between three visible Starlink satellites (STARLINK-3949, -1323
and -4289), but from 20 s onwards the antenna tracked satellite STARLINK-3949, from which
signals were received. However, as the satellite was not transmitting continuously for the
complete acquisition there are some gaps without visible signals in the spectrogram, e.g. from

21 s to 35 s or from 65 s.

In order to observe the variability of the received integrated power in each recorded
transmitting channel (i.e. from 10.95 GHz to 11.2 GHz and from 11.2 GHz to 11.45 GHz) for
the different considered antennas, the level of the spectrograms was averaged over frequency

for each transmitting channel and represented along time in Figure 6.12.

As previously observed in the spectrogram of the reference Kymeta antenna, Starlink
signals are detected for certain time intervals in the upper frequency channel. While tracking
the satellite STARLINK-3949 (from time 20 s), significant jumps in the averaged level are
observed with a periodicity of 15 s, suggesting that the handover or resource allocation
protocols might operate in intervals of this duration. Although these level jumps could also
be related to changes on the network load, they are more likely due to changes of the satellite
beam that is serving the area where the receiver is located. When the averaged level is at
its maximum (i.e. between 51 s and 66 s), a spot beam at the upper frequency channel may

be steered to the receiver area, while when receiving a lower level (i.e. from 36 s to 51 s),
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Figure 6.11: Sky plot of the satellite passes (left) and projection over an Earth map (right) of
the satellites crossing the cone defined by an elevation higher than 40° during the considered
measurement. Sections of the passes crossing the reference horn antenna -3 dB-beamwidth
are represented with a colored dashed line, while the rest of the pass is represented with a
gray dashed line. Tracked sections by the reference Kymeta antenna are represented by a
solid colored line, whose start is marked with a cross and the end with a circle. Note that
the horn antenna -3 dB-beamwidth (i.e. field-of-view, FOV) covers a wider area for OneWeb
constellation due to the higher altitude of its orbits.
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Figure 6.12: Averaged amplitude level along time in both digitised frequency channels (i.e.

lower channel from 10.95 GHz to 11.2 GHz and upper channel from 11.2 GHz to 11.45 GHz)
for the four considered antennas.
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the signals might be received from a spot beam steered towards an adjacent cell. At those
intervals in which the received averaged level is low or no signal is received, the receiver area
might be served at a frequency channel which was not digitised (e.g. above 11.4 GHz) or by
another Starlink satellite among those visible (refer to sky plot in Figure 6.11). Besides, the
level variability inside each 15 s interval also shows some degree of periodicity which might be

related to the use of periodic synchronization and pilot sequences.

The level jumps and variability in the lower frequency channel for the reference Kymeta
antenna are not related to the reception of signals in this band but to an effect of the automatic
gain control (AGC) implemented in the receiving system in order to avoid saturation while
optimizing the usage of the dynamic range. When signals are received in the upper frequency
channel, the total received power increases and, therefore, the AGC increases the attenuation

to maintain the targeted averaged output level.

The averaged level of both the lower and upper frequency channels for the Kymeta and
horn antenna surveillance channels does not change along the measurement, and no direct or
scattered signals from the satellite can be detected in them without applying further processing.
In agreement with the link budgets previously performed, this results experimentally shows
that it is not feasible to receive with enough SNR the direct signal transmitted by these LEO
satellites with a wide beam antenna and, therefore, a high-gain narrow beam antenna tracking
the satelite is required to receive the full-band refrence signals. Since both surveillance
antenna main beams are pointed towards the area of interest on the ground, direct signals
might be only received through the sidelobes of the antennas with an increased attenuation,
while scattered signals from the area of interest are also attenuated due to the two-way
path propagation and to the fact that only part of the signal energy is reflected towards the
surveillance antennas. These reasons explain why these signals are below the noise level in

the surveillance channels if no further coherent integration is performed.

The slight ripples that are observed in the reference horn antenna channel for both the
lower and upper frequency bands are thought to be due to the reception with low SNR of

signals transmitted by two subsequent OneWeb satellites that were passing towards North
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during the measurement. This pattern is similarly observed in the measurements presented

below in which OneWeb satellites were tracked with the reference Kymeta antenna.

Furthermore, for both horn antenna channels, an unequal power distribution can be
observed in the spectrograms between negative and positive frequencies. This effect is thought
to be due to the frequency-dependent response of the currently used horn antennas and the

circular to rectangular waveguide transitions between the antenna output and the Low-Noise

Block (LNB) input.

