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CALCULATION OF THE POWER DENSITY IN THE
FREDHOLM EQUATION THAT YIELDS A
WEIBULL pdf

1. INTRODUCTION

Detection in non-Gaussian noise is a very difficult subject to study in radar. To maximize detec-
tion probability, the optimum filter is the Neyman-Pearson likelihood ratio test. It is a difficult prob-
lem to obtain the multivariate probability density function required for generating the optimum filter.
Several detectors for detecting a signal in non-Gaussian noise have been found by Cantrell [1,2] and
by Martinez et al. [3]. These detectors were obtained by applying the Neyman-Pearson test after a
closed-form solution of the multivariate probability density function had been found. '

This report considers clutter that has a non-Gaussian distribution. Specifically, clutter has a
greater probability of having a large value than the Rayleigh model obtained from a Gaussian distribu-
tion, and thus it requires a higher tailed distribution to model it properly. This higher tail must be
properly accounted for in the design of a detector to avoid false alarms. Generally, the Rayleigh pdf
underestimates the amplitudes obtained from real clutter. One physical model that has been proposed
to describe the non-Rayleigh nature of sea clutter amplitude statistics is the composite surface scatter-
ing model [4-6] that describes the fluctuation of clutter amplitudes by a conditional Rayleigh pdf, con-
ditioned on a varying clutter power level. The overall non-Rayleigh pdf for the clutter amplitude is
given by

oo 2
glxl) = A5k e [— {%Z—N f @, 0

where g(|x |) is the non-Rayleigh pdf of clutter amplitude return |x | and f (o) is the pdf of clutter
power level 0. This is a Fredholm equation of the first kind for the unknown pdf f (o%). Equation
(1) will be shown to be in the form of a Laplace transform.

In principle, the averaged clutter pdf f (%) can be found by inverting the transform if g(|x |)
is known. Selecting g(|x |) to be a Weibull distribution is expected to better represent real clutter.
Inverting the transform when g(|x |) is a Weibull density, is very difficult, so an approximate solu-
tion was found. The inverse was approximated by employing the method of steepest descent to evalu-
ate the Laplace inverse contour integral.

In Section 1, we discuss the nature of a spherically invariant random process (SIRP) and derive
Eq. (1) by noting that the clutter envelope is a SIRP. An asymptotic expansion technique is applied to
the inversion of the Laplace transform. In Section 2, we discuss the difference between our results,
which is a mixture of Rayleigh pdf’s, and the Weibull pdf. Also we generate random samples from
the mixture of Rayleigh pdf’s and the Weibull pdf, and we compare the result of these two pdfs.

Manuscript approved June 23, 1988.
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2. NATURE OF A SIRP AND DERIVATION OF EQ. (1)

A SIRP can be expressed as a random mixture of n-dimensional Gaussian-probable densities.
Given a random vector x = (x; Xj, ..., X,) from the random process, RP = [X(t), teT] with mean
value g and covariance matrix K, a necessary and sufficient condition for the random vector to be
from a SIRP is for the probability density to be of the form

n

_n —-1
pax) = @27 2 |K| ?

i —-w K 'ax -pl,

where h,( . ) is a quadratic form. It can be shown [6] that the pdf of the clutter envelope associated
with a SIRP must satisfy

Lo lkr
g(x D=l Lol e % (e de” ®

We now assume a Weibull pdf for the clutter envelope; i.e.,

a—1 ) _ILJ_JG}
mun=amm{ﬁi} -ﬁe[ [M . 3)

M

2
Substituting Eq. (3) into Eq. (2) and letting ¢ = ;12— and s = —]—%‘— yields

Ner « a1 { In (2)(2s)12 }
o [ el

t

a o—2 o
Equating h(t) = %f [—1—} , A =a InQ2) {i} 22 ,and B = l(EM()% 22 yields

a—2 o

§0°° e~ h(t)dt = As ? exp(—Bs?) @

This is in the form of a Laplace transform. An inversion of the Laplace transform in Eq. (4) yields

