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If the non-Gaussian distribution function of radar glint noise
is known, the Masreliez filter can be applied to improve target
tracking performance. We investigate the glint identification
problem using the maximum likelihood (ML) method. Two models
for the glint distribution are used, a mixture of two Gaussian
distributions and a mixture of a Gaussian and a Laplacian
distribution. An efficient initial estimate method based on the
QQ-plot is also proposed. Simulations show that the ML estimates

converge to truths.
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I.  INTRODUCTION

The foundation of a radar tracker is a Kalman
filter. The Kalman filter is optimal if the system is
linear and measurement noise is Gaussian. However,
in reality, the system is often nonlinear and noise
may have non-Gaussian components. Masreliez and
Martin [2] demonstrated that non-Gaussian noise can
severely degrade the performance of the Kalman filter,
in particular for noise with a heavy-tailed distribution.
In a radar system, there exists this heavy-tailed
non-Gaussian noise and it is known as glint noise.

A number of researchers have considered the
problem of Kalman filtering in the non-Gaussian
environment. One of the most effective schemes
was proposed by Masreliez [3—4]. He introduced a
nonlinear score function as the correction term in the
state estimate and the results are often nearly optimal.
While this approach seems promising, it encounters the
difficulty of implementing the convolution operation
involved in the evaluation of the score function.

Wu and Kundu in [6] described an efficient way to
implement the score function. Wu [7] applied the
method to tackle the tracking problem when glint noise
is present.

To use the Masreliez filter, the glint model has
to be known. Glint models have been investigated
for years. A common approach is considering the
physics that describes electromagnetic wave scattering.
Delano [23] found that the glint probability density
can be described by the student ¢ distribution with
two degrees of freedom. Gubonin [24-25] argued
that the glint density is described by generalized
hypergeometric functions. Recently, Sandhu and
Saylor [26] generalized Gubonin’s results. A key
feature of their work is that the mean glint estimator
is unbiased and this enables model parameters to be
estimated from the first-order measured glint data.
They demonstrated that the simulated target signature
is statistically identical with the actual measured data.
Although Sandu’s method can model glint noise well,
it is not suitable for the use in the Masreliez filter. The
main reason is that hypergeometric functions may not
have moment generating functions. This violates the
assumptions in [6]. In addition, as we see in Section
III, hypergeometric functions are complicated and it is
difficult to deal with.

We consider some simplified models here. Two glint
noise models, a mixture of two Gaussian distributions
and a mixture of a Gaussian and a Laplacian
distribution are studied. The Gaussian mixture was
originally proposed by Hewer and Martin in [1]. They
analyzed QQ-plots of empirical glint data and claimed
that this model works well. However, no identification
method was considered. The Gaussian and Laplacian
mixture was used in [7] for robust consideration. No
model identification was mentioned in [7] either.
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These two models are rather simple; however, as we
show, they can describe glint noise almost as well as
hypergeometric functions.

The history of identifying a Gaussian mixture is
a long one. Pearson first considered the problem by
using the method of moments [8], which was studied
later by Cohen [9]. Extensions to more general cases
were recently considered by Fukunaga and Flick [9],
and Derin [11]. During the early nineteenth century,
attention was turned to graphical techniques for
mixture identification. Basically, these techniques
explore the relationship between the shape of the
QQ-plot of the mixture with unknown parameters.
This was originated by Harding [12] extended by
Cassie [13] and studied later by Bhattacharya [14].
Recently, it was reconsidered by Postaire and Vasseur
[15]. The maximum likelihood (ML) method was first
used by Rao [16]. Extension to an arbitrary number
of mixtures was made by Hassleblad [17]. Hosmer
[18] investigated ML identification when the sample
size is small. Day [19] compared the ML method with
a number of other methods and concluded that the
ML method was superior. This same result was also
observed by Fowlkes [20].

One thing worth noting is that most of the studies
consider the case where the mixture has different
means. In such cases, the distribution is frequently
bimodal, however, in our applications, the mixture
is unimodal and identification of this mixture is
somewhat different. The aforementioned works all
consider the identification of a Gaussian mixture.
The identification of our second model, i.e., the
Gaussian and Laplacian mixed distribution has not
been considered before. Existing methods may not
be adequate to solve the problem making further
study necessary. We explore the glint identification
problem using the ML method. Since the ML is an
iterative method and many local minima may exist,
good initial estimates are important. We also propose a
very effective initial estimate method.

The organization of the paper is as follows. In
Section II we briefly review the score function
approach for completeness. In Section III, we discuss
the glint models. In Section IV, we describe the
ML identification problem and the initial estimate
technique. In Section V, some simulations are carried
out. The conclusion is drawn in Section VI.