Additionally to the full-band spectrograms, a closer analysis has been performed of the
1 MHz band at the center of the upper frequency channel (i.e. the band from 11.3245
GHz to 11.3255 GHz), in which beacon signals from Starlink satellites are expected to be
received. Figure 6.13 represents the computed spectrograms for the central 1 MHz-band of
the considered upper frequency channels for both the reference Kymeta and horn antennas.
These spectrograms have been computed considering a sampling interval of the time axis of
0.4 s, applying for each interval an FFT over 4 consecutive batches of 8.192 ms (i.e. CPI),
which are then non-coherently averaged. Besides, the computed spectrum for three specific
times at which the STARLINK-3949 satellite was being tracked by the reference Kymeta

antenna is represented in Figure 6.14, in which the beacon signals are shown.

As can be observed, the beacon signals transmitted from the tracked satellites are visible
in the recorded signals from the reference Kymeta antenna even at times where data signals
were not received, while no beacon signals are detected in the measurement from the reference
horn antenna. During the measurement, the satellites tracked with the reference Kymeta
antenna, whose beacon signals are detected, did not cross the main -3 dB-beamwidth of the
reference horn antenna and, therefore, these beacons may not be received with enough SNR
to be visible in the computed spectrogram. However, other three Starlink satellites crossed
the main beam of the reference horn antenna during the recording, but their beacons signals
are not detected either. Since beacons signals were detected in previous measurements using
a horn antenna, further analysis and tests are required to assess the robustness of receiving
these beacons with a low-gain wide beam antenna (in comparison to the Kymeta antenna).

This would potentially enable the simultaneous reception of the beacon signals transmitted
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Figure 6.13: Spectrogram of the central 1 MHz-band of the upper frequency channel for the
received signals with a) reference Kymeta antenna and b) reference horn antenna.
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Figure 6.14: Spectrum at the center of the upper frequency channel of the received signal by
the reference Kymeta antenna at several recording times.
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Figure 6.15: Automatic pilot detections using a CA-CFAR algorithm (red dots) and estimated
Doppler frequency for the tracked satellites (white solid lines) over the spectrogram computed
for the received signals with the reference Kymeta antenna.

by multiple visible Starlink satellites, which might be of interest for some multistatic imaging

methods [Cri23b].

To verify the reception of the beacon signals and compare their received frequency variation
with the predicted Doppler frequency for each tracked satellite from its TLE data and the
SGP4 orbit propagator, Figure 6.15 represents these Doppler predictions (white lines) and the
automatic pilot detections (red dots) obtained by the CA-CFAR (cell-averaging constant-false
alarm rate) algorithm over the spectrogram computed for the reference Kymeta antenna. As
can be seen, up to 9 pilot signals are received from each satellite with a 44 kHz separation
between them, being the central pilot normally the one with the highest level. The frequency
variations of the pilot signals match the pattern of the estimated Doppler frequency, however
there is a shift between the received center pilot frequency and the Doppler frequency estimates
that is different (positive or negative) for the different satellites tracked. It is thought that
these shifts are mainly due to inaccuracies in the satellite position estimation from the
TLE data and the orbit propagator or to synchronization differences between the satellite
transmitters and the receiver oscillators. These inaccuracies limit the application of imaging
methods, such back-projection, that compensate for the transmitter movement in order to
focus the response of the scatters. Therefore, further analysis is required to develop methods
that improve the accuracy of the satellite position estimation, for example based on the
received direct signal, in order to enable the application of imaging algorithms and effectively

increase the integration time by compensating for the movement of the transmitter.
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Nevertheless, range-Doppler maps can be computed by cross-correlating, for example,
the reference signal received by the Kymeta reference antenna and the surveillance signal
received by the surveillance horn antenna, which has a wider beam than the Kymeta antenna,
potentially receiving scattered signals from a wider area. As an example, Figures 6.16 and
6.17 show the range-Doppler map obtained for the received signals at the measurement time
of 58 s with a CPI of 3 s in which, apart from the direct signal interference at zero range
and zero Doppler and ambiguities associated to it at zero range and 40.15 kHz, some weak
scattered signals can be observed at close range and up to 750 m in bistatic range. These
signals might be associated to static elements or clutter of the area but the SNR is low to
obtain more details of it. The received signal power for Starlink satellites, which is lower than
expected, may be explained by the fact that the full user data payload was not being used.
Using a longer CPI to increase the SNR of the scattered signals would require the application
of TMC or back-projection methods that require more accurate estimations of the satellite

positions during the CPI.

