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ABSTRACT

Near-Earth space has become progressively more
crowded in active satellites, inactive spacecraft and
debris. Consequently, an international effort is currently
being devoted to improving the performance of the
network of optical and radar sensors for space objects
monitoring. Within this framework, the use of the novel
bistatic radar sensor BIRALES is investigated in this
work, which makes use of a multibeam receiver. The
tailored orbit determination algorithm is described,
which receives as input the data processed by the
acquisition system, that digitally assembles measured
radar echoes. The performances of the orbit
determination process are assessed on a set of numerical
simulations carried out on the NORAD catalogue, using
a dedicated simulator of the sensor.

1 INTRODUCTION

The number of manmade objects orbiting the Earth has
dramatically increased during the last decades, posing a
serious risk for space based activities. Most of the objects
currently orbiting the Earth are classified as space debris,
that include inactive satellites, discarded launch stages,
and fragments originated from satellite breakups and
collisions. Several counter measures have been adopted
with the aim of reducing mission related risks and
casualties and to control the number of objects in orbit.
Mitigation guidelines have been published by various
organisations such as the Inter-Agency Space Debris
Coordination (IADC) committee and the United Nations
(UN). The general aim of space debris mitigation is to
reduce the growth of space debris by ensuring that space
systems are designed, operated, and disposed of in a

manner that prevents them from generating debris
throughout their orbital lifetime. In parallel specific space
programs were started to build the expertise required to
manage the challenges posed by the space traffic control
problem. Collision risk assessment is performed daily by
satellite operators and conjunction summary messages
are provided to satellite operators by the United States
Strategic Command (USSTRATCOM) to support
decisions on the execution of collision avoidance
manoeuvres [1]. In addition, re-entry predictions of
objects are regularly produced to estimate on ground
risks [2]. Both collision risk assessment and re-entry
predictions rely on the accurate estimation of the state of
the orbiting objects and of their evolution, which is
derived from the tracking of the space objects using
dedicated optical, radar, and laser sensors.

Survey and tracking of objects in Earth orbit is one of the
main areas where the European Space Surveillance and
Tracking (SST) Support Framework and the ESA Space
Situational Awareness (SSA) programmes are active [3,
4]. The objective of such initiatives is to support the
European utilization of and access to space through the
provision of information and data on the space
environment. To meet this requirement, the
implementation of a European network of sensors for
surveillance and tracking of objects in Earth's orbit is
mandatory. Within this framework, the Italian Northern
Cross radio telescope array has been upgraded to serve
the European SST Framework as a component of the
Italian contribution to the European network for SST in
the frame of the Blstatic RAdar for LEo Survey
(BIRALES) sensor [5].
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BIRALES uses part of the Northern Cross radiotelescope
located in Medicina (Bologna, Italy) as the receiver (see
Fig. 1). Part of the radiotelescope has been refurbished
and a digital backend has been implemented to allow
beamforming of 32 beams distributed across the receiver
field of view (FoV). When an object transits inside the
antenna FoV, the beams are illuminated by the reflected
radio wave. Consequently, besides the classical range
and Doppler shift measurements, the beam illumination
sequence provides an estimate of the transit direction of
the scattering object and of the associated right ascension
and declination profiles. The data received from
BIRALES are provided as input to a tailored orbit
determination (OD) algorithm, which is aimed at
computing an estimate of the orbital parameters of the
observed object.

Figure 1. A view of the Medicina Radioastronomical
Station. In the foreground, the Northern Cross array

A numerical simulator of BIRALES has been developed
to assess its performance through dedicated simulations.
Given a catalogue of space objects, the simulator
identifies the passages of all the objects in the sensor FoV
during a simulated observation campaign. Then, the
simulated measurements are generated for each passage
and are provided as input to the OD module, along with
the required transmitter and receiver information. The
simulator is designed so that different kind of transmitter
and beams geometry can be easily defined by the user.
This enables an effective analysis of the sensitivity of the
sensor to its configuration, which is instrumental to
optimizing its performances.