Il.  SCORE FUNCTION APPROACH
A. General Filtering Problem

The general filtering problem can be formulated
as the state estimate given all the history of the
observation. Consider a linear system described as
follows:

(1)
2)

Xyl = OpXy + Wy

= Hkxk + Vi
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where x, is the state vector, w;, and v, represent white
noise sequences and are assumed to be mutually
independent. The basic problem is to estimate the
state x, from the noisy observation (z;,...,z,). The
probability density of the state conditioned on all the
available observation data is called the a posteriori
density. If this density is known, an estimate for any
type of performance criterion can be found. Thus,
the estimation problem can be viewed as one of
determining the a posteriori density. Denote f(-) as a
density and Z* = {z,z,,...,2.}. The a posteriori density
can be described by the following relations

o _ FOo 1 Z5Df & ] x)
o | Z5) = @ | ZF D)

3)

Fo |24 = / FOy 1250y |3 D, (4)

where the normalizing constant f(z; | Z*~!) is given by

flg |25 = /f(xk | ZF Nz | x)dx,. (5)

The f(z, | x;) in (3) is determined by the observation
noise density f(v,) and (2). Similarly, f(x, | x,_,) in
(4) is determined by the state noise density f(w,) and
the (1). Theoretically, knowing these densities, we can
determine the a posteriori density f(x, | Z*). However,
it is generally impossible to carry out the integration
in (4) for every instant. Consequently, the a posteriori
density cannot be determined for most applications.
The only one exception is when the initial state and all
the noise sequences are Gaussian. In this case, (3)—(4)
are reduced to the standard Kalman filter equations.

B. Score Function Approach

Consider a linear system described in (1)—(2).
The variables w, and v, can be non-Gaussian. The
density of z;, conditioned on the a prior observations
is denoted by f(z; | Z¥~!). We name f(z, | Z¥1)
the observation prediction density and assume that
it is twice differentiable. Similarly, f(x, | Z*7!) is
the density of x, conditioned on prior observations
and is named the state prediction density. Assuming
that f(x, | Z¥~1) is a Gaussian density with mean
X, and covariance matrix M,, Masreliez has shown
that the minimum variance state estimate X,, and its
covariance matrix B, = E{(x, —%)(x, —X,)" | Z*} can
be recursively calculated as follows [3]:

X =% + M Hg, (%) (6)
B = M, — M HG () H M, @)
Ter1 = Oy ®)
M,y = B + Oy )
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where g,(-) is a column vector with components:

__|9f 1z k—1y1-1
(8@} = [ ) ] AP
(10)
and G,(z,) is a matrix with elements
_ &Gl
{Gi(z)}; = AT (11)

The function g,(-) is called the score function of
f(z, | Z¥-1). The following procedure summarizes the
implementation of the filter.

Step 0 Assume that at stage k— 1, X,_; and B,_,
are known.

Step 1 Calculate M, = ¢, \B_ ¢} | + Q1.

Step 2 Approximate the state prediction density
f(x, | Z¥1) by a Gaussian distribution with mean
X, = ¢;_1%,_, and covariance matrix M,.

Step 3 Find the observation prediction density
f(z | Z*") by convolving f(H,x, | Z¥1) with f, ().

Step 4 Find g,(z;) and G,(z;).

Step 5 Apply (6)—(7) to find %, and F.

Step 6 Let k — k + 1 and start all over from
Step 1.

Ill.  GLINT MODELS

We first discuss the glint model proposed by
Sandhu and Saylor in [26]. They assumed that the
scatters of a radar target has a dominant deterministic
component which is located at the instantaneous radar
center. Let {q,}{_, be a set of samples of zero mean
random variables with a, representing the magnitude
of the kth scatter in a particular aspect interval such
that E[3"}_, a?] = 20°. The quantity a,, corresponds
to the dominant, deterministic scatter. Let (x;,y;,z;)
be the coordinate of the kth scatter (with respect to
the target center). {(x;,y;,2,)}+-, are assumed to be
uniformly distributed sequences of three independent
random variables within the target volume with means
s iy, 1, and variancs 02,02,02. Since the three axes
are independent, we only consider the glint in x axis in
the following. It is shown in [26] that the glint can be
modeled as

hx = py t Uxﬁx (12)

where
_ (ry + V25c0ospg)r, + (r3 + vV 2ssingy)r,
25¢c08¢)? + (r3 + V2ssing,)?

Bs

(13)

(r, +
where ¢, is the phase delay of the dominant scatter,
¥1,75,73, 74 are Zero mean, unit variance, normal

random variables, and s = a,/v/20. The distribution
of 3, is shown to be

exp(—s?)
4v2p3 !

*Sz

130 = | a4

F, {1/2,1,

where b = (1 + 2)/2, and |F, is a generalized
hypergeometric function which can be expanded into
modified Bessel functions as

_exp(—s?) 5 52
02 (12, (2)

4+/2b3
.5‘2 I .5‘2 S2
o\ ap2 ) | *P\ 32 )
(15)

As we can see, the glint distribution is rather
complicated. It is difficult to incorporate this model
into the filtering process.