However, this result already validates the operation of the developed system and the
feasibility of receiving and detecting scattered signals from an area by exploiting user-downlink
signals from the emerging broadband communication LEO satellites using a passive radar

configuration.

Results from a OneWeb signal acquisition

Similarly, Figure 6.18 shows the computed spectrograms of the signals received with the
four channels while the ONEWEB-0446 satellite was passing in ascending direction (from
South to North) and was tracked with the reference Kymeta antenna. These spectrograms
have been computed with the same parameters used previously for Starlink results. Besides,
Figure 6.19 represents the azimuth and elevation of the ONEWEB-0446 satellite being tracked
by the reference Kymeta antenna, and Figure 6.20 shows the sky plot of the satellite passes

during the measurement.

In the recorded signal from the reference Kymeta antenna, which was tracking the considered
OneWeb satellite, signals can be clearly detected with an alternating pattern between both

lower and upper frequency channels. As said before, this pattern can be explained by the way
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Figure 6.16: Range-Doppler map obtained by cross-correlating the reference signal received

by the Kymeta antenna tracking the considered Starlink satellite and the surveillance signal
received by a horn antenna pointed towards the area of interest, using a CPI of 3 s.
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Figure 6.17: Zoom of the range-Doppler map of Figure 6.16 in which clutter scattered signals
are observed with low SNR.
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Figure 6.18: Spectrograms of the signals recorded during 162 s for a center frequency of 11.2
GHz with the four channels during a pass of the ONEWEB-0446 satellite.
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Figure 6.19: Azimuth and elevation of the ONEWEB-0446 satellite being tracked by the
reference Kymeta antenna during the considered recording.
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Figure 6.20: Sky plot of the satellite passes (left) and projection over an Earth map (right) of
the satellites crossing the cone defined by an elevation higher than 40° during the considered
measurement. Sections of the passes crossing the reference horn antenna -3 dB-beamwidth
are represented with a colored dashed line, while the rest of the pass is represented with a
gray dashed line. Tracked sections by the reference Kymeta antenna are represented by a
solid colored line, whose start is marked with a cross and the end with a circle.

OneWeb satellites illuminate a point on the ground with consecutive beams which are fixed in
the satellite body reference, while adjacent beams transmit in different frequency channels to
avoid interference. Although, no signals are visible in the spectrograms of both surveillance
antennas, a slight ripple is observed in the spectrogram of the reference horn antenna, which
is clearer in the averaged level for each considered frequency channel represented in Figure
6.21, due to the low SNR reception of OneWeb signals from the satellite crossing the main
beam. Each of the beams illuminate a certain point on ground for about 10 seconds which is
in agreement with the specified beamwidth in the along track direction of the transmitting

OneWeb beams.

The received signals from OneWeb satellites covered the full 240 MHz channel, while
no narrow-band beacon signals are observed. It is known that OneWeb signals are single
carrier-time division multiplexed (SC-TDM) signals and, therefore, synchronization and pilot
sequences would typically cover the full band. Since no averaged level changes are observed
that could be associated to changes on network load, which are expected in a common
operation of a communication system, the received signals might be some kind of test signals

or “always-on” components (i.e. synchronization and pilot signals).
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Figure 6.21: Averaged amplitude level along time in both digitised frequency channels (i.e.
lower channel from 10.95 GHz to 11.2 GHz and upper channel from 11.2 GHz to 11.45 GHz)
for the four considered antennas.

An exemplary result of the range-Doppler map computed based on the cross-correlation
between the reference signal received with the Kymeta antenna and the surveillance signal
received by the horn antenna at the measurement time of 55 s for 0.54 s of CPI, without
applying any motion compensation or back-projection, is shown in Figure 6.22. This result
validates the possibility to measure scattered signals exploiting OneWeb transmissions and,
compare to the Starlink results, presents better SNR due to the characteristics of the received

OneWeb transmissions, which are received with a uniform level for each beam along the pass.

