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Abstract: In this paper, the possibility of GPS-based Forward Scatter Radar (GPS FSR),
where satellites are exploited as sources of signals, to detect falling cosmic objects is
examined. It is known that in FSR systems, the signal re-reflected by falling cosmic objects
as masked by a much stronger direct signal. The goal of the article is to evaluate signal-
to-noise ratio (SNR) of these signals at the detector input, after the correlator and the
integrator. The results obtained show that the difference in SNR between direct and re-
reflected signals is substantially dependent on the size of the falling object and the distance
to it. The results obtained indicate what signal processing needs to be performed to
separate the useful target signal from the direct signal.
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1. Introduction

GPS-based Forward Scatter Radar (GPS FSR) is a type of passive radar where GPS satellites
are sources of electromagnetic radiation. In GPS FSR, some air object can be detected when it
crosses a narrow area near the baseline between a satellite and a GPS receiver (angular deviation
from the baseline is in the range of £5°). In that case the target detection is based on the Forward
Scatter (FS) effect, which appears when the wavelength of electromagnetic waves, incident on
the target, is much less than the target’s size (D) and the distances to the target from both the
receiver and the transmitter are much more than 4D°/A (4 is the wavelength). Due to the FS
effect, the Radar Cross Section (RCS) of air targets extremely increases and mainly depends on
the area of the target’s silhouette.

In last years, passive GPS-based radar systems (bistatic and FSR) became increasingly popular
as an alternative to traditional radar systems. In [1, 2], the authors examine the idea to detect
air targets using bistatic and forward scatter radar, which exploit GPS satellites as transmitters.
In these articles they make the theoretical analysis of possibilities to detect air or sea targets in
such radar systems and talk over on the eventual difficulties in the practical implementation of
such systems. In their opinion, the main difficulty is related to the separation of the direct
satellite signal from the signal scattered from the target. The usage of GPS L1 signal in FSR for
air target detection is discussed in [3]. Some experimental results for air target detection using
GPS Ll-based FSR system are presented and discussed in [4]. A possible algorithm for air
target detection using GPS L5-based FSR system is described in [6], and the detection
probability characteristics are analytically calculated in [7] for low-flying and poorly
manoeuvrable air targets in the urban interference environment. In these articles, the authors
point out the potential of GPS L5 signal to increase SNR for target detection due to the increase
in his radiated power. The articles [8 -14] discuss on the experimental measurements made by
using GPS L1-based FSR system and the Software-Defined GPS receiver [5], which allows
observing the GPS shadows of different ground objects.

This paper focuses at the very important problem of the Earth protection from unwanted
incident cosmic objects. At present, there are two program systems (SCOUT and SENTRY)
used for detection of Near-Earth Objects and designed by NASA [2]. Their main task is to
detect 90% of asteroids with the diameter of 140 m. and larger. Asteroids are big cosmic objects
with the diameter of 140 m. and larger. Meteoroids are small cosmic objects that are hard to
find in space. The meteoroid’s diameter varies from 0.1 m. to 10 m. Approaching the Earth,
they (asteroid or meteoroid) enter into the atmosphere at an angle of about 45-46 degrees
(Fig.1). Their average speed is about 20 — 30 km/s.

In most cases, meteoroids burn in the atmosphere, but sometimes parts of them (meteorites)
reach the Earth's surface and pose a danger to humans and objects on Earth. The larger the
meteoroids, the more dangerous they are for Earth's life. In this paper we analyse the power
budget in SNR of GPS FSR receiver needed for observation of meteoroids and asteroids, which
consists of a transmitter mounted on a satellite of GPS and a GPS receiver located on the Earth’s
surface (Fig. 1). For simplicity, the asteroid and meteorite will be called flying cosmic objects.
In estimating this budget, we assume that a part of the trajectory of the meteorite or asteroid
crosses or passes very close to the baseline of the system. The appearance of the FS effect at
the radiation of the meteorite or asteroid by the GPS signal is possible only if the summed target
distance to the satellite and to the receiver is commensurate with the distance of the baseline.
The received mixture consists of two signals, the signal from the satellite and the signal re-
radiated by the meteoroid or asteroid. These signals cannot be spatially distinguishable due to
the fact that both the GPS and the cosmic object have the same azimuth and elevation angle.
The received useful signal re-emitted from the flying comic object is much weaker than the




reference satellite signal. We also assume that during the observation of the cosmic objects in
the FSR system, the satellite does not move, i.e. its velocity is zero.

The purpose of this study is to see the dynamics in the SNR of the two signals, the reference
signal and the signal from a cosmic object, at the output of the GPS FSR receiver, depending
on the distance to the cosmic object. That will also show the potential possibility for detection
of cosmic objects depending on the distance to the object, with the required amount of non-
coherent integration of GPS signals.
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Figure 1. Entry of meteoroid into the earth's atmosphere

More concretely, we consider the GPS-based FSR system that uses the GPS L5 signal in order
to increase maximally SNR detection of meteoroids. The results thus obtained will form the
requirements for the type of processing algorithms, for detection of the useful signal.