The variable p, corresponds to the mean glint and
varies slowly. It can be effectively removed in the
tracking loop [1]. Without loss of generality, we can
assume that ;. = 0. In [1], the glint is modeled as a
Gaussian mixture which is described by

f() =efj(x0) + (1 =€) /()

= eN(x;0,0)) + (1 —e)N(x;0,0,)  (16)

where
N2 2
e&?/20?
To

N(x;,0) = (17)
o, > 0}, and € is a positive number close to (but less
than) one. Note that (16) explicitly assumes that both
Gaussian components have zero means. The validity of
the Gaussian mixture model is verified by the QQ-plot
of the glint noise. A QQ-plot is a plot of the ordered
data x;;, versus the normal quantiles x, = ®1(p,)
where p, = (i—1/2)n,i=1,2,...,n and ®~! is the
inverse of the unit Gaussian distribution. It can be
shown that the QQ plot of a Gaussian distribution is
linear regardless its mean and variance. The QQ-plot
of a Gaussian mixture is locally linear. There could
be three regions where the QQ-plot is linear; one in
the central region and two in the tail. Based on this
observation, Hewer, Martin, and Zeh [1] studied glint
records and concluded that the Gaussian mixture is
a good model. Here, we perform an experiment to
test their argument. We used Sandhu’s model (12) to
generate a glint record and plotted the corresponding
QQ-plot. The parameters we used are the typical
values from [26] (s=1,0, =5, u, =0, and ¢, =
0.7). Fig. 1 shows the glint data and Fig. 2 shows its
QQ-plot. Fig. 3 shows the theoretical QQ-plot of a
Gaussian mixture. Indeed, comparing Figs. 2 and 3,
we can clearly see that the glint distribution does have
the Gaussian mixture behavior.

From (13), it is easy to see that when s — O,
f(8,) — Student ¢ distribution which is very heavy
tailed. Very large glint spikes are observable. Since s is
time varying, these spikes may not be modeled in the
underlying Gaussian mixture. We then are interested
to know if the Masreliez filter can tolerate these
spikes. This is related to the concept of robustness. An
estimator is said to be robust if small changes from an
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Fig. 1. Generated glint record.
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Fig. 3. Theoretical QQ-plot of Gaussian mixture.

assumed nominal model produce only small changes
in the estimate. There are many forms of robustness.
The most fundamental one, which was introduced by
Hampel [27], is qualitative robustness. To define the
qualitative robustness, we need the concept of the
influence curve. For a finite sample, an interpretation
of the influence curve can be made as follows.
Consider the location estimation problem. We are

given n observations from the nominal distribution. Let

ft, be an estimate. Now, suppose the nth observation
is contaminated and its value becomes x. Let the
estimate with the contaminated observation be [i,,.
Then the influence curve is defined as

1C() = Vi, — iy,)- (18)

0.8

0.6F e Gaussian+Gaussian
Gaussian+Laplacian

V% T 6 4 2 0 2 4 6 8 10

Fig. 4. Score functions of distributions.

From (18), we can realize that the influence curve
measures the effect of contamination on the estimate.
An estimator is said to be qualitatively robust if its
influence curve IC(-) is continuous and bounded. In
other words, if an estimator is qualitatively robust,
a contaminated observation can only have finite
influence on the estimate no matter how large it is.
This interpretation is intuitively appealing and we use
that in our filtering problem.

We now investigate the qualitative robustness of the
Masreliez filter with the Gaussian mixture model. As
described in (6), the state estimate is

X, =X, + MH g,(z)). (19)

We now have to ask how X, will be changed if z; is
contaminated. From (19), we find that the amount

of change is determined by the shape of the score
function of the observation prediction density g,(-).
Thus, we can say that the score function plays the
same role as the influence curve does. If the score
function is bounded, the contaminated z, will only
have finite influence on %;. From (5), we know that
the observation prediction density is obtained by

the convolution of the state prediction density and
observation noise density. Since the state prediction
density is assumed to be Gaussian, the shape of the
score function of observation prediction density is
similar to that of observation noise density. Fig. 4
shows the score functions of the Gaussian mixed and
the Gaussian and Laplacian mixed distribution. The
score function of a Gaussian mixture is piecewisely
linear. The slope in the tail region is smaller. However,
since the slope is not zero, the score function is not
bounded. Thus, the Masreliez filter with the Gaussian
mixed noise model is not qualitatively robust. Now,
when we see the score function of the Gaussian and
Laplacian mixed distribution, we find that the slope of
score function is zero in the tail region. In other words,
it is bounded. Thus, we conclude that the Masreliez
filter with the Gaussian and Laplacian mixed model is
qualitatively robust. This is the reason why the second
glint model, i.e., the Gaussian and Laplacian mixed
distribution, is proposed in [7]. This model can be
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described in the following equation

£ = e/, + (1 — 9 f00)
=eN(x;0,0) + (1 —e)L(x;0, 1) (20)
where
LOriCop) = amexClin, 21
2p

IV. ML GLINT IDENTIFICATION
A. ML Problem

Once we have the models, the next problem is
how to identify parameters. Here we employ the MLL
method to solve this problem. Consider the model one
in (16) and let 6 = (¢,0,,0,). For a sample with size
N, the ML estimates of the parameters 6 is found by
maximizing the likelihood function L,,(0)

N
L6 =[] fx;:0).