This paper illustrates the results achieved with the
numerical simulations campaign. The performance of the
sensor is assessed wusing different multibeam
configurations, sensor pointing strategies, and first guess
generation approaches. For each configuration, the
simulation is run on a catalogue of Two Line Elements
(TLEs) downloaded from Space-Track (www.space-
track.org). In addition, both the case of known objects
(first guess for the OD process generated from the TLE)
and unknown objects (first guess for the OD process

generated from the measurements) are investigated.

2  BISTATIC RADAR FOR LEO SURVEY
(BIRALES) SENSOR

Ground-based radars provide a powerful tool for the
characterization of the orbital debris environment.
Radars can in fact irradiate at any time a satellite or space
debris in Earth orbit with a microwave beam. The
scattered wave can be detected by a receiver, which may
be the same transmitting antenna (monostatic radar) or a
different one located at a distance of up to several
hundreds of kilometers away (bistatic radar).

The proposed sensor uses a bistatic configuration. The
“Flight Termination System” (FTS) of the Italian Joint
Test Range of Salto di Quirra (PISQ) in Sardinia is used
as transmitter (Fig.2), and the Northern Cross
radiotelescope of the radioastronomy station of Medicina
(BO) as receiver.

The FTS is a powerful transmitter, owned by the Italian
Air Force, presently used for safety purposes during the
system trials at PISQ. The FTS consists in a power
amplifier able to supply an average and levelled power of
4 kW in the bandwidth 400-455 MHz coupled with an
Omnidirectional Antenna and wide beam directional
antenna. The transmitter is usually used in CW mode,
anyway the equipment is able to receive in input a
modulated signal. Clearly the use in CW mode does not
enable the bi-static sensor to detect the range of the
object, whereas using a dedicated, synchronized
waveform and applying the right modulation signal
enables the ranging capability.

Figure 2. The “Flight Termination System” (FTS)
transmitter
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The Northern Cross represents the largest UHF-capable
antenna in Northern hemisphere. It is composed of two
perpendicular arms: the E/W (East-West) arm is 564 m
long and consists of a single cylindrical antenna with a
width of 35 m, whereas the N/S (North-South) arm is
made of 64 parallel antennas with a length of 23.5 m and
a width of 8 m each. The collecting area reaches 27,000
m? and, due to the large numbers of receivers which could
be installed on the focal lines, the FoV can be populated
with many independent beams. When an object transits
inside the antenna FoV, the beams are illuminated by the
reflected radio wave. By looking at the beam illumination
sequence, it is thus possible to estimate the ground track
of the transiting object, with a higher level of detail with
respect to a single-beam system (Fig. 3). The acquired
data is processed by means of a data acquisition system,
which digitally assembles measured radar echoes using a
Fast Fourier Transform (FFT) in spatial domain in order
to calculate the signal present in each beam. Doppler
shift, the illumination time, and measured power
intensity associated to each beam are thus available.

The same bistatic architecture could be used to perform
ranging, provided that the transmission signal is
modulated with pulse compression waveforms,
transmitter and receiver are synchronized and the data
processing chain contains a ranging estimation block.
The bistatic radar shall use a ranging waveform based on
pulse compression technique. The bandwidth needed to
obtain the requested ranging performances is largely
inside the transmitter and receiver characteristics. A
frequency modulated signal shall be generated in the
expander unit, up converted and sent to the transmitter. A
high duty cycle transmission pattern (very long pulses at
high repetition rate) shall supply an average power
sufficient to guarantee detection and range extraction at
the requested range. The transmitted waveform and its
matched filter in the receiving branch shall be designed
to obtain a good sidelobes level taking into consideration
the Doppler shift due to the target motion. Pulse
compression shall be performed digitally in the receiver
part and the resulting ambiguous video shall be sent to
range extraction algorithms. Range ambiguity shall be
solved taking into consideration the geometry and a
rough target range estimate. The system can quickly
switch from the multi-beaming observation mode
(performed in continuous wave) to ranging mode: during
the transit of an object both types of measurement can be
thus acquired.

