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Genetic-Algorithm-Based Parameter Estimation

Technique for Fragmenting Radar
Meteor Head Echoes

Arnab Roy, Stan J. Briczinski, John F. Doherty, Senior Member, IEEE, and John D. Mathews, Senior Member, IEEE

Abstract—Meteoroid fragmentation presents a serious prob-
lem for Doppler estimation using Fourier transform techniques.
Radar returns from multiple closely spaced bodies traveling at
nearly identical speeds result in an interference pattern which
makes it difficult to estimate properties of individual bodies by
traditional techniques. Here, we present a genetic-algorithm-based
procedure to determine the properties of the individual fragments,
such as relative scattering cross section, speed, and deceleration.
The radar meteor observations presented here were made using
the Poker Flat (Alaska) Incoherent Scatter Radar operating at
449.3 MHz.

Index Terms—Fragmentation, genetic algorithms (GAs), me-
teor head echoes, parameter estimation.

I. INTRODUCTION

HE SCIENTIFIC community has been interested in ob-

serving sporadic radar meteors due to the role of me-
teoroids in understanding space weather, in the aeronomy of
the meteor zone, and in various aspects of plasma physics
[1], [2]. Here, we consider head-echo observations in which
radar returns are from the distribution of plasma immediately
surrounding the meteoroid and that travels with the meteoroid
itself. For details regarding scattering mechanism and models
of head echoes, the reader is referred to [1], [3]-[5]. For meteor
events observed in more than four radar pulses, a fast-Fourier-
transform (FFT)-based technique has been developed that
provides estimates of the event altitude, signal-to-noise ratio
(SNR), and speed as a function of time throughout the event
[6]-[9]. Many events having high enough SNR also yield
deceleration estimates.

Fragmented meteoroids present a problem for speed estima-
tion using FFT techniques. Scattering from two nearby slowly
separating point targets (relative to the wavelength) exhibits
strong interference effects as the two signals add in phase and
out of phase. That is, two (or more) common-trajectory mete-
oroid fragments exist within the radar range resolution cell, and
as the scattered electric fields exhibit nearly common Doppler
phase effects, the net electric field at the receiver shows a strong
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interference pattern. Some researchers have previously tried to
estimate the properties of fragmented meteoroids [10], [11].
Furthermore, Close et al. [12] reported evidence of fragmenta-
tion based on their observations but stopped short of analyzing
them. We present here a genetic-algorithm (GA)-based [13],
[14] optimization technique that searches the multidimensional
fragment parameter space to find the parameter set that min-
imizes some cost function. We use the mean squared error
(MSE) between the actual and the estimated signals as the
cost function in our study. The radar meteor data used in this
study were obtained using the high-power large-aperture radar
located at Poker Flat, AK. The Poker Flat Incoherent Scatter
Radar (PFISR) was employed in the 96-panel manifestation for
these observations. Operational parameters in this mode include
1-MHz sampling rate, 90-us pulse length, and interpulse period
(IPP) of 2 ms.

The characteristics of the fragmented meteoroids such as rel-
ative scattering cross section, speeds, and decelerations (relative
masses) are estimated using a two-step procedure. In the first
step, the radial speed and deceleration of the system of mete-
oroid fragments are estimated from the Doppler frequency shift
in consecutive radar return pulses using FFTs. The initial speed
and deceleration estimates from the first step define the param-
eter search space for the second stage which is a GA-based
signal parameter estimator. The GA-based algorithm seeks to
find the parameters within the search space that minimizes the
MSE between the actual signal and the signal synthesized using
the chosen parameters. The ability of this technique to estimate
the parameters of a two-fragment system was verified using
synthetic radar meteor signals. Then, we applied this technique
to PFISR data. Details about this technique and results from our
study are presented in the following sections.