-~

. a—2 o
ctiom E= &
i_ s % exp (—(Bs 2 _sthyds O0<a<?2
J 2mide—ie
h(t) = A c+ioo (5)
—\  exp (—(Bs—st))ds a =2
2mi Je—ioo

L

We can easily show that the clutter amplitude pdf Eq. (3) is Rayleigh for « = 2. In this report,
we are interested in the cases 0 < o < 2, since we are interested in a heavier tailed distribution than
the Rayleigh distribution.

To solve the inversion of the Laplace transform (Eq. (5)), we derived an asymptotic expansion
of the integral to find an approximation solution. Some sufficient conditions that should be met are
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discussed in the Appendix. Since in our problem all sufficient conditions are met, we can generate an
approximation solution. In Eq. (5) for the case 0 < o < 2, let

o —2

46)=s 2, pe) = -5, ©

o
2

Then

h(@t) = A C+_imq(s) exp (—1p (s))ds. 0<a<?2 (7

2wl Yc—io

If the singularities of g (s) all take the form of isolated poles and/or isolated branch points, then by a
suitable deformation of the inversion contour we may reduce the integral to the sum of residues at the
poles plus a sum of loop integrals around the branch points. A contour is shown in Fig. 1. Equation
(7) reduces to an integral on the interval (— oo, + o).

+ oo
h@) = Zimj_m q(s) exp (—tp(s))ds, 0<a<?2.

Im(p)

f2 -/

Fig. 1 — Contour

Letting
16) = | _q(s)e s ®)
AI(t)
ht) = 2wi

The peak value of the factor ¢ P is located at s, the minimum of p(s). When ¢ is large this peak
is very sharp, and the overwhelming contribution to the integral comes from the neighborhood of s,
It is therefore reasonable to approximate p(s) and g(s) by the leading terms in their power series
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expansion at sg. I(z) is evaluated by extending the integration limits to (—o0,2) . The result is
Laplace’s approximation to /(¢). This solution will also be used for small t and any discrepancies in
the resulting pdf, and the assumed Weibull one will be noted.

We will expand p (s) in a Taylor-series. The first two terms will be sufficient since e ~?) has a
sharp peak value at s;. One obtains

—t "
—_ o —(s — s (50
I6) = qGspe " e2 T s )
We will now evaluate the right-hand integral. Let J= ip”(so) and x = s —s,. Since
g ) 0
e —Jx? T
dx = -,
L.e V7

the integral in Eq. (9) equals

1

t 3 R

o —=(5 ~ 5P (5¢) 2 2

Le? °°ds=[,,”]
oo

2
o~ 2
Since p'(s) = O yields the minimum, from Eq. (6) sy = [—;’—tJ .
a

At sy we have g(sg) = [EZ_),‘_J . After substituting for the value of sy and p”(s) in Eq. (9), the
_ o

general solution becomes

[‘H} 3
_ .2t 87 2t @-2
I(t)_l[aBJ a2 — a)B [aB]

The probability density function is given by

_ _ A __4 1
f (@ =th@) = - 1(t) 27r02i1[02]'

Letting U = LB’ the probability density function of clutter power that yields a Weibull density
[0

becomes



NRL REPORT 9150

f (@@=

where

1 |* a2 a
A=aln(Q) [ﬁ} 22, p=1002 3

. 1 .
Given U= ~ one more step to simplify the equation becomes

a 1/2 9
1 1 U |a-2 a=-21 [U|~
f @A = Rl U [O‘ZJ exp a2 [?J } (10)

3. DISCUSSION

In Section 1, we obtained the probability density function of the clutter power level that allows
Weibull clutter to be modeled as a SIRP. The SIRP may be used to describe the non-Rayleigh distri-
bution including the correlation properties.