This paper focuses on a possible future configuration of
the sensor. It uses a transmitter upgraded to generate 10
kW with a wide parabolic antenna (7 m of diameter),
capable to track the receiver multibeam pattern and to
provide ranging information. As a receiver, only a small
part of the Northern Cross antenna, named BEST-2 [6]
(Basic Element for Ska Training) is used (Fig. 4).

Transmitting
antenna

Receiving
antenna
multi-beams

!ﬂ

Pede:

Medicina
Radioastronomical

BEST-2: 32 analogue
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Mode switching
command

antenna
32 A/D converter

Power
amplifier

!

Detection | Ranging

Medicina H-Maser | |
Standard frequency 1

Waveforrm
Spatial Time generator
FFT domain

processing | filtering

Orbital Data i
Processing Unit -

Synchronization
and Timing

Figure 3. Schematic block and example of space
debris trajectory detection using BIRALES

BEST-2 is an array composed of 8 cylindrical parabolic
concentrators belonging to the N-S arm operating in a
band of 14 MHz centered at 408 MHz. The total
collective area is about 1,400 m?. Each cylinder contains
four receivers connected to 16 dipoles each (Fig. 5). The
total array contains 32 receivers that enable the
realization of a multibeam receiver antenna.

Figure 4. BEST-2 antennas
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Figure 5. Single BEST-2 antenna architecture

The signals scattered from the object are then processed
to estimate the orbital parameters. Tailored OD
algorithms were developed so that, using both the ranging
and the beam illumination sequence, the orbital
parameters of the transiting object can be estimated. By
combining this information with the knowledge of the
beam distribution and antenna pointing, it is possible to
refine the orbital parameters of known objects or to
perform a preliminary OD (see Section 4).

3  BIRALES SIMULATOR

A simulator of the bistatic radar configuration described
above was developed to support analysis and to estimate
the system performance. It has also the capability of
generating data resembling those that could be measured
in reality. The simulator is designed so that different kind
of transmitter and multibeam geometry can be easily
defined by the user. A scheme of the architecture of the
simulator is reported in Fig. 6.

The simulator is made of the following main modules:

Passage identification: Given the catalogue of the space
objects and the associated TLEs, the passage
identification module propagates the motion of the
objects using the Simplified General Perturbations #4
(SGP4) model and identifies, in a given time interval, all
the passages on the BIRALES sensor. In addition, the
module provides the main parameters characterizing the
passage, such as the epoch and the required pointings.

TLE catalogue

}

Passages
identification
(SGP4)

l

List of
passages

Measurements generation:
—— * Propagation with AIDA

e Computation of simulated measurements

Measurements generation: For all the passages identified
by the passage identification module, the simulator first
derives the state of the object at the reference epoch of its
TLE. Then, it propagates the motion of the object through
its passage on BIRALES using the high-fidelity
propagator AIDA (Accurate Integrator for Debris
Analysis), which includes the gravitational model
EGM2008 up to order 10, the atmospheric drag with the
atmosphere model NRLMSISE-00, third body
perturbations, and solar radiation pressure with a dual-
cone model for Earth shadow. The resulting position and
velocity profiles are used to generate the simulated
measurements.

The computation of the simulated measurements is
described hereafter. A sketch of the geometric
configuration of a bistatic radar system is given in Fig. 7.
A plane that contains the two relative distance vectors
from the transmitter (Tx) and the receiver (Rx), pr, and
Pryx respectively, and the baseline L can be defined. This
plane is usually indicated as bistatic plane and it allows
for easy computations of all range relationships.

Given the trajectory of the object, pr, and pg, are
directly computed using the positions of the two
antennas. The time interval AT between the transmission
of the pulse and the reception of the target echo is
obtained from

pTz + pre = cAT (1)

where c is the speed of light. The bistatic Doppler shift,
when ignoring relativistic effects, is computed as

Orbit * Obj. states
determination > ¢ Covariances
* Errors

Figure 6. Architecture of the BIRALES simulator
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Figure 7. Geometry of the radar system on the
bistatic plane

where A is the wavelength of the transmitted signal and
DOry and P, are the projections of the target velocity
onto the transmitter-to-target and receiver-to-target line
of sight (LOS).