2. FSR Signal Processing

The detection scheme considered in this section for GPS FSR system is shown on Figure 2.
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Figure 2. Signal processing scheme for GPS FSR




The reference signal needed for cross-correlation is obtained by synchronization of the NH20
code in the reference channel. The synchronization process consists of two parts - acquisition
and tracking. The coarse frequency estimate obtained using the acquisition algorithm is then
passed to the tracking algorithm for fine Doppler estimation. The coherent processing is
performed by correlating the reference signal with the frequency shifted target signal.

The above-mentioned processing algorithm of the GPS LS5 signal provides the very good
surface coverage on the ground for navigation, due to the much higher power of the L5 signal
(by about 20 dB) than of the L1 signal. In most cases, in the FSR system, the signal re-radiated
from the cosmic object, is much weaker than the L5 signal (by 20-40 dB). Therefore, the task
of the signal processing is the detection of a very weak signal from the cosmic object, which is
masked by a strong L5 signal. This task can be solved using different algorithms. For example,
one of them is to substantially increase the useful SNR at the output of the correlator by non-
coherent accumulation. The amount of non-coherent accumulations must be sufficient to obtain
a positive SNR that is enough to automatically detect the useful signal from the cosmic object.
Naturally, such non-coherent accumulation does not change the ratio of the useful SNR of the
signal from the cosmic object to the SNR of the direct signal from the GPS satellite.

To change this relationship between the two signals in favor of the useful one, we can use the
approach of suppressing the reference signal, for example by suppressing it with a filter. This
suppressive filter can be implemented in different ways. Then, the signal detector based on
some CFAR (Constant False Alarm Rate) algorithm can be used to indicate detection of a
cosmic object. This article does not deal with such algorithms for suppressing and auto-
detection.

3. SNR of the Direct and Irradiated Signals at the Detector Input

The power density (S7) at the output of an omnidirectional antenna near the Earth’s surface can
be determined as follows:

S, =P/A,, ,where 4, =A/4zx (1)
In (1), Py is the power of the GPS LS5 signal measured near the Earth’s surface (from -153dBw
to -160 dBw), Aomn is the effective area of the omnidirectional antenna, and A is the wavelength

of the GPS L5 signal transmitted by a satellite. The power of the signal reradiated from a
meteoroid with radar cross section (RCS) ¢ in direction of the GPS receiver is:

P, =So0=4mPc/ X ()
The power density of the reradiated signal at the receiver antenna input (S>) is:
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The signal power at the output of the receiver antenna depends on the effective area of the
receiver antenna, i.e. the antenna gain:

P,.=8,4,G =-"—"— 4)

rec omn r 4 2
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The noise level N; at the output of the radio frequency (RF) front-end can be determined in
terms of the equivalent noise temperature (7) and the receiver bandwidth (B):

N, =kTB (5)
In (5), k is the Boltzmann constant (1.38x10 in units (w/K/Hz). For a GPS LS5 receiver, the
frequency bandwidth is 20.46 MHz, and the noise level N;in decibels is nearly -131 dBw. Using
(4) and (5), the SNR at the RF front-end output of the GPS receiver can be written as:
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The subsequent coherent signal processing includes circular cross-correlation. Therefore, the
signal-to-noise ratio at the cross-correlator output is given by:

PG oG
SNRcar = SNRrec GSP = #
4nR° N

met r

(7

In (7), Gsp=BTps is the processing gain of the cross-correlator, and 7ps is the period of the Q5
component of the GPS LS5 signal. The signal to-noise ratio (7) could be improved by non-
coherent integration over a detection time period 7qe. The maximal number of non-coherent
samples is evaluated as:

N =T /Ty (10)

We assume that the observation time is T4 = 1- 2 seconds, taking into account the velocity of
the falling cosmic object and the distance, which the object passes over that time. To achieve
the FS effect, we assume that the cosmic object crosses the baseline at a very small deviation
angle (1-2 degrees), or part of its trajectory is almost parallel to it (the deviation angle is almost
Zero).

After non-coherent integration, the final SNR of cosmic objects at the detector input is:
PG,0G,N"
t > SP (1 1)
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If the minimal value of SNR needed for signal detection with a given probability of detection
1S SNRet,min, then the expression for calculation of the maximum meteoroid detection range is:

SNR,, =SNR,, N® =

PG oG, N
met,max:\/ : ’O- — (12)

47N SNR

The FS effect is observed at distances (Ruer) of more than 4D%/A, i.e. in the area of Fraunhofer
diffraction. In case of the FS effect the meteoroid RCS in (13) is calculated as:
474?,,
o= —/12’”‘" (13)
In (14) Ame’ is the silhouette area of a meteoroid. If we approximate the meteoroid as a sphere
with a diameter D, then the RCS in (14) can be rewritten as:

det,min

°D*
= 14
4 (14
After non-coherent integration, the final SNR of the GPS signal at the detector input, is:
P¢G,GgpN©®38
SNRgirect = — (15)

Ny
The final signal-to-noise ratio of the mixed between GPS signal and signal of cosmic objects
at the detector input, after non-coherent integration, is:

SNRfui = SNRairect + SNRy = SNRgirect (1 + 5) (16)

The relationship below shows the difference in power or SNR between the received direct GPS
signal and the re-radiated signal from a cosmic object.