Figure 6.23 shows the analysis of the bistatic geometry at the considered time in terms
of the bistatic range, bistatic Doppler frequency and bistatic Doppler frequency rate for the
monitored area considering its orography and static clutter. As can also be seen in Figure 6.24,
the specific geometry during the CPI, with the surveillance horn antenna looking South and
the OneWeb satellite also approaching from South, leads to iso-range curves whose tangents
at the points associated to the pointing direction of the antenna are mostly parallel to the
iso-Doppler curves, giving rise to the quasi linear dependency between bistatic range and
bistatic Doppler which is observed in the clutter scattered signals of the range-Doppler map,
and not much angle-dependant clutter spread. In addition, spatial ambiguities occur as several

points present the same bistatic range and Doppler frequency.
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Figure 6.22: Range-Doppler map computed with a 0.54 s CPI by cross-correlating the reference

signal received with the Kymeta antenna and the surveillance signal received with the horn
antenna looking South for a OneWeb acquisition with the satellite approaching from South.
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Figure 6.23: Bistatic range, bistatic Doppler frequency and bistatic Doppler frequency rate for
the monitored area at the considered measurement time. Iso-range and iso-Doppler curves are
marked by dashed black lines. The -3 dB-footprint of the surveillance horn-antenna pattern

is marked with a solid red line.
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Figure 6.24: Iso-range and iso-Doppler curves (dashed black lines) over an altitude map of
the monitored area. The -3 dB-footprint of the surveillance horn-antenna pattern is marked
with a solid red line.

In order to better match the measured range-Doppler clutter response with a simulated
one considering the specific position and dynamics of the reference satellite at the measured
time, it has been observed that a time-shift can be applied to the predicted trajectory of the
satellite from the TLE data. This is due to the already discussed inaccuracies of the satellite
orbit propagation from TLE data using the SGP4 model. A similar time-adjustment method
to reduce the SGP4 propagation error in the context of opportunistic navigation exploiting
LEO satellites has been presented in [Hay23]. As an example, for the considered measurement
time, after applying a 4 s-time shift to the propagated satellite trajectory, the projection of a
grid of points in line of sight (LOS) and inside the antenna footprint (Figure 6.25) over the
range-Doppler map matches the measured clutter response, as shown in Figure 6.26. Besides,
Figure 6.27 represents the projection over the range-Doppler domain of the grid of points in
LOS for a £45° sector and for the antenna footprint, showing how the antenna beam limits

the clutter Doppler spread as the instantaneous field-of-view is narrower.

Given the analysed bistatic geometry, when projecting the range-Doppler map onto a
geographic coordinate system, no cross-range resolution improvement is observed, as shown in
Figure 6.28 and, also, in Figure 6.29 over a satellite image of the area. This result motivates

the future application of fusion or multistatic approaches to exploit the spatial diversity offer
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Figure 6.25: Surface points in line of sight from a grid spanning a £45° azimuth sector around
the surveillance antenna pointing direction. The color of each point represents its associated
altitude. The -3 dB-footprint of the surveillance horn-antenna pattern is marked with a solid
red line.
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Figure 6.26: Projection (in black) of LOS points inside the surveillance -3 dB-antenna
beamwidth over the computed range-Doppler map.
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Figure 6.27: Projection of surface points onto the range-Doppler domain.
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Figure 6.28: Computed range-Doppler map projected onto a geographic coordinate system
around the receiver location.

by the dense satellite constellations and the development of methods to select the reference
satellite based on the optimization of the geometry for the area of interest. Nevertheless,
comparing the projected range-Doppler map onto the geographic coordinates, distinctive

features of the monitored area can be observed, e.g. the limit of the river.

Figure 6.30 represents the computed range-Doppler map for another time interval further
on the satellite trajectory showing how the evolution of the geometry along the satellite pass
changes the bistatic range and Doppler frequency of the received scattered signals. This is also
observed in Figure 6.31 which represents a max hold of the range-Doppler maps computed
during 8 seconds, clearly showing the bistatic range and Doppler migration that even clutter
scattered signals suffer and the need to apply motion compensation techniques based on
an accurate estimation of the satellite positions during the CPI to effectively increased the
integration time and possibly improve the signal-to-noise ratio of the scattered signals and

the resolution in the cross-range dimension.
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Figure 6.29: Computed range-Doppler map projected onto a geographic coordinate system
around the receiver location and compared with a satellite image from Google Earth.
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Figure 6.30: Range-Doppler map computed with a 0.54 s CPI by cross-correlating the reference
signal received with the Kymeta antenna and the surveillance signal received with the horn
antenna looking South for a OneWeb acquisition with the satellite approaching from South
for a later time than the result in Figure 6.22.
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Figure 6.31: Max-hold over the range-Doppler maps with CPI 0.54 s computed during 8.7 s
for the considered OneWeb acquisition.
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6.2 Drone detection measurements

A measurement campaign at Fraunhofer FHR, (50°37°2.12”N, 7°7'40.62"E) with a cooperative
target, i.e. a medium size DJI Matrice 350 RTK drone, has also been performed to evaluate and
validate the possibility of exploiting these LEO satellite signals as illumination of opportunity

for surveillance applications.