When both Tx and Rx are stationary, the Doppler shift

becomes
_ 2V B (3)
Af = 3 €os 0 cos <2> .

Projecting the Earth-Centered Earth-Fixed (ECEF)
velocity of the object v on the range vectors direction
yields

Afzi(UﬁTr—’_UbRr) (4)

For each beam of Rx is then possible to compute the
received power using the bistatic radar equation
Pry Gre Gra M 04 (%)
PRw - 3 2 P
(471—) PTxPRy

)

where Py, is the transmitter power, Gr, and G, are the
antenna gains, and o, is the radar cross section. Where
needed, the information on the satellite radar cross
section are taken from a Space-Track catalogue
downloaded on October 10, 2014.

At each time step the ranges pr, and pg, are obtained
from orbit propagation and the antenna gains are updated
using an elliptical model for the beam:

Aa \? AS \?
GdB:GdB012<<BVVa> +<BW5) >7 6)

where Gy = 10log,(G , G4p, is the reference gain of the
antenna in decibel, A and A are the angular deviations

in right ascension and declination from beam center, and
the beamwidths on the two axes of the ellipse are BW,
and BWjs. Once the received power is obtained, the
signal-to-noise ratio (SNR) is computed as

Pry
SNR =10 logw kBTRJ_‘O./ (7)

in which kg is the Boltzmann constant, B, is the
bandwidth of the receiver and Ty is the noise temperature
at the receiver.

Fig. 8 reports the illustration of a passage through the 32
beams distributed in the field of view of the sensor. The
beams and the angles profiles are plotted in the Aa — A§
plane and colored according to their maximum value of
SNR, normalized with respect to the maximum SNR
among all beams. Non-illuminated beams are colored in
black.

Object ID:32477

o

0r

Ao (deg)

-4 2 2 4

0
Aa(deg)
Figure 8. Passage inside the receiver FoV for object
32477

The resulting simulated measures are organized in a text
file, reporting the measured AT, Af, and SNR for each
beam and for each time. The text file is the input to the
OD algorithm.
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4 ORBIT DETERMINATION ALGORITHM

This section illustrates the orbit determination algorithm.
The cases of known and unknown object are studied, and
the differences in the implementations are highlighted.

4.1 Known Objects

The case of known object refers to OD process performed
for an object whose TLE is available to the user. In this
situation, the orbit determination process is divided in
two phases. The first phase consists in evaluating the
topocentric deviation of the right ascension and
declination, Aa and A§, of the Resident Space Object
(RSO) starting from the knowledge of SNR
measurements. Then, the object position and velocity
vectors are estimated using a least square fit.

The evaluation of Aa and A§ is done assuming that the

relative velocity of the debris with respect to the receiver

is high enough to approximate the motion inside the FoV

as a slightly curved line. Thus, the time history of the two
parameters can be expressed as:

{Aa =a,t? + a;t + aq, )

AS = byt? + byt + b,

where ¢ is the time elapsed from the first measurement
obtained during the passage of the object inside the FoV
of the sensor. The estimation of the coefficients a,,
a4, ay, by, by and b, is divided in two steps (referred to
as S1 and S2 in the followings). In S1, the knowledge of
the level of the measured SNR for each beam and the
TLE of the observed object are combined. The procedure
goes through the following steps:

S1-1. For each illuminated beam, identify the time
instant of maximum illumination, the related
SNR, and the topocentric right ascension and
declination of the center of the beam.

S1-2. Perform a curve fit that minimizes the angular
displacement from each beam centre at the time
of the maximum received power. The selected
weights are the normalized values of the SNR,
using as a reference the maximum SNR among
all beams.

