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Abstract

Array antennas have an interesting role in the radio astronomy field. The array
antennas allow astronomers to obtain high-resolution signals with high sensitivity to
weak signals. This paper estimates the meteors' positions entering the Earth's
atmosphere and develops a simulation for array antenna radar to analyze the
meteor's echoes. The GNU radio software was used to process the echoes, which is a
free open-source software development toolkit that provides signal processing
blocks to implement in radio projects. Then, the simulation determines the azimuth
and elevation of the meteors. An improved Multiple Signal Classification (MUSIC)
algorithm has been suggested to analyze these echoes. The detected power of each
meteor echo has a Doppler frequency shift due to the high speed of the meteors,
which impacts the accuracy of the Direction of Arrival (DOA) estimation. The
Doppler shift was considered in this simulation, and the results showed that the
suggested method has low complexity and high resolution and can estimate the
meteors' position with the minimum error.

Keywords: Meteors, Improved Music algorithm, Doppler shift, L-shaped array
antenna, GNU Radio.
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1. Introduction

Estimating the direction-of-arrival (DOA) of multiple signals using array antennas is of
great interest in many fields, such as radio astronomy, radar, sea surveillance, and wireless
communications. Many researchers investigated and suggested methods to estimate the DOA
[1-6]. In general, when Meteoroids enter the earth's atmosphere with a high velocity, they
burn up and this fireball is called a meteor [7-8]. The meteors were divided into two parts:
hard and trailing. The hard part consists of dense plasma, and the trial involves diffusing
plasma left in the Earth's atmosphere, and each part generates echoes [9-13].

Meteor positions can be measured by array radio radar. The radio radar receives the echoes
from meteors and can be used to determine their positions by estimating the direction of
arrivals (DOA). Due to the moving of the meteors, the transmitted signal is affected by
Doppler shift, which is related to radial speed [14-19 and its DOA is related to the orthoradial
speed. This Doppler shift appears as an additional phase in each element of the array antennas
for this reason the Doppler shift has to be considered in the DOA estimation algorithm.

The configuration of the array antennas is essential to avoid an ambiguity problem [20-24].
This ambiguity happens when the response for the signals is the same for different targets.
The distance between two adjacent antennas has to be less than or equal to the observed
wavelength. The traditional 2D MUSIC algorithm is used to estimate the DOA. Implementing
the MUSIC algorithm method directly leads to solving large complex systems of equations. A
fast algorithm has been suggested by W. Nie et al. by searching on specific rounds without the
need to search the total spectrum [25-28].

The real-time data for meteor observation can be obtained from Meteor radar systems such
as Enhanced Meteor Detection Radar (EMDR). Four radar systems provide these data, like
the Middle Atmosphere Alomar Radar System radar in Norway, the Middle and Upper
Atmosphere (MU) radar in Japan, the Program of the Antarctic Syowa Mesosphere
Stratosphere Troposphere Incoherent Scatter (PANSY) radar in the Antarctic. This paper
suggests an improved 2D MUSIC method to estimate the DOA of reflected echoes from the
meteors trial. The suggested method separates the received signal into two channels using an
L-shaped array antenna and removes the effect of Doppler phases. For simulation, the used
software is called GNU Radio software which is a free open-source software development
toolkit that supplies signal processing blocks to implement in radio projects. GNU simulates
the DOA estimation of meteors trial within the radio frequency range (10 MHz - 30 MHz).

1.1 DOA estimation without Doppler shift

Consider a reflected signal from a faraway target in the sky. The far-field plane wave is
received by an array of antennas arranged linearly on the x-axis, as shown in Figure (1). Thus,
the plane wave incident on all the array elements with the same angle. The distance between
the array elements (d) must be less than or equal to half the wavelength of the source
frequency. Otherwise, an aliasing effect occurs.
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Figure 1: Direction of arrivals of reflected signal from a target.