Figure 6.32 shows the setup and location of the measurement in which two Kymeta
antennas were used as reference antennas and two horn antennas with a baseline of 70 cm
between them were used as surveillance antennas. The manual tilt of the Kymeta antennas
was set to zero, i.e. pointing towards zenith, and they were controlled to tracked the selected
reference satellites after an azimuth calibration based on the reference direction from Astra
19.2° satellites. The horn antennas, which have an estimated -3 dB-beamwidth of 30°, were
manually pointed towards 230° in azimuth with an elevation of 9° monitoring a sector in

which the cooperative target performed radial flights at a speed of around 4 m/s.

o
| - Hm

T
Kymeta antenna 1 Kymeta antenna 2

= L \
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Figure 6.32: Measurement scenario to validate the target detection capabilities: Picture of
the setup including the cooperative drone, two Kymeta antennas used as reference channels
and two surveillance horn antennas used as surveillance channels (left), and satellite view of
the area indicating the pointing and monitored sector of the horn antennas in which radial
flights were performed by the cooperative drone.

As preliminary results, Figure 6.33 shows the obtained range-Doppler map based on the
cross-correlation of a OneWeb reference signal received by a Kymeta antenna and a surveillance

signal received by a horn antenna for a CPI of 0.36 s during a time interval in which the
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drone was approaching the receiver at approximately 4 m/s. A scattered signal at around
150 m bistatic range and 115 Hz bistatic Doppler frequency, which could be associated to the
cooperative target can be observed. However, the non-coherent integration of range-Doppler
maps computed during 3 s shows a blurred target response, which is expected given the high
range resolution of the system and the range migration effects. Therefore, in order to increase
the CPI, target motion compensation techniques would be require in order to improve the
SNR of the target scattered signals and enable the detection of targets at longer ranges or

targets of lower RCS.

o Range-Doppler Map [dB] 0 Non-coherent integration Range-Doppler Map
- [dB]
-0.3 20
0.2
-0.2
v ~ 15
L 01 I
=7 = 0.1
g 0 )
g g Og 10
£ &
[} —
- [4}]
o _
g 0.1 g 0.1
[m] (=) 5
0.2 0.2
0
0 100 200 300

0 50 100 150 200 250

bist. range [m
bist. range [m] ge [m]

Figure 6.33: Preliminary drone detection results: Range-Doppler map computed by the cross-
correlation using a OneWeb reference signal received by a Kymeta antenna and a surveillance
signal received by a horn antenna with a CPI of 0.36 s for a time in which the drone was
approaching the receiver at 4 m/s (left) and non-coherent integration of range-Doppler maps
with CPI 0.36 s computed during 3 seconds (right).

Nevertheless, this result also experimentally validates the exploitation of user-downlink
signals from broadband communication LEO satellites for target detection applications showing
the feasibility to detect a medium-size drone at ranges up to at least 150 m using a surveillance
antenna of 30° -3 dB-beamwidth. The application of target motion compensation techniques
[Pigl7] to enable longer coherent integration times and clutter cancellation algorithms [Col09]
is expected to improve these results and enhance the target detection capabilities of the

proposed system.
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6.3 Conclusions

The exploitation of user-downlink signals transmitted by the novel broadband communication
LEO satellites as emerging illuminators of opportunity for passive radar applications has been

analysed and experimentally validated using developed prototypes.

The characteristics of these satellite constellations such as Starlink or OneWeb are of great
interest for the development of satellite-based passive radars in terms of their global and
persistent coverage, number of satellites, estimated received power level on Earth surface
and maximum signal bandwidth. Theoretical analyses performed of the maximum achievable
range and Doppler resolutions, as well as the experimental characterisation of their signals
for passive radar applications, have shown the promising capabilities of these illuminators of

opportunity.