The approximation solution from Section 1 shows that the Weibull pdf may be modeled as an
infinite mixture of Rayleigh pdfs. To examine the accuracy of this result, we compare the pdf gen-
erated by numerically solving Eq. (1) to the Weibull pdf. Specifically, we compare the probability of
exceeding |x |, for the two pdfs, for various values of parameter alpha between 0 and 2, any value
of median, and any value of |x |.

The actual values of Weibull and the Rayleigh mixture are observed to be slightly different at
the beginning of the curves as shown in Fig. 2. We integrated the closed-form solution (Eq. (1))
from zero to infinity. This integration was performed numerically by subdividing the integral into
small intervals and summing the appropriately weighted values.

For alpha = 0.5, the mixture of Rayleigh pdfs is lower than the Weibull pdf, since a large
enough upper limit was not used for the numerical integration. However, the curve can be made to
approach the Weibull pdf if we use a good upper limit. Even though this closed-form solution is
based on an approximation, it is seen to be very close to the Weibull pdf, especially when o = 1,
where it matched almost perfectly. The pdf is particularly good at the tail of the distribution. For

values of 3 or greater of |x |, the two curves overlapped each other all the way to a probability of
1077

We also generated histograms based on the two pdfs. To generate a histogram, we used a
transformation method to generate the desired distribution of ¢?, solve the differential equation, and
take the inverse of the function g. It is necessary first to generate a sample from the power level pdf

5
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Fig. 2 — Probabilities of mixture of Rayleigh pdfs and Weibuil pdf

f (6%, then to generate a sample from the Rayleigh pdf by using the same o® of the power level pdf.
The histogram that results from these samples is the histogram of the mixture of Rayleigh pdfs.

Histograms with 10,000 samples, are shown in Figs 3 and 4 for cases of « = 0.75 and « = 1.0
respectively, along with the Weibull pdf histogram for 10,000 samples. The mixture of Rayleigh pdfs
histogram is seen to be very similar to the Weibull pdf histogram. Also, we calculated the cumulative
distribution function of power level pdf, which indicates that the area under the curve is 0.999302. It
is very close to 1. In Figs. 5 to 7, we show the density function for the closed-form solution and the
Weibull pdf.

These results could be used for the problem of detecting targets in non-Gaussian noise, as
described by Cantrell [1,2], and by Martinez [3]. To obtain similar results, a closed-form non-
Gaussian multivariate pdf is required. This requires a closed-form expression for the density that is
obtained by averaging the Gaussian multivariate over the power density function found in this report.
This problem is still open for solution.
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4. SUMMARY

An analytical solution for a mixture of Rayleigh pdfs of the averaged clutter return is found by
using an asymptotic expansion method. The mixture of Rayleigh pdfs fits the amplitude fluctuations
of the Weibull density. It is a very good fit at the tail of the distribution, a fact that allows a detec-
tion threshold to be set for a probability of false alarm equal to 1077,

5. ACKNOWLEDGMENT

The author thanks Dr. Ben Cantrell of the Radar Division for his guidance and also thanks Mr.
Chester Fox Jr. and Mr. Kevin J. Sangston, of the Radar Division for their valuable suggestions that
made this possible.

6. REFERENCES

1. B. Cantrell, ‘‘Radar Target Detection in Non-Gaussian Correlated Clutter,”” NRL Report 9015,
Nov. 1986.

2. B. Cantrell, ‘‘Detection of Signals in Non-Gaussian Correlated Noise Derived from Cauchy
Processes,”” NRL Report 9086, Oct. 1987.

3. A.B. Martinez, P.F. Swaszek, and J.B. Thomas, ‘‘Locally Optimal Detection in Multivariate
Non-Gaussian Noise,”” IEEE Trans. Inf. Theory IT-30(6), 815-822 (1984).

11



10.

11.

12.

13.

14.

15.

16.

17.

18.