(22)
i=1
For computational efficiency, we can take the
logarithm of (22). This results in a log likelihood
function
N
In[L,,(0)] = > In[£(x;;0)]. (23)

i=1

Taking first partials with respect to 6, and setting
the derivatives equal to zero, we can solve the

maximization problem. However, as we can readily see,

the equations are nonlinear and a closed-form solution
doesn’t exist and we must use iterative algorithms to
find the solution. One such algorithm is proposed in
[17]. Define
k k
pll=e®,  pP=1-e®)
(k) (k)
Wb = P fi ()
g f®Ox j)

where fi(k)(xj), i=1,2 and f®(x;) are the density
functions evaluated at x; and 6% (the estimate of 6
in kth iteration). The estimates at the k + 1 iterations
are

(24)

(25)

Nk 2712
TR
i N (k) £ b

D=1 Wi

N (k)
W,
(k+1) _ 1)
€ = —. 27
> 27)
Jj=1

The iterations are continued until some predetermined
criteria are met. If the iterations stop at m iteration
then the estimate is 6 = 6. Day [19] has pointed

out that w®

i; is an estimate, using 6% of the posteriori

probability that x; came from the population i. There
are singularities in L,, associated with each sample
point, i.e., for each X, 1<j<N

limLm(xj,e,ol,Jz) = lim Lm(xj,e,al,az) = 0.
o1—0 ar,—0

(28)

This kind of singularity has not occurred in our
simulations. This is because, as described by [18], if
one estimate of the standard deviation did start to
converge to zero the estimate of the probability for
that component converged to zero as fast or faster.
This has the effect of reducing the mixture to a single
component. To assure the absence of the singularity
problem, we can check the validity of the mixture
model during the iteration. This is done as follows. We
first define a lower bound of . Whenever the &; is
smaller than this value, the probability corresponding
to o; is then forced to zero. The Gaussian mixture
model then degenerates to a single component.

For the identification of model two in (20), a
similar technique can be applied. However, (26) is
different

CN () 2712
(k+1) _ Zj=lwlj X o)
o =l —® 29)
L Zj:lwlj
r—N (k)
(k+1) _ Z/:IWZj |.X]|
I = | = . (30)
N k)
2 j=1Wa;

In our simulations, the singularity problem has not
occurred either. This indicates that the argument made
above is still valid in this case.

B. Initial Estimate

As we saw in the preceding section, the cost
function that the ML method has to optimize is
highly nonlinear. There could be many local minima.
Therefore, good initial estimates are important. There
is a method proposed in [20], however, we find it
is not suitable for our use since our distribution is
unimodal. We now propose a scheme, which uses a
QQ-plot analysis, to obtain the initial estimate. It is
known that the QQ-plot of a Gaussian distribution
is linear. This can be shown as follows. Let the error
function be defined as

1 X
erf(x) = E/o &2

Then, for an arbitrary Gaussian density with mean 7
and variance o2, its cumulative distribution function
(CDF) is 0.5 + erf((x —n)/o). Let x and y denote the
horizontal and the vertical axis of the QQ-plot. The
QQ-plot of the Gaussian distribution can be found by

(D
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solving

0.5 + erf(y - ”) = 0.5 + erf(x)

g

(32)

%:x—wwﬂu. (33)
Thus, for a Gaussian distribution, the QQ-plot is a
straight line and the slope is the standard deviation o.
We can use this property to obtain the initial estimate
of the standard deviation of the Gaussian mixture.

As shown in (16), we know that in the central region
of the Gaussian mixture, N(x;0,0,) dominates. By
contrast, in the tail regions, N(x;0,0,) dominates,
therefore, the slope of the linear segment (denoted as
L(x)) in the central QQ-plot can be used as the initial
estimate of o, and that (denoted as L,(x)) in the tail
region as the initial estimate of o,

A dL1(x)

5, _ sz(x).

dx 27 dx

For a Gaussian and Laplacian mixed distribution,
we can still use the slope of the central region of its
QQ-plot to estimate the initial o (20). Let the straight
line in the central region of the QQ-plot be L,(x).
Thus,

(34)

dL,(x)
dx

However, in the tail region, the Laplacian distribution
dominates and the QQ-plot is nonlinear. How

to obtain the initial estimate of ; needs further
consideration. First, let’s find the QQ-plot of

the Laplacian distribution. Since the QQ-plot is
symmetrical with respect to zero, we have only to
consider the region where x >0 or x <0. For x >0,
we have