The design and development of a passive radar architecture based on the use of narrow-
beam high-gain antennas with satellite tracking capabilities to receive the reference signals
have also allowed to carry out measurement campaigns for the experimental validation of
this emerging concept. These field tests have demonstrated the capability to detect clutter
scattered signals from a monitored urban area up to 1.5 km from the receiver, and scattered
signals from a medium-size drone up to 150 m from the receiver using a 30° -3 dB-beamwidth

horn antenna for the surveillance channel.

However, a number of limitations has been observed and discussed, which need to be

further addressed in order to develop more robust systems with enhanced capabilities.

As the considered LEO satellites are communication systems and not broadcast systems,
the availability and characteristics of the signals is closely related to the transmission of data
payload, the number of users, and the handover and resource allocation protocols used by
these satellites. Therefore, it is necessary to identify robust signal components (i.e. "always
on'" signals) such as the beacon signals transmitted by Starlink satellites, or to implement
automatic search methods to select the appropriate satellite and frequency channel with data
transmission. Furthermore, system capabilities such as, for example, range or cross-range

resolutions depend on the bistatic geometry and, therefore, the reference satellite can be
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selected based on the optimisation of the geometry for the area of interest. The expansion
of these satellite constellations and the deployment of new ones that will provide greater
spatial and signal diversity are expected to improve the availability of signals transmitted
with a suitable geometry, although this will also increase the complexity of the selection
methods. Also, the development of digital arrays with the ability to synthesise multiple
independent beams will allow the simultaneous tracking and reception of multiple reference

signals transmitted by different satellites, enabling the application of multistatic techniques.

The predictable movement of LEO satellites theoretically enables the application of imaging
methods to improve cross-range resolution based on bistatic SAR with ground-based receivers.
However, to allow the application of imaging methods based on the satellite movement
compensation, e.g. back-projection, and to increase the coherent integration time, the position
estimation accuracy typically obtained by propagating the satellite TLE data with the SGP4
model is not enough to focus the scattered signal responses, being necessary to implement
more accurate estimation methods possibly based on the processing of the direct signals
(e.g. orbit determination techniques based on the estimation of the Doppler frequency of
the received direct signals). In addition, these satellite dynamics also give rise to range and
Doppler migration effects and spread clutter in target detection applications, requiring the
application of TMC techniques to effectively increase the coherent integration time and more

complex clutter cancellation or GMTT algorithms.

The results obtained in this part of the thesis have demonstrated the technical feasibility of
exploiting broadband communication LEO satellite signals for passive radar systems, enabling
the application of emerging remote sensing or surveillance techniques. Besides, the ongoing
expansion of the spatial sector with an increasing number of planned satellite constellations,
including also governmental communication constellations such as the European IRIS?, and the
use of novel frequency bands, such as V-band, are expected to promote further investigation

and developments of the presented concepts and techniques.
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Chapter 7

Conclusions and Future Work

Based on the discussion of the results and conclusions presented in the parts associated with
the LTE-based passive radar and the broadband communication LEO satellite-based passive
radar, this chapter presents the main conclusions of this thesis and the envisioned future

research lines.

7.1 Conclusions

This thesis has focused on the analysis, design, development and experimental validation
of systems and techniques for the exploitation of two types of complementary emerging

illuminators of opportunity in passive radar applications:
1. Downlink signals of the LTE mobile communications system.

2. User-downlink signals in the 10.7 GHz to 12.7 GHz band of the novel broadband

communication LEO satellite constellations such as Starlink and OneWeb.

The emerging multi-channel COTS SDR devices with enhanced capabilities have been
mainly used as the enabling technology for the development of prototypes and the experimental

validation of the proposed techniques.

As stated in the introduction, the objective of this thesis was to demonstrate both

theoretically and experimentally the technical feasibility of using the considered wireless
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communication systems (i.e. LTE and LEO communication satellite constellations) as
illuminators of opportunity by: performing the analysis and characterization for passive radar
applications of both systems and their transmitted user-downlink signals; developing passive

radar prototypes; and conducting measurement campaigns to validate the developments.