S1-3. Evaluate the topocentric Aa and A§ time
histories starting from the knowledge of the
TLE of the observed object at a specific time
epoch before the observation epoch and
propagating the initial state vector by means of
SGP4. This fictitious observation process
provides the trace the object would have inside
the receiver FoV if the dynamic was described
by the approximated SGP4 model.

S1-4. Rotate the solution obtained by the curve fit
along the direction provided by the fictitious
observation process.

The solution obtained with step S1 provides a rough
estimation of the right ascension-declination profile
inside the receiver FoV. In S2, the solution is refined with
a least square aimed at minimizing the residuals between
the measured SNR and their estimates, obtained with the
Aa(t) and AS(t) guesses. The steps are the following:

S2-1. Compute the azimuth and elevation of the target
with respect to the receiver using the right
ascension and declination of Eq.8 and the
nominal pointing of each beam

S2-2. Compute the look angle of the receiver using the
azimuth and elevation of the target computed in
the previous step and the azimuth and elevation
of the transmitter

S2-3. Compute the receiver and transmitter range

S2-4. Compute the SNR for each beam

S2-5. Evaluate the residuals with respect to the
measured SNR’s

S2-6. Update the coefficients

The procedure provides at convergence the time history
of the right ascension and declination inside the receiver
FoV.

Fig.9 shows the results of the presented algorithms for the
case of object 27421. Beams are coloured in grey scale
according to the peak SNR measured during the passage
(white corresponds to the largest measured SNR). The
blue line represents the output of process Sl1, the
approximated first guess, the red line represents the
computed Aa(t) -Ad(t), while the black line is the true
trajectory of the object inside the receiver FoV. As can
be seen, in this case the difference between the first two
lines is almost negligible. This is due to step S1.3 and the
availability of the TLE of the object.

Once the topocentric right ascension and declination
profiles of the RSO are obtained, the OD process starts.
The aim of the OD process is to estimate the state of the
object at the epoch of the first measurement obtained
during its passage in the FoV of the sensor. The process
consists of a nonlinear least square optimization to match
the orbital trajectory with the range measurements, the
Doppler shift measurements and the right ascension and
declination time histories previously computed. The
algorithm starts from an initial guess and propagates it in
time using the high-fidelity propagator AIDA. The
algorithm is the following:

OD 1. Consider an initial guess for the RSO state
vector at the epoch of the first measurement. In
the case of known object, the guess is obtained
by propagating the state vector provided by the
TLE of the object till the first observation epoch
by means of SGP4.
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Figure 9. Right ascension and declination time history inside the receiver FoV for object 27421.
The blue line is the result of S1, the red line corresponds to the refined a(t)-6(t) time histories
(S2), whereas the black line (almost coincident with the red one) is the true trajectory

OD 2. Propagate the initial state and compute, for each
observation instant, the state vector of the
observed object, deriving the values of slant
range, Doppler shift, topocentric right ascension
and declination.

OD 3. Evaluate the residuals of the four quantities with
respect to the measured values.

OD 4. Update the initial guess.

The algorithm provides the estimated state vector at the
epoch of the first observation and the related covariance
matrix.

4.2 Unknown Objects

The case of unknown object refers to OD process
performed for an object whose TLE is not available to the
user. The algorithm described in the previous section is
slightly modified in this case. The unavailability of the
TLE does not allow to exploit the knowledge of the state
vector for both the estimation of the topocentric right
ascension and declination profiles of the object, and the
generation of the first guess for the orbit determination
process. The first issue is solved by reducing the S1
procedure to its first two steps (S1-1 and S1-2):
essentially, the first guess for Aa(t) and AS(t) is
generated considering only the available SNR
measurements. Moreover, during the S2 procedure, the
radar cross section of the object is included in the set of
unknowns of the least square fit. For the second issue, the
first guess (GG) for the orbit determination process is
generated assuming a motion on a circular orbit. The

algorithm is the following:

GG 1. Sort the beams of the receiver according to their
maximum measured SNR  during the
observation window.

GG 2. Identify the beam with maximum illumination
during the passage of the object and the
corresponding observation epoch t;.