(35

o=

¥
0.5 + / Lthidr = 0.5+ erfr), (36)
0 24
Performing the integration and rearranging the
equation, we can obtain
eV =1 —2erf(x). (37)

Now, as we know, there is no closed-form solution
for the error function. We cannot find a closed-form
expression describing the relationship between x and
vy, however, we can apply some approximation method.
Taking the logarithm of (37), we obtain

Y

o = —1In[1 — 2erf(x)]. (38)

The function in the right-hand side of (38) is plotted
and we find it can be well approximated by a quadratic
function. Thus

—In[1 —2erf(x)] = clxz + X +Cy (39)

46
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Fig. 5. Real and approximated —log[1 —2erf(x)].

for some constants ¢, ¢,, and c;. The QQ-plot of a
Laplacian distribution is then

y & M(C1x2 + X + ¢3). (40)

From our experiments, we find that the coefficients of
the quadratic function are

¢, =0.4687, ¢, = 0.5061, c; = 0.1454.

4D

The actual and approximated —In[1 — 2 erf(x)] are
plotted in Fig. 5. From this figure, we can see that
the approximation is so good that we can barely
distinguish them. We now conclude that the QQ-plot of
a Laplacian distribution is almost a quadratic function.
Now, we may use (40) to obtain the initial estimate of
u. For an empirical QQ-plot (Laplacian and Gaussian
mixed), we first approximate the curve in the tail
region by a quadratic function. Let the coefficients
of the quadratic function be ¢/, c5, and cj. Since ¢,
is shift invariant, ;z can be estimated by

¢}

fr=—.
€1

(42)

However, our experiments indicate that this estimate is
only good for large sample size. When the quantity of
available data is small, the performance is poor. This
can be explained by the fact that the quadratic function
has more unknowns and the approximation is not

good for the small sample size. One way to overcome
this problem is to use the linear approximation, i.e.,
approximate the function —In[1 — 2erf(x)] using a
linear function. This leads to

—In[1 —2erf(x)]~dx +d, 43)

vy~ udx +d,). (44)

From experiments, d; is found to be 1.95. This is
also shown in Fig. 5. The way to estimate ;. for small
sample size now is clear. Let the tail region of an
empirical QQ-plot (Gaussian and Laplacian mixed
distribution) be approximated by a straight line that
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Fig. 6. Theoretical QQ-plot for mixture with infinite variance
ratio.

is denoted by L,(x)

Ly(x) =djx +d5. (45)
Then,
d|
oL=—. 4
p=g (46)

Simulations show that this method yields very good
results. We demonstrate this in the next section.

The final parameter we have to estimate is e. If
the Gaussian mixture is bimodal, there is a reflection
coefficient that can be used to estimate ¢ [20]. In our
case, this is not valid. Here, we propose a simple and
effective way to do the job. Our method can best
be described by an extreme case where o, = 0. That
means one distribution in the mixture is an impulse
and the variane ratio (03 /0?) is infinite. The CDF of
the Gaussian mixture is then discontinuous. The jump
occurs at x = 0. The CDFs before and after jump are
0.5 and 0.5 + €. The quantile of the Gaussian mixture
right after jump is 0*. The corresponding quantile of
the unit Gaussian (x-axis of the QQ-plot), denoted as
X, is obtained by

0.5+ ¢ = 0.5 +erf(x,) (47)

x; = erf 1(0.5¢). (48)

The QQ-plot (for x > 0) is shown in Fig. 6. We see that
the QQ-plot is zero until x = x;. From the plot, we can
estimate the standard deviations of mixed distributions
using the method discussed before. We define the
region corresponding to 0 <x <x; is the central region
and x; < x is the tail region. Thus, L;(x) is just the
x-axis. The plot in the tail region is nonlinear. L,(x)
can be obtained via the linear regression on the curve
in the region. Now, from Fig. 6, we can see that the
x-coordinate of the intersection of L;(x) and L,(x),
denoted as x;, is approximately equal to x;, i.e.,

X; R X

(49)

In general, the slope of L,(x) is larger than zero.
However, when the slope of L, increases, the slope

WU: MAXIMUM LIKELIHOOD IDENTIFICATION OF GLINT NOISE

of L,, influenced by L, will decrease and vice versa.
This leaves the x-coordinate of the intersection almost
unchanged. Thus, we conclude that the x-coordinate of
the intersection of L;(x) and L,(x) is not sensitive to
the variation of o, and o, and (49) holds for o, > o,
(this is also the assumption of the glint model). Based
on the property described above, a method for the
initial estimate of ¢ is now proposed.