Assume that the received signals are reflected from a static target and have the angular
frequency w,. The Doppler phase is ignored in this case (fp=0). The angle 6,, is the Direction

of arrival (DOA). The signal s, (r, t)=exp [j(wthrE.?)] arrives at each array element (xm,ym),
where (1, t) is the coordinates of the signal in space and time respectively, (k) is the wave
number of the signal, (m=1,2,.., M ) with a path difference equals to [6]:

A,,=d sin (Hp)/l (1)

The complex factor corresponding to phase difference is calculated as [6]:

am(ep)zexp[j(E.F)]Zexp[—jZE(m — DA, (2)
The output signal of the m-th element is [6]:
xm(t) = 2521 Sp (t)am(gp)+nm @), (3)
where the complex envelope s, (t) is given by [6]:
sp (£)=exp [] o, t] , 4)

and n,, (t) is the additive white Gaussian noise (AWGN). This expression can be described in
matrices form [6]:

X=D"S+N , 5)
where,
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H
D" = [a,(61).2,,(62), - .a,,(6p)] (6)
1 1 e 1
e_jznAl/l e_jZTEAZ//1 e e_jZﬂ:AP//1
e /21AM-1)/A gmJ2mA-1/A L. e—jZRA((M. 1))19/"l
and,

S=[51(0).5,(8), .3, (O IN=[n ()0, (1), -+ .0y (B)]
1.2. Eigendecomposition of array covariance
The correlation matrix for X can be then written as:
R=XX# (7)
The eigenvalues and eigenvectors for the noise subspace are determined from the correlation
matrix. The spatial spectrum P (0) is [6]:

1
P(e) - am(e)EnErIzI-am(e)H (8)
When a,,(0) is orthogonal with each column of E,,, the value of this denominator is close to
zero because of the existence of the noise. As the denominator gets a minimum value, the
power spectrum P(0)has a peak value. Make 6 change in equation (8) and estimate the
arrival angles by finding the peak.

2. Doppler effect on MUSIC algorithm

Multiple Signal Classification (MUSIC) is an algorithm used for radio detection finding. It
searches the orthogonality between the signal and the noise subspaces to achieve a high-
resolution DOA estimate. Because those two subspaces are perfectly orthogonal to each other
when the signal-to-noise ratio (SNR) is high, the MUSIC algorithm can resolve close sources.
Another advantage of the algorithm over the other methods is that it can be used with
arbitrary array geometries.

This paper uses an improved 2D MUSIC algorithm to estimate the elevation and azimuth
angles for signal echoes of two meteors. Implementation of 2D Music algorithm directly leads
to high complexity. To reduce the complexity, special L-shaped array antennas receive the
signals. Eight array antennas are used in this method. Four antennas are arranged on the x-
axis and four antennas on the z-axis. The L-shaped antenna separates the received signal into
two channels. One channel estimates the azimuth angle (x-axis), and the other is used for
elevation (z-axis).

For meteors, one has to include the Doppler frequency shift wpto the phase of received
signals,

sp(t)=exp [jco D t] ©)
The complex factor corresponding to phase difference is calculated as:

am(Hp)Zexp[j(E.?)]Zexp[—jZE(m - 1DA,]

The output signal of the m-th element is

xm(t) = 5:1 Sp (t)am(gp)+nm(t)
where the complex envelope s, (t) is given by,
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sp (t)=exp (j(op t) exp(jcoD t) (10)

To estimate the azimuth and elevation angles, equations (5,6,7,8) can be used.
The distance between two adjacent elements in the array antennas has to be less than or equals

to the half wavelength of the source signal. If the distance exceeds this limitaliasing affects
the MUSIC algorithm. The Doppler frequency affects the source wavelength of the received
signals. So, the algorithm must consider the Doppler frequency to get the correct method. The
frequency shift block is included in the simulation, as shown in the next section.

3. Flow graph of DOA estimation
In this section, we will explain the implementation of the MUSIC algorithm using GNU

radio software and how it can be used in array radio radar.
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Figure 2: Flow graph of DOA estimation of meteors using an improved music algorithm.
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Figure (2) shows a flow graph of the direction of arrival estimation of two meteor echoes.
Blocks signal source (10MHz and 20MHz) represents the echoes received from the array
antenna. All the blocks are coded in Python and C++. Each flow graph block has properties
that can be coded with Python or set the values.