GG 3. Assume that the object passes at the centre of
the beam at t;, consider the line of sight of that
beam and identify on it the point of minimum
distance between this direction and the line of
sight of the transmitter at epoch t;. Define the
computed vector as r;. Under the presented
assumptions, r; represents the position vector
of the observed object at epoch t;.

GG 4. Repeat the procedure for the second beam of the
list, obtaining the direction 7, at epoch t,.

GG 5. Assume a circular motion of the object and
evaluate the orbital parameters starting from 7
and 1,.

GG 6. Compute the position and velocity vectors of the
RSO at the first observation epoch.

The accuracy in the determination of the first guess is
strictly related to the validity of the approximations made
in the process. In particular, the accuracy of the two
position vectors riand r, drastically decreases as the
actual position of the object at t; and t, moves away from
the centre of the selected beams, and this is likely to occur
when the maximum detected SNR of those beams is low.
This is the reason why the two beams with the largest
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measured SNR are selected. The same approach is used
for highly-elliptical orbits despite the assumption of
circular orbit loses its validity.

Once the first guess is defined, the OD process is
performed by relying on simple two-body dynamics due
to the unavailability of the ballistic coefficient of the
object.

5 NUMERICAL SIMULATIONS

The results of the performed numerical simulations are
presented in this section. An observation window of two
days is assumed, covering the range May 25-26, 2016.
The main characteristics of the transmitter and the
receiver in the analysed configuration are presented in
Tab.1.

Table 1. Transmitter and Receiver characteristics

Latitude Longitude Alt. | Diam. | Power
TX | 39°45°31”’N | 9°27°01’E | 205m 7m 10
kW

RX | 44°31°25°N | 11°38°’59’E | 25m - -

The beam configuration of the receiver is the one shown
in Fig. 8, with 32 beams in symmetric configuration.

The analysis covers both the cases of known and
unknown objects, studying the impact of measurement
noise on the accuracy of the orbit determination results.

5.1 Known Objects

The case of known object with no noise measurements
represents the first test for the tool. Measurement noise
represents the deviation between the reality and the
mathematical model used to describe it.

The number of catalogued objects is 5100, and only 283
can be observed (i.e., have a passage in the FoV of the
sensor and generate a detectable SNR level). The
reference condition for the error computation is evaluated
by propagating the state vector provided by the TLE
using AIDA up to the epoch of the first measurement.
Tab.2 shows the results of the accuracy in position in
terms of mean error in radial direction (< &pqq >),
mean Euclidean error (< &, >), mean standard deviation
in position (< g, >), and percentage of objects with error
in radial direction lower than 100m (%gwa d<100m)"

Table 2. Accuracy in position for the case of known
object with no measurement noise

0,
< gp,rad > < €p > < Up > A)Sp,rad<100m

1.08m 54Im 2.84m 100%

As can be seen, the mean errors in positions are of the
order of few meters, and all observed objects show an
error in radial direction lower than 100m. This trend is
quite expected, as the investigated case is the simplest
possible, i.e. no disturbances introduced by measurement
noise.

The performances of the simulator in terms of accuracy
in velocity for all the objects with radial error in position
lower than 100m are shown in Tab.3. The selected
parameters are

e mean error in transversal velocity < &, ¢, >|

5p,rad<’
100m
e mean Euclidean error < g, >| eprad< ®
100m
e mean standard deviation in velocity < a,, >|, .
prad<

100m

Table 3. Accuracy in velocity for the case of known
objects with no measurement noise

< Ev,er >|5p,rad< <& >|5p,rad< <0y >|£p,rad<
100m 100m 100m
0.079 m/s 1.51 m/s 0.33 m/s

The mean Euclidean error in velocity is slightly larger
than 1 meter per second.

It is now interesting to study the performance of the tool
in case of presence of measurement noise. The first
analysis is done assuming a noise on the slant range (SR)
and Doppler shift (DS) measurements. The noise in the
slant range is modelled assuming a Gaussian distribution
with zero mean and a standard deviation of 3m. The
Doppler shift noise is modelled by assuming a resolution
of 20 Hz.