1) Find the x-coordinate of the intersection of
L,(x) and L,(x) in the empirical QQ-plot, i.e., solving
the equation

L,(x;) = Ly(xy). (50)
2) Inverting (48) to find ¢, i.e.,
€ = 2erf(x;). (29

To implement the proposed initial estimate method,
we first have to define the central and the tail regions.
From the models mentioned above, it is reasonable
to assume that ¢ > 0.5. Thus, we can take the lower
50% of the sample (after ordering) and consider it
is in the central region. Using the linear regression
technique, we can find L,(x). Similarly, we can take
hihger (1 —€) x 100% of the sample and consider it is
in the tail region. However, € is unknown. To estimate
€, L,(x) has to be found. Thus, € and L,(x) cannot be
determined simultaneously. Here, we propose a simple
iterative method to solve the problem. Let L(Q")(x) and
¢™ be the L,(x) and ¢ at nth iteration. At (n + 1)th

iteration, L(2"+1)(x) is obtained by the linear regression
on the upper (1 — &™) x 100% of samples and ¢"*D
is obtained by using the intersection of L,(x) and
L(2"+1)(x) (as listed in (51)). The iteration continues
until convergence is observed. The initial &V is taken
as 0.5.

In the following, we analyze the proposed
algorithm to understand why it works. Let x* be
the x-intersection of L,(x) and L,(x) when € is 0.5
and L,(x) is found by using the upper 50% of the
sample; ¢ 5 be the estimate of €. Also let x{ be the
x-intersection of L;(x) and L,(x) when € is known and
L,(x) is found by using the upper (1 —€) x 100% of the
sample; ¢ be the estimate of €. As we discussed above,
€ys will be around 0.5 and € around e. Since € > 0.5
and the error function is increasing, x7 < x{ and
€y.5 < €. Now, the real situation is that ¢ is unknown
and initially we assume that € = 0.5. Thus, in the
first iteration, we take the upper 50% of the sample
(instead of (1 —e€) x 100%) to find L,(x). Let x| be
the x-intersection of L(x) and L,(x). From Fig. 7,
it is apparent that x*5 < x{" < x¢ and ¢,5 < & < &.
Continue this iteration and we conclude that at the nth
stage x" "V < x" < x¢ and &V < 2™ < 2 When 7 is
large enough, x™ approaches x{ and 8™ approaches ¢.

The same procedure can be used to find the initial
estimate of ¢ in the Gaussian and Laplacian mixed
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Fig. 7. [Iterated initial estimate using theoretical QQ-plot.

distribution. If (39) is used, x; corresponds to the
intersection of L;(x) and the quadratic function. If
(45) is used, x; corresponds to the intersection of
L,(x) and L,(x). In the following, we provide some
simulations to test proposed schemes.

V. SIMULATIONS

In this section, we carried out some simulations
to test the performance of the proposed algorithms.
Note that the shape of the QQ-plot is only dependent
on the variance ratio of two mixed components.
The same ratio will give the same shape. Since our
distributions are zero mean and symmetrical, the
theoretical QQ-plot will be symmetrical with respect to
zero. Thus, we can reflect samples with negative value
to the positive side and make the empirical QQ-plot all
positive.

To test proposed schemes, eight cases were
simulated; they correspond to the combinations of
two es and four variance ratios. The es used are 0.6
and 0.9, th evariance ratios are 9, 25, 49, and 100,
and we performed the Monte Carlo simulation with
100 runs in each case. The sample size was 200. The
resulting mean, variance, and mean square error
(MSE) were taken as the performance indexes. Tables
I and II list the results for the Gaussian mixture.
Tables III and IV list the results for the Gaussian and
Laplacian mixed distribution. We first examine our
initial estimate scheme in Tables I and II. We find the
estimate of € was remarkably good, particularly when
the variance ratio is high. The results are comparable
with the ML estimates because the assumption of
our initial estimate scheme is more valid when the
variance ratio is high. The mean value of o, estimate
is larger than the actual value due to the influence
of the f,(-), however, the estimate variance is small.
The mean of o, estimate is also larger than its real
value, which is the property of the QQ-plot. Only when
x goes to infinity, does the slope of L,(x) approach
0,, otherwise, it will be larger than 0. When ¢ is
large, the number of samples used in estimating o, is
small, which results in the larger estimate variance. In
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eps=0.8, sig_1=1, sig_2=5
8+ Injtial estimate: eps=0.8033
sig_1=1.151, sig_2=4.962

0 05 1 15 2 2.5
Fig. 8.

Initial estimate using empirical QQ-plot
(Gaussian + Gaussian).