The performed analyses and experimental characterization of the downlink LTE signals
demonstrate the technical feasibility and suitable properties to exploit them as illumination
of opportunity in passive radar applications. Besides, a system architecture based on the use
of adaptive digital array techniques implemented using COTS SDR has been proposed and
validated in a measurement campaign with focus on drone detection for critical infrastructure
surveillance. The results of this field test has shown the feasibility to detect small drones at
close range using a non-calibrated adaptive beamforming technique and exploiting the LTE
downlink signals. The main advantage of this system lies in its reduced cost compared to active
radars. In addition, this system does not require frequency allocation, does not contribute
to the congestion of the electromagnetic spectrum or interferes with critical communication
systems, and operates in all light and weather conditions, making it a suitable technology for

the surveillance of critical infrastructures.

However, limitations have been identified related to the required dynamic range of the
receivers, the effects of the network load on the performance of the radar system, and the
occurrence of blind sectors when applying digital beamforming techniques, which impact in
the performance and robustness of the proposed LTE-based passive radar system. These
limitations could be addressed by developing methods that optimize the selection of the base
station and frequency channel considered as reference signal, by optimizing the deployment of
the receiving node in order to achieve a suitable bistatic geometry for the area of interest,
and by resorting to a multistatic configuration exploiting several base stations or deploying

multiple receiving nodes.

Regarding the broadband communication LEO satellites with persistent and global coverage,
the analysis of their characteristics showed promising potential capabilities to be exploited as
illumination of opportunity for passive radar applications in comparison with other satellite-

based illuminators of opportunity, justifying the great interest in experimentally investigating
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this concept. For this reason, after developing experimental systems that enable the validation
of the proposed techniques, two measurement campaigns were performed demonstrating the
feasibility to detect clutter scattered signals, and a medium-sized drone at a range of 150 m

using a 30° beamwidth horn antenna in the surveillance channel.

All these results that show the promising capabilities of the proposed systems contribute
to the development of new applications and advanced techniques in the context of urban
multistatic surveillance based on passive radar nodes exploiting mobile communication signals,
and of persistent remote area or infrastructure monitoring, for example, for avalanche detection,

exploiting the novel broadband communication LEO satellites.

7.2 Future research lines

Since this doctoral thesis has validated the exploitation of both LTE and broadband commu-
nication LEO satellite signals for passive radar application, showing promising results and
enabling the application of novel techniques, many topics could be further investigated. Those

considered of high relevance are described below.

Analysis and development of a multistatic LTE-based passive radar configu-
ration for urban scenarios. Given the complexity of urban scenarios in terms of moving
targets, clutter and line-of-sight blocking, the analysis and development of a multistatic
configuration with multiple receiving LTE-based nodes, also operating in FSR mode, and
exploiting the typically dense transmitter network are considered of great interest in order to
address current limitations. Besides, the proposed system can be expanded to exploit the
new standards of mobile communication systems such as 5G and the future 6G, although
further investigation is required in order to overcome limitations such as those imposed by
the intensive spatial multiplexing used in these novel systems, which challenges the passive
radar operation by making the acquisition of a reference signal more difficult. In this context
of urban surveillance, it is also considered relevant the application of the emerging concepts
and techniques of Joint Communication and Sensing (JCAS) or Integrated Sensing and

Communication (ISAC) in which some cooperation from the transmitter is expected.
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Application of advanced passive radar techniques based on the exploitation
of LEO satellite signals. Once validated the feasibility of using these satellite signals as
illumination of opportunity for passive radar, many advanced techniques can be investigated

in order to improve the performance of the system and expand its capabilities:

o Application of imaging methods such as SAR exploiting the transmitter movement
in order to improve the cross range resolution and achieve a persistent local area
monitoring with ground-based receivers. To enable the application of these algorithms,
more accurate methods to improve the satellite position estimation are required, since
the propagation of TLE data using SGP4 does not show enough accuracy to, for example,

effectively perform the backprojection algorithm.

o Application of Ground Moving Target Indicator (GMTI) and clutter cancellation tech-
niques in order to improve the detection of moving targets. Besides, the movement of the
targets might also enable the application of inverse SAR techniques or the measurement

of micro-Doppler signatures for target classification.

« Application of techniques enabled by multichannel receivers such as polarimetry (by
recording orthogonal polarizations), single-pass interferometry (by recording different
spatial channels) or multistatic approaches (by simultaneously tracking several reference

satellites).

o Integrated operation with other satellite-based illuminators of opportunity, such as

DVB-S that offers a complimentary and static illumination source.

e Operation on moving platforms while maintaining the satellite tracking based on dual

GNSS/IMU sensors.
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