The results for the case under study are shown in Tab.4,
second line. As can be seen, the accuracy is slightly
worse than in the previous case, though still all objects
show a radial error in position lower than 100m. It is
possible to notice how the standard deviation in both
position and velocity increases of around two orders of
magnitude with respect to the case of no noise.

Overall, the influence of the introduced measurement
noise is evident, though acceptable.
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Table 4. Performances of the sensor for the case of known object, standard beam configuration

Nopj < Eprad > < &p > < Op > %5 prad < Ev,er >|5p,rad< <& >|5p,rad< <0y >|5p,rad<
<100m 100m 100m 100m
No noise 283 1.08m 5.41m 2.84m 100% 0.079m/s 1.5m/s 0.33m/s
Noisein SR | 278 3.73m 14m 130m 100% 4.68m/s 5.97m/s 14.06m/s
and DS
Noise in SR, | 275 68.2m 396.9m | 181.9m | 83.64% 6.15m/s 55.3m/s 14.8m/s
DS and SNR

The measurement noise is finally added to the SNR
profiles as a white Gaussian noise, assuming a ratio of 30
dB between the nominal signal and the added white
noise. The results of a simulation including all the three
contributions to the measurement noise are shown in the
third line of Tab.4. As can be seen, the combination of all
three measurement noises causes a drastic decrease in the
accuracy of the results in both position and velocity.
However, the algorithm can identify more than 80% of
the objects with a radial error in position lower than
100m.

5.2  Unknown Objects

The performance of the sensor in case of unknown
objects is now investigated. The inaccuracy in the
pointing of the receiver due to the unavailability of the
TLE of the object is here modelled as a random error of
+2.5° in the elevation of the receiver with respect to the
pointing computed by the simulator.

The results of unknown object and no measurement noise
are shown in Tab.5, first line. A comparison with the
analogous case of known object shows how the error
significantly increases when the object is not known a
priori. This can be explained with the fact that the
unavailability of the TLE in some cases prevents the
algorithm from precisely identifying the right ascension
and declination profiles of the object, leading to a
partially or totally wrong orbit determination. However,
the algorithm is still able to perform the orbit
determination granting a radial error in position below
100m for more than the 80% of the cases.

If measurement noise is considered, the results shown in

the second and third lines are obtained. While the
introduction of measurement noise on slant range and
Doppler shift essentially affects only the standard
deviations of the results, the combination of all three
contributions drastically increases the errors. The
comparison between the two extreme cases of the
presented  simulations (known objects  without
measurement noise and unknown objects with all
measurement noises) clearly shows how the performance
of the algorithm strongly depends on the availability of
the TLE of the object and the noise level. Overall, the last
case represents, as expected, the most critical situation.

Fig.10 shows the trend of the cumulative error in
transversal velocity for all the objects with &, .4 lower
than 100m. It is interesting to study the trend of the
cumulative error in the most critical case (red line). As
can be seen, while almost 80% objects show an error in
transversal velocity lower than 10m/s, few objects have
an error much larger than 100m/s, resulting to an average
error of 106.8m/s.

5.3 Alternative beam configurations

The analysis presented in the previous section has shown
how the case of unknown object represents the most
critical one, with a significant decrease in accuracy in
case of measurement noise. As the configuration of the
pattern of beams of the receiver represents essentially the
only available degree of freedom, it is now interesting to
study the performances of the sensor with different beam
configurations. In this section, two alternative beam
configurations are presented, and the analysis is done for
the case of unknown objects with noise in all
measurements.