TABLE 1
Performances of Initial and ML Identification for Gaussian and
Gaussian Mixed Distribution (e = 0.6)

Initial estimate ML estimate
Mean | Variance | MSE Mean | Variance | MSE
e=0.6 ] 0.69320 | 0.00509 | 0.01378 || 0.59865 | 0.01093 | 0.01093
oy =1 | 1.41342 | 0.01861 | 0.18952 | 0.99952 | 0.02748 | 0.02748
op =3 || 3.26376 | 0.21706 L(].28663 2.96747 | 0.13791 [ 0.13897
e=0.6 || 0.65829 | 0.00257 | 0.00596 |l 0.60822 | 0.00281 | 0.00288
o = 1.59436 | 0.01986 | 0.37313 || 1.01841 | 0.01151 | 0.01185
o, =25 || 5.95573 | 0.51796 | 1.43138 }| 4.99993 | 0.22213 | 0.22213
e=0.6 || 0.62210 | 0.00157 | 0.00206 [ 0.59829 | 0.00138 { 0.00138
gy =1 | 1.68457 | 0.02983 | 0.49846 || 1.00432 | 0.01043 | 0.01045
g, =T | 8.42606 | 0.93791 | 2.97154 [ 6.97367 ] 0.41682 0.04175 |
e=0.6 || 0.60952 | 0.00126 | 0.00135 (| 0.59714 { 0.00092 | 0.00093
oy =1 }) 1.77233 | 0.02957 | 0.62607 || 1.01371 } 0.01000 | 0.01019
o, = 10 || 12.2714 | 1.51834 | 6.67777 | 9.89850 | 0.76394 | 0.77425
TABLE II

Performances of Initial and ML Identification for Gaussian and
Gaussian Mixed Distribution (e = 0.9)

Initial cstimate ML estimate
Mean | Variance | MSE Mcan | Variance | MSE
e=10.9 |} 0.88050 | 0.00563 } 0.00601 || 0.88561 | 0.00472 | 0.00492
oy =1 | 1.06229 | 0.01029 | 0.01417 || 0.98496 | 0.00740 | 0.00763
o, =3 || 3.15629 | 1.10535 | 1.12978 || 2,95852 { 0.47649 | 0.47821
€=0.9 [[ 0.89126 | 0.00069 | 0.00077 || 0.89509 | 0.00077 | 0.00080
| oy =1 [ 1.09940 | 0.00898 | 0.01886 || 0.99457 |  0.00412 [ 0.00415
og =15 | 6.09003 | 2.83989 | 4.02803 || 4.83176 | 1.11505 { 1.14335
[e=09 0.88971 | 0.00063 | 0.00074 || 0.89784 | 0.00039 | 0.00040
oy =1 | 1.12037 | 0.01087 £02536 1.00391 | 0.00436 | 0.00438
o, =T | 9.41867 | 4.95128 | 10.8009 ) 6.83916 | 1.33671 | 1.36258
¢=0.9 || 0.88278 | 0.00046 | 0.00676 || 0.89499 | 0.00027 0.00029“
ﬁil =] 1.11735 | 0.01163 | 0.02540 { 1.00422 | 0.00473 | 0.00475
oy =10 || 13.1334 | 7.01397 | 16.8321 || 9.30372 | 2.35633 | 2.84113

general, the variance of our initial estimate is within
three times of the ML estimate. Despite the bias, our
initial estimate scheme works very well. Fig. 8 shows a
sample run of the initial estimate. Marks with the plus
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TABLE III
Performances of Initial and ML Identification for Gaussian and
Laplacian Mixed Distribution (¢ = 0.6)

Initial estimate ML estimate J

Mean | Variance | MSE Mean | Variance MSEJ
c=0.6 0.80187 | 0.00452 | 0.04527 | 0.58116 | 0.03111 | 0.03146
o=1 1.26495 | 0.01383 | 0.08402 || 0.98410 | 0.03578 { 0.03604
po=2.1213 |} 2.46817 | 0.59264 | 0.71295 || 2.21319 | 0.30882 | 0.31726
=06 0.76224 | 0.00278 | 0.02910 |) 0.59154 | 0.00774 | 0.00781

o=1 1.45330 | 0.01619 | 0.22167 || 1.00470 | 0.01293 O.DIE—‘
o= 3.5355 || 4.02912 | 0.84423 | 1.08786 || 3.55265 | 0.40334 | 0.40363
e=0.6 0.73083 | 0.00151 [ 0.01863 | 0.59470 | 0.00360 | 0.00363
o=1 1.53829 | 0.01915 | 0.30891 |l 0.98786 | 0.01124 | 0.01138
po=4.9497 |[ 5.57411 | 1.21979 | 1.54940 || 5.04121 | 0.59353 | 0.59522
€=0.6 0.71695 | 0.00172 | 0.01540 )] 0.59500 | 0.00197 | 0.00199
o=1 1.66890 | 0.03000 | 0.47742 || 1.00795 | 0.01126 | 0.01132
p="T7.0710 | 7.83685 | 2.50788 | 3.09430 || 6.94502 | 0.98091 | 0.99680

TABLE 1V

Performances of Initial and ML Identification for Gaussian and
Laplacian Mixed Distribution (¢ = 0.9)