II. COARSE PARAMETER ESTIMATION
OF METEOROID FRAGMENTS

We focus on three events exhibiting interference patterns
recorded by the PFISR. Event 1 [corresponding to Fig. 1(a)]
is used to illustrate the technique, while only the final estimated
parameters for events 2 and 3 (corresponding to Fig. 1(b)
and (c), respectively) are presented here. Before application of
the two-step parameter estimation technique, we need to pre-
process the data. This involves removing the effect of antenna
gain pattern from the data. This step is performed by passing
the data through a low-pass filter which produces an estimate of
the antenna gain pattern, and the data are then processed using
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Fig. 1. RTI and SNR (similar to optical meteor light curves) of three meteor events observed with the 449.3-MHz PFISR. The (a) event (Event 1) is consistent

with two meteoroids traveling along the same trajectory and each producing a head echo that resulted in the strong interference pattern. The (b) event (Event 2)
shows a more complex structure that is consistent with three meteoroid fragments. The (c) event (Event 3) which shows strong frequency modulation of the SNR

curve is otherwise similar to event 1.
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Fig. 2. Event 1 power signal at various stages of the preprocessing step to
estimate and remove antenna pattern.

this estimate to compensate for the varying antenna gains for
different IPPs. The results of this procedure applied to event 1
are shown in Fig. 2. Furthermore, it is observed that the IPPs
at the two extremes of the event have low SNR and are thus
ignored for further processing. We only consider 50 central
IPPs out of 85 present in event 1.

Next, we form an initial estimate of the Doppler speed and
deceleration of the meteoroid fragments by examining the FFT
of the data. The Doppler speed is determined using the method
described in [7]: the FFT is evaluated for each radar pulse,
and the location of the peak absolute value gives the dominant
frequency component present in the pulse. It is found that the
individual Doppler estimates vary substantially for each IPP.
This variation is due in part to the large variations in SNR for

each IPP due to fading. However, even in most of the deep nulls,
the SNR remains substantial. Another source of Doppler error
is that the phase evolution during each pulse is somewhat am-
biguous due to the presence of two similar Doppler signatures.
A general decrease in the estimated speed as time progresses
is also observed that indicates deceleration. The deceleration
can be estimated from the slope of the linear fit to the speed
versus IPP (or time) values. It must be emphasized here that
the speed estimates that we obtain are the radial or line-of-sight
(LOS) values—deriving the velocity vector usually requires an
interferometric and/or multistatic radar system, which we did
not use for these observations. For event 1, the radial (LOS)
entry speed of the system of fragments and the deceleration
estimated from the linear fit are 12.5 km/s and 12.1 km/s?,
respectively.

III. FINE PARAMETER ESTIMATION FOR INDIVIDUAL
FRAGMENTS USING GA

The GA-based technique is designed to provide us with
estimates of the parameters (amplitude, speed, and decelera-
tion) of each fragment in the system. The GA algorithm starts
with an initial population of random candidate parameters that
are uniformly distributed over a small range around the initial
Doppler estimates obtained from stage 1 of the technique. We
define this range to be 0.5 km/s on either side of the radial
speed estimate and 4 km/s®> for deceleration estimate from
stage 1. Then, through a process of selection (that refers to a
process of choosing a proportion of the population based on
fitness), crossover (or recombination, that refers to reproduc-
tion), and mutation (that refers to random changes in attributes
of the offsprings to maintain diversity in population), successive
generations possess better characteristics, which in our case
refers to lower MSE. After some predetermined number of
generations or when the average MSE of the population at a
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TABLE 1
MODELED PARAMETERS OF METEOR EVENT 1

IPP Relative amplitude | Initial speed (km/s) | Deceleration (km/s?%)
Body 1 Body 2 | Body 1 Body 2 Body 1 Body 2
1-5 1 0.5937 12.628 12.532 10.555 10.763
6-10 0.5937 12.519 12.428 10.062 10.445
11-15 1 0.5937 12.413 12.324 10.135 10.500
16-20 1 0.6493 12.304 12.219 9.5538 11.566
21-25 1 0.6996 12.192 12.103 8.9227 9.0333
26-30 1 0.7191 12.093 12.010 11.051 12.177
31-35 1 0.7707 11.812 11.734 9.7296 12.000
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Fig. 3. Event 1 radar complex voltages and output of the model using

parameters estimated by the GA technique for five IPPs stacked together.

particular generation reaches a predefined minimum, we stop
the iterations and select from the final population the individual
solution with the best characteristics as the final estimate.