Table 5. Performances of the sensor for the case of unknown object, standard beam configuration

0,
Nopj < Eprad > < &p > < Op > /05 prad < Ev,er >|€p,rad< <& >|5p,rad< <0y >|5p,rad<
<100m 100m 100m 100m
No noise 276 148.15m 1.21km 30m 81.9% 2.4m/s 26.78m/s 0.93m/s
Noise in SR | 277 148.86m 1.21km 158m 81.9% 5.8m/s 20m/s 14.3m/s
and DS
Noise in SR, | 257 286.7m 1.96km | 283m 51.8% 106.8m/s 256.3m/s 16.8m/s
DS and SNR
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Figure 10. Cumulative error in transversal velocity for
all objects with &, rqq lower than 100m (unknown
object, standard configuration)
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Figure 12. In black: increased FoV configuration (left) and overlapped beam
configuration (right). In green: standard beam configuration.
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Figure 11. Cumulative error in transversal velocity for
objects with &, rqq lower than 100m (unknown object,
noise in SR, DS, SNR)
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Table 6. Comparison of the performances of the algorithm with different beam configurations of the receiver
(case of unknown objects, measurement noise in SR, DS and SNR)
Nopj < Eprad > < &p > < Oy > %8 prad < Ever >|£p,rad< <& >|5p,rad< <0y >|5p,rad<
<100m 100m 100m 100m
Standard 257 286.7m 1.96km | 283m | 51.8% 106.8m/s 256.3m/s 16.8m/s
configuration
Overlapped | 208 200.5m 1.22km | 253m 63% 5.05m/s 63.7m/s 11m/s
beams
Increased Fov | 416 | 207.7m | L5lkm | 158.7m | 70.4% 3.6m/s 40mvs 6.6m/s
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The first beam configuration is presented in Fig.12
(right): the centers of the 32 beams are slightly shifted to
obtain beam overlapping. The second beam
configuration is shown on the left in the same figure: the
number of beams is doubled with respect to the nominal
configuration, so that the overall field of view of the
sensor is increased. A comparison of the performance of
the sensor in the standard configuration with these two
alternative configurations is presented in Tab.6. As can
be seen, both configurations allow to increase the
accuracy of the orbit determination process both in
position and velocity. The most immediate comparison
can be done on the percentage of objects with error in
radial position lower than 100m: in both cases, the
performance improves.

Fig.11 shows the same plot of Fig.10 for the three
analysed configurations: again, it is evident how both
alternative  configurations guarantee a  general
improvement of the accuracy in velocity.

Finally, it is worth comparing the accuracy of the results
by focusing on the objects of the catalogue that are
observed in all three cases. Fig.13 shows the error in
radial position for the standard configuration and the one
with overlapped beams. As the trends show, the accuracy
granted by the overlapped beams is almost always higher,
apart from those cases for which the error granted by the
standard configuration is already very low. In general, the
advantages in exploiting the new configurations become
more evident as the error in position increases.

The same analysis has been performed for the
configuration with increased field of view, as shown in
Fig.14. All the considerations made on the previous
comparison hold.
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Figure 13. Position error in radial direction for
standard and overlapped beams configuration

6 CONCLUSIONS

The performance of the BIRALES radar sensor in terms
of the achievable accuracy of the orbital estimation
process on a catalogue of resident space objects has been
assessed through numerical simulations. A simulator was
developed to produce observation data in terms of SNR,
Doppler shift, and time delay profiles during the passage
in the volume defined by the intersection of the
transmitter and receiver beams. The simulator allowed to
test different beamforming geometries for the receiver,
using different locations for each beam. The simulations
show that the sensor, provided with its tailored OD
algorithm, can estimate the orbital states with reasonable
accuracy with just a single pass for most objects in the
catalogue. This preliminary analysis and results will be
extended in future works. The simulated beams will be
adapted to their final optimized configuration, the
ranging will be modelled based on the performance of the
final transmitter, and the simulator and the OD algorithm
will be calibrated using data from real observation
campaigns. In addition, different beamforming geometry
will be tested to support the possible upgrade strategies
for the Northern Cross, taking into account the complete
refurbishment of the antenna. The large area of
approximately 31,000 m? could provide a high sensitivity
and the maximum FOV of 120 deg? could be plastered
with up to 46,000 beams 4'x4' wide.
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Figure 14. Position error in radial direction for
standard and increased-FoV configuration
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