Initial estimate ML estimate
%Mean Variance | MSE Mean | Variance | MSE

e=0.9 0.88811 | 0.00905 | 0.00919 [ 0.84528 | 0.02490 | 0.02790
g=1 1.03836 | 0.00902 | 0.01049 || 1.00008 | 0.00936 | 0.00936
2o=2.1213 )| 1.86965 | 0.69653 | 0.75987 || 2.19407 | 1.23662 | 1.24191
e=0.9 0.91361 | 0.00094 | 0.00113 | 0.87231 | 0.00764 | 0.00841
o=1 1.07545 | 0.00808 | 0.01377 |j 0.99176 | 0.00670 | 0.00677
L#= 3.5355 || 3.88457 | 2.87216 | 2.99399 | 3.55213 | 2.02840 | 2.02868
e=10.9 0.91266 { 0.00059 | 0.00075 || 0.89174 | 0.00134 | 0.00140
o=1 1.09512 | 0.01097 | 0.02002 { 0.99752 | 0.00451 | 0.00451
wo=4.9497 || 560137 | 6.54428 | 6.90592 || 4.94402 | 3.47810 | 3.48124
e=109 0.91209 | 0.00049 | 0.00064 || 0.89674 | 0.00064 | 0.00065
oc=1 1.11286 | 0.01082 | 0.02355 {| 0.99993 [ 0.00512 | 0.00512
p=T.0710 [} 8.99289 | 7.95192 | 11.6453 || 7.38493 | 4.28215 | 4.38066

and the star sign represent samples in the positive and
negative side of the original QQ-plot.

Next, we examine the ML results in Tables I and
II. It seems that some properties of the ML estimate
are similar to those of our initial estimate. When e
is larger, the following properties are observed: the
estimate of € and the estimate of o, became better
(due to the smaller influence of f,(-)); the variance
of o, estimate became larger. It seems that for larger
variance ratio, the separation of two components
is easier and the estimate of ¢ is better. However,
because of the large variance, the estimate of o,
became poorer. In all cases, the ML estimate produced
satisfactory results.

In Tables III and IV, we show the result of the
initial and the ML identification of the Gaussian and
Laplacian mixed distribution. Note that for comparison
purposes, the parameters of ;1 were chosen such that
they have the same variance ratios with previous ones.

8 eps=0.8, sig=1, mu=3.5
Initial estimate: eps=0.8216
sig=1.333, mu=2.158

0 0.5 1 15 2 2.5

Fig. 9. Initial estimate using empirical QQ-plot

(Gaussian + Laplacian).

From the tables, we find that the behaviors of the
initial and the ML estimate are similar to those in
Gaussian mixture case. Comparing with the results
in Gaussian mixture, we find the following values
becoming larger: the bias of the initial estimate of ¢
(for smaller ¢), the variance of p estimate (compare
with 0,), and the MSE of e estimate. This reflects
the fact that the Laplacian distribution is long tailed
and more difficult to identify, however, note that in
many cases, the increase of MSE is not significant.
Fig. 9 shows a sample run of the initial estimate. From
the figure, it is difficult to see that the curve in the
tail region is a quadratic function, thus, the linear
approximation is appropriate. In all the simulations,
none of them failed, contrary to the moment method
which has a high probability of failure. Also, the
convergence of the ML method is rather fast. Thus,
we conclude that our initial estimate scheme works
effectively and the ML method using the estimate
produces stable and superior results.

Finally, we applied the ML method to identify the
model parameters using the glint data shown in Fig. 1.
For the Gaussian mixture model, the resulting values
are

e = 0.8354, o, =2.9084, o, =15.617.

(52)
For the Gaussian and Laplacian mixed model, the
resulting values are

e = 0.7480, o =2.7366, 1 =9.0450.

(53)
To verify the identification results, we plotted the
empirical QQ-plot of the glint data and the theoretical
QQ-plot of the identified models in Fig. 10. From
this, we can see that these two models fit the data
nicely. The spiky character of the glint noise is fully
modeled. Note that in terms of QQ-plots, there is little
difference between two models. Based on experimental
results, we verify that the employed models are indeed
appropriate. For the filtering purposes, the use of
complicated hypergeometric functions is not justified.
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Fig. 10. QQ-plots of identified models.

VI.  CONCLUSIONS

In this paper, we have proposed a method for
identification of glint noise. The glint noise is highly
non-Gaussian and it is present in radar systems. Two
models are used for the glint distribution, one is the
Gaussian mixture and the other is the Gaussian and
Laplacian mixed distribution. The ML method is
employed to identify the parameters of the models.
An iterative initial estimate method based on the
QQ-plot analysis is also proposed. Experiments show
that the proposed initial estimate is very effective and
the ML method has good performance. Once the glint
noise is identified, the algorithm proposed in [7] can
be applied to enhance the performance of tracking
algorithm when the glint noise is present. Note that
there is a growing interest in the non-Gaussian noise
processing [22] and identification of this kind of noise
is important. Our method is simple and efficient and it
may find many applications in other areas.
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