Before moving on to the GA-based parameter estimation,
a brief description of the physics of radar scattering from a
point target is presented here. Consider that the ¢th meteoroid
fragment is at range R;(to) at reference time ty. Then, the
complex baseband signal for the fragment is given by

e,

3 )]

i(t) = A exp (

where R;(t), the range of the ith fragment at time ¢, is given by

Ri(t) = Ri(to) — (vi - di;) : @)

Here, v; is the speed at time tg, d; is the deceleration, A; is the
amplitude of the ith fragment, and ) is the radar wavelength.
The resultant signal, the baseband voltage, is the sum of the
complex returns from all bodies. It must be pointed out here
that although the description of meteor head-echo returns as
a point target using (1) is well established in the literature
for a single target [1], [6], [11], this is the first time that
it is being applied to multiple fragments. Returning to the
GA procedure, we begin with an initial population of random
candidate parameters (A;,v;,d;) from within a small range
around the coarse estimates from stage 1 (as explained earlier).
The synthetic complex baseband signal is then computed for
each candidate parameter set by substituting these values in
(1) and (2), and the MSE between the synthetic signal and the
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Fig. 4. FFT of actual signal and output of the model using parameters
estimated by the GA technique for event 1.

Actual radar signal (after pre—processing)

Reconstructed signal using estimated parameters

range (km)
HUEITE RIS

I

range (km)

Fig. 5. RTI plot of the actual radar signal after preprocessing (upper panel)
and reconstructed RTI plot using estimated parameters from our technique
(lower panel) for event 1.

actual return signal is calculated for every candidate. A certain
fraction of the candidate population having relatively high MSE
is discarded, and a new population of candidates is generated
through a process of selection, crossover, and mutation. This
procedure is then repeated for a fixed number of iterations
or until the minimum MSE of the population drops below a
particular threshold.

As part of our procedure, we stack (group sequentially)
meteor signals from consecutive IPPs and try to find the set of
model parameters that leads to the minimum MSE. The issue of
how many IPPs to stack together for GA analysis needs some
discussion. On the one hand, a longer time series leads to a
better estimate of model parameters particularly if the number
of parameters to be estimated is large, while on the other
hand, the fact that the parameters of the meteoroid fragments
change continuously as they travel through the atmosphere
would indicate that considering a smaller data series would
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TABLE 1I
MODELED PARAMETERS OF METEOR EVENT 2

I1PP Relative amplitude Initial speed (km/s) Deceleration (km/ s2)
Body 1 | Body2 | Body3 | Body 1 | Body 2 | Body 3 | Body 1 | Body 2 | Body 3
1-5 1 0.8453 0.6050 21.704 21.759 21.450 51.650 50.433 42.710
6-10 1 0.8163 0.4283 21.469 21.555 21.023 40.681 47.089 32.226
11-15 1 0.7224 0.2986 20.875 21.216 20.768 47.283 56.154 47.546
16-20 1 0.9021 0.5092 20.816 20.997 20.311 75.442 52.605 36.215
21-25 1 (0.8890 0.5088 20.026 20.372 19.864 26.036 15.618 37.033
26-30 1 (0.8922 0.5107 19.589 20.022 19.311 68.718 43.410 50.551
TABLE III
MODELED PARAMETERS OF METEOR EVENT 3
PP Relative amplitude | Initial speed (km/s) | Deceleration (km/s%)
Body 1 Body 2 Body 1 Body 2 Body 1 Body 2
1-5 1 0.3516 27.491 27.476 6.4265 14.319
6-10 1 0.3389 27.403 27.357 6.1168 10.544
11-15 1 0.3869 27.341 27.276 9.4601 13.411
16-20 1 0.3999 27.230 27.199 6.6598 19.040
21-25 1 0.3804 27.146 27.052 7.8776 8.3988
26-30 1 0.3879 27.065 26.978 10.617 14.012

better capture the transient parameters of the bodies by our
simple model. Our studies indicate that Nipp = 5 produces
optimum results as far as estimating fragment parameters is
concerned.