Pre¢ _ SNRget _ Ot
Pgirect SNRgirect 4TR?

(17)




4. Numerical Results for SNR at the Detector Input

We assume that a large part of the sky is observed at the same time, i.e. several satellites are
observed by several antennas with a large gain, and the signals from them and correspondingly
from the falling cosmic objects are simultaneously recorded in one common receiver.

Then we have the option to choose that system "satellite - target - receiver" that best satisfies
the conditions for the appearance of the FS effect. The below estimates of SNR for both signals,
the direct signal and the signal from the cosmic object, are based on this hypothesis. Figure 3
shows the parameters of the FS effect: the zone of Fraunhofer diffraction and the angle of the

shadow generated by the target.
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Figure 3. Diffraction of light passed through the circular aperture

In this section the analytical formulas obtained above are accompanied by numerical
calculations of SNR at the detector input. We presented SNR of the signal from cosmic objects
and SNR of the GPS signal at the detector input, after non-coherent integration, as a function
of distance to cosmic objects. The results are obtained for three values of the number of non-
coherent integrations of the signal: N = 1, 10 and 100. The values of SNR are calculated and
plotted below for different diameters of a meteoroids D =1, 5 and 10 m, and asteroids D= 150,
300, 500 and 800m. It is assumed that the meteoroids and asteroids move at velocity of 20 km/s.
The numerical results are obtained with the antenna gain G:=20 dB.

The following parameters of the GPS L5 signal are used in calculations: carrier frequency
fo=1176 MHz (A=0.2551m), frequency bandwidth B = 20.46 MHz, Q5 component period
Tp5=0.02 s (coherent processing interval), the power of the GPS LS5 signal measured near the
Earth’s surface is P=-154dBW. The FS effect is observed at distances Ruer > Res=D?/A, i.e. in
the area of Fraunhofer diffraction. According to the principle of Fraunhofer diffraction, the
target is seen from the receiver at angle a. Parameters Rrs and a are presented in Table 1
according to the diameter (D) of cosmic objects. It is easy to see that the larger the diameter of
falling object, the narrower the angle of its shadow a = A / D. The FS effect appears at a great
distance to a cosmic object (from several kilometres to thousands of kilometres depending on
the diameter of the object).

Meteoroid diameter (D) Distance Rrs Angle a
[m] [km] [’]
1 0.015 0.255
5 0.392 0.051
10 1.568 0.0255
150 88,235 0.0017
300 352, 94 0.00085
500 980, 39 0.00051
800 2509, 80 0.00032

Table 1. Forward scattering distance and angle as a function of meteoroid diameter




Figure 4 and Figure 5 show the difference in SNR of the received direct signal and the re-
radiated FS signal from the cosmic objects, depending on different diameters of meteoroids.

It can be seen that this diffrence in SNR is directly proportional to the FS radar cross section
(FS RCS) of the cosmic object, and inversely proportional to the square of the distance to the
object, and does not depend on the parameters of the GPS FSR system. These graphics are
universal because they show the dependence of the difference in SNR between the direct and
the redirected signal depending on the size of the falling objects and the distance to it, in FSR
systems monitoring the space with different signal sources (satellites, pulsars, etc.).
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Figure 4. SNR of cosmic objects Figure 5. SNR of cosmic objects

The final SNR of cosmic objects and the GPS signal at the detector input, after non-coherent
integration (N =1, 10 u 100) is calculated and plotted below for different diameters of
meteoroids: D=1, 5, 10 m, on Fig. 6, 8 and 10.

The same SNR for asteroids with diameters D = 150, 300, 500, 800 m, after non-coherent
integration (N =1, 10 u 100) is calculated and plotted below on Fig. 7, 9 and 11.
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Figure 6. SNR of direct and scattered GPS signal Figure 7. SNR of direct and scattered GPS signal

From the results in Fig. 6-11 follows that the direct GPS signal received by the receiver on the
surface of the Earth has a constant magnitude and it is represented as a straight line. Naturally,
the magnitude of the direct signal depends on the number of non-coherent integrations of the
signal at the output of the correlator.
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The SNR of the re-radiated signal from cosmic objects, which depends on the number of
integrations after the correlator, the diameter of the cosmic object and the distance to it, can be
amplified to positive values, which allows the signal from the cosmic object by means of the
subsequent processing to be separated from the direct signal and then automatically detected.

5. Conclusions

In the paper, we studied the dynamics in the SNR of the two signals, the reference signal and
the signal from a cosmic object, at the output of the GPS FSR receiver, depending on the
distance to the cosmic object and its diameter. The research also revealed the potential
possibility for detection of cosmic objects depending on the distance to the object and the
required amount of non-coherent integration of GPS signals.
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