In this section and from the flow graph, some block details can be clarified. For example,
the source signals block properties like frequency, amplitude, and sample rate can be adjusted,
as shown in Figure (3). The Frequency shift block adds Doppler shift (§ MHz) to the received
signals. The Block noise source adds (AWGN) to the signal, and array phase factors are
separated in a variable block called array phase factor0 and array phase factorl. The
Multiply by matrix™ block job calculates X,,(t)in Equation (3). We have coded a Python
block called MUSIC Algorithm to calculate the pseudo-spectrum of the echoes from the input
X (t), and the output spectrum is then sent as input to the QT GUI Vector Sink block to plot
it. The block's vector size and other properties can be set, as shown in Figure (4). Finally, the
File Sink block saves the pseudo-spectrum data as a binary file for further manipulation or
sharing. A subprogram is written in Python to read the binary file data.

r

Properties: Signal Source X Properties: Signal Source X
General ~ Advanced  Documentation  Generated Code General Advanced Documentation Generated Code
Output Type complex v Output Type complex ~

Sample Rate Sample Rate

Waveform Cosine v Waveform Cosine ~

Frequency Frequency
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Initial Phase (Radians) Initial Phase (Radians)

OK Cancel Apply OK Cancel Apply

Figure 3: Meteors echoes blocks properties.
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Figure 4: QT GUI Vector Sink block properties.
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4. Simulation results and analysis

Figure (5) shows the received complex signals from meteors. The real and imaginary parts
are shown together. The frequency of these signals was selected to be in the radio range (10
MHz - 30 MHz). This range of frequency can be used in Over-the-Horizon (OTH) scattering
method of meteors detection. The advantage of using OTH radar instead of the traditional
VHF radar is that the OTH is more sensitive to meteors than the VHF radar. We assume that
all the received signals are incoherent. If the signals are coherent, they will unite into one
signal, reducing the covariance matrix's rank. This will affect the linear system; thus, the
MUSIC algorithm will fail to estimate the correct DOA. To deal with coherent signals, one
has to remove the correlation between the signals. The coherent signals are out of the scope of
this research. The Gaussian noise source is added to these signals by connecting the signal
and noise blocks with the add block. The Gaussian noise corresponds to the thermal noise
generated from the system hardware. Figure (5) shows the complex echoes received by the
array antennas.
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Figure 5: Simulation for the received signal (10 MHz and 200 MHz) from two meteors in time
domain. Real and imaginary parts for both of them

Figure (6) and Figure (7) show the pseudo-spectrum of the echoes using an improved
MUSIC algorithm to estimate the azimuth and elevation angles. Each peak in the figures is
related to the DOA of the meteors. One can see the high resolutions of the peaks, and no
overlapping is noticed, even for very close echoes. The noise has no major effect since the
algorithms are not sensitive to noise, as explained in the previous sections. The peak of Figure
(6) points to Azimuth angles 20° and 60°, which is exactly the azimuth angle of the incoming
signal from the target. Same thing with Figure (7) points to elevation angles 10° and 35°. The
result shows the efficiency of the new method. No ambiguity problem was noticed in the
results.
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Figure 6: Pseudo-spectrum of the meteors echoes. The peaks correspond to the azimuth angles of
the meteors.
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Figure 7: Pseudo-spectrum of the meteors echoes. The peaks correspond to the elevation angles of
the meteors.
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Figure 8: The Doppler shift effect (§ MHz) on the received signals.
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Figure (8) shows the Doppler shift effect on the received signals. The dashed line
represents the received signals, and the solid line represents Doppler-shitted signals. As
mentioned in the previous sections, the transmitted radio is directed at meteors and is affected
by the Doppler effect. The frequency of the reflected waves becomes lower or higher
depending on the direction of the transmitted wave. In Figure (8), it was assumed that the
meteors moving in the same direction as the reflected wave. Thus, we added Doppler
frequency in block frequency shift to the signal source. The Doppler shift value was set to 8
MHz, as shown in variables Doppler shift0 and Doppler shiftl. The distance (d) between two
adjacent array elements has to be adjusted according to the Doppler-shitted frequency. As
mentioned, (d) must not exceed half the source wavelength. 5. Conclusions

Through the steps of this paper and from the obtained results, one can conclude that the
array elements configuration is important to reduce the MUSIC algorithm complexity in 2D,
and arranging the elements on x and z-axes reduces the computational time significantly.
Also, the findings in Figures (6, 7, and 8) showed that the improved method gives correct
azimuth and elevation angles for moving targets. The results revealed that the new algorithm
can distinguish between very close objects. In addition, it proved the effectiveness of GNU
radio in evaluating signal processing algorithms. Finally, this simulation can be used for
further investigating real data received from meteors.
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