M. W. KIM

G.R. Valenzuelo and M.B. Laing, ‘‘On the Statistics of the Sea Clutter,”” NRL Report 7349,

‘Dec. 1971.

G.V. Trunk, ‘‘Radar Properties of Non-Rayleigh Sea Clutter,”” IEEE Trans. Aerospace Elec-
tron. Syst. (1972).

E. Conte, M. Longo, ‘‘Characterization of Radar Clutter as a Spherically Invariant Random
Process,’’ ibid., 1987.

B. Picinbono, ‘‘Spherically Invariant and Compound Gaussian Stochastic Processes,”” IEEE
Trans. Inf. Theory IT-16, 77-79, (1970).

F.A. Fay, J. Clark, and R.S. Peters, ‘“Weibull Distribution Applied to Sea Clutter,”” IEE Conf.
(Radar 77), 101-104 (1977).

V.G. Hansen, ‘‘Constant False Alarm Rate Processing in Search Radars,”’ IEE Conf. (Radar-
Present and Future), 325-335 (1973).

M. Skolnik, Introduction to Radar Systems (McGraw-Hill, 1981).

K. Yao, ‘A Representation Theorem and Its Applications to Spherically Invariant Random
Processes,”’ IEEE Trans. IT-19, 600-608 (1973).

K.D. Ward, ‘‘Compound Representation of High Resolution Sea Clutter,”’ Electron. Lett. 561-
563 (1981).

K.D. Ward, ‘‘A Radar Sea Clutter Model and Its Application to Performance Assessment,”’ IEE
Conf. 216 (Radar 82), 203-207 (1982).

G.B. Goldstein, ‘‘False-alarm Regulation in Log-Normal and Weibull Clutter,”” IEEE Trans.
Aerosp. Electron. Sys. AES-9(1) (1973).

S. Watts, ‘‘Radar Detection Prediction in Sea Clutter Using the Compound K-Distribution
Model,”” IEE Pro. 132 pt. F, (7) (1973).

C.E. Pearson, Handbook of Applied Mathematics, (Van Nostrand Reinhold Co., 1983), pp.
631-696.

D.V. Widder, ‘“Necessary and Sufficient Conditions for the Representation of a Function as a
Laplace Integral,”” Trans. AMS 33, (1931).

F.W.J. Olver, Asymptotic and Special Functions (Academic Press, 1974).

12



APPENDIX

The expansion technique described in Ref. 16 is an effective way of deriving the asymptotic
expansion of an integral containing a parameter. A general type of integral amenable. to the method
of approximation is given by

0

Ix) = [ exp (-xp@)q ()t , (A1)

where x is a positive parameter and the function ¢(¢) is independent of the parameter x. The peak
value of the factor e ~#® is located at the minimum ¢,, and almost all the contribution to the integral
comes from the neighborhood of ¢3. Equation (8) is exactly the same as Eq. (A-1). Thus it is reason-
able to approximate p(z) and g (¢) by leading terms in their ascending power series expansions at f.
Also, we need to show that g(¢) is infinitely differentiable by taking the derivative in [ 0,00 ) for the
sufficient conditions. By taking the derivative infinitely from Eq. (6), we still get the function of g
that satisfies one sufficient condition.

q™M@) = 0E¥), 0=<t< »

where O(e™) is an expression of infinitely differentiable function. Also N is a real constant that is
independent of . The integral converges when x > A and equals

1 -1
q@o + q (¢ N +q (t0)

x? x"

Ix) = +é,(x)

where

e NN G
@) = —f exp (~ap(g" @)t = O{nz(x - x)}

and n is an arbitrary nonnegative integer. Therefore

)
® g (to)
Ix) = Y T xX— o

s =0

since the maximum value of | g™ (¢)| is attained at t= ¢,

le, )| = {g™g)|x "L

Calculating the error terms by using the above equation yields

€ (x) = €,41(¥) = g®x "L
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