The next task is to determine the model order. Since the
number of scattering fragments is not known in advance, we
assume one meteoroid fragment to be present initially and
then progressively increase the number of fragments assumed
in the model to determine the model size at which the MSE
value stops decreasing. For event 1, we determined that two
fragments are present, and the individual parameters are listed
in Table I. Only the first 35 IPPs yielded reliable estimates of
the parameters and are included in the table. The closeness of
the model generated using the estimated parameters and the
actual radar signal is shown in Figs. 3 and 4 where we show the
time series and the absolute value of the FFT of the actual radar
signal and the estimated model. In addition, by examining the
initial speeds and the decelerations, we can project back in time
to determine when the speeds of the two fragments are equal,
which would indicate the time when fragmentation occurred.
For event 1, we determined that fragmentation occurred 460 ms
before the fragments entered the radar beam, assuming that
their parameters remained constant.

Furthermore, by using the estimated values of radial speed
and deceleration, we can calculate how rapidly the two frag-
ments are separating from each other. The estimated parameters
indicate that the separation between the fragments increases by
about 6 m over the duration of 70 ms for which parameter
estimates are available. Finally, in Fig. 5, we show the recon-
structed range—time—intensity (RTI) plot for the portion of the
event for which we estimate the parameters. This seems to
match the RTI plot of the actual radar signal, which of course
also includes background noise.

Event 2 appears to have a more complicated structure com-
pared to event 1. A close examination of the RTI plot reveals
rapid fading of the signal within a particular pulse return (over
90 ps), thereby indicating the possibility of the presence of
more than two fragments. We applied the parameter estimation

technique to this event with successively increasing model
order and noted the minimum MSE achieved in each case. We
find that as we increase the model order from two to three
bodies, the minimum MSE decreases, but it remains about the
same when going from three to four. From this, we conclude
that a third-order model is sufficient to represent the event.
Following a method similar to that for event 1, we derive the
estimated parameters for this event that are listed in Table II.
Event 3 is similar to event 1, and the results obtained using the
GA analysis are presented in Table III. In this case, 30 central
IPPs were utilized for parameter estimation. The SNR curve
for this event [Fig. 1(c)] exhibits large variation in frequency.
To explain this phenomenon, we note that a simple extension of
(1) shows that the amplitude of the resultant baseband voltage
is a sinusoid of frequency (R;(t) — Rz(t))/A. Since radial
separation of the fragments (R;(t) — Ro(t)) varies with time,
so also does the frequency of their amplitude oscillations.

IV. CONCLUSION

In this letter, we have used a simple but well-established
mathematical model to represent the radar signal observed due
to fragmenting meteoroids that involves three parameters per
fragment and have developed a two-stage procedure to estimate
those parameters. In the first stage, the approximate speed of
the system of bodies is estimated using the FFT. This estimate
is used to define the parameter search space for the second
stage which is a GA-based parameter estimator. This stage
converges to the values of the relative mass, radial velocity,
and deceleration within the search space that minimize the
MSE between the actual return signal and the synthetic signal
generated using the candidate parameters. Application of this
technique to fragmentation events yielded parameter estimates
that were physically consistent and resulted in very small error
between the synthetically generated and the real radar signals.

While this letter has been principally directed toward extend-
ing the use of the basic model developed for a single point
target to the radar return from two or more related meteoroid
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fragments via GA processing, the importance of this effort to
the radio science results must be emphasized. In particular, the
depth of modulation in all three examples cited in this letter
underscores that each fragment has a well-defined scattering
center, thus supporting the use of the point (much less than a
wavelength) target model developed in our earlier work. That
such apparently diverse events such as one that displays signal
fading within the 90-us pulse (which we show is due to the
presence of three fragments) and another that shows complex
modulation (which is shown to have a simple interpretation as
two fragments) are convincingly described by our technique
clearly supports its validity. These important radio science
outcomes of the GA technique will be the subject of a full

paper.
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