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Abstract—The generalized mathematical and computer model
of clutter is developed. It is based on K-distribution and can be
used for simulation of sea, atmospheric, and land clutter with
different characteristics. Examples of model application for testing
rank algorithm for clutter suppression are considered and
analyzed.
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I. INTRODUCTION

The performance of radar for the separation of different
targets is normally decreased substantially under the conditions
of sea, land or atmospheric clutter presence. The problem of
suppressing nonstationary interference or reducing their impact
on the characteristics of the equipment arises in the design and
operation of the vast majority of information measuring radio-
electronic systems. Usually this is solved by constructing
adaptive band-stop filters using Fourier transformation. Most
known methods and algorithms provide high effectivity in the
case of Gaussian probability distribution of interferences, in
particular clutter. With deviations from the Gaussian
distribution, which often happens in real situations, and
especially under the influence of impulse noise, the effectiveness
of these methods dramatically worsens and leads to information
losses. System noise immunity can be increased by applying
non-parametric methods and algorithms for signal processing.

The beginning of research in this area of mathematical
statistics can be attributed to the 60s of the last century [1, 2].
Since the 70s of the twentieth century, the attention of radar
equipment developers during several years was attracted to
robust statistics, the theory of order statistics and rank rules.
Some results in this direction are presented in [3 — 6]. These
works devise ideas for the removal of abnormal data deviating
from the Gaussian model or methods of heuristic nonlinear
processing using statistics of signals and noise based on order
statistics. Later due to different reasons these ideas seemed not
enough important and were not used in practice. Today the
reality is different. New modern level of science and technology
has changed the situation drastically. Analysis of recent
publications and conference materials indicates a great interest
in non-parametric methods and algorithms [7 — 11].

In order to design effective methods for the clutter
suppression, the adequate enough models of different clutter
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phenomena should be built first. These models should be able to
take into account the possible non-Gaussian and nonstationary
character of the scattered response in case of high-resolution
radar, as well as the spectral/correlation properties.

Despite, the problem of clutter investigation, description and
simulation is studied at least during the recent half of century by
many researchers [12 — 15], the task of adequate and universal
modelling clutter is still actual for the different scattering
conditions such as sea, land and atmosphere.

This article is devoted to the development of a generalized
mathematical and computer models of clutter in case of their
different sources, in particular sea, land, and rain. As an example
of possible applications of the model we consider testing of a
rank non-parametric algorithm for suppressing all these kinds of
clutter.

II. GENERALIZED CLUTTER MODEL

A. Compound K-distribution

Compound K-distribution clutter model allows the physical
interpretations unlike the Weibull or the Log-Normal models.
Moreover, it allows to take into account correlation properties
[12] and spectral characteristics of the clutter conditions that is
really important. Considered K-distribution is able to represent
a Rayleigh process with mean power averaged by the Gamma
distribution [13]:

f(E)=[f(E|x)f,(x)dx, 0<E<oo (1)
0

r(v)

distribution of the local power with shape parameter v and

scale parameter b , and f(E\x):ZE/x~exp(—E2/x) ,

where f, (x)= x""exp(—bx), 0<x<oo is the Gamma

0 < E <o is a Rayleigh distribution of the mean power x.
The resulting form of the K-distribution can be written as:

4b(v+1)/2Ev

g)=2__%
)

with K, _, (+) as the modified Bessel function.

The simplified diagram of the algorithm for K-distributed
samples generation is shown in Fig. 1.

K, (ZEJZ), 0<E<oo  (2)
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shall see that under the condition of

corresponding values of just two parameters, namely shape and
scale parameters, for given kinds of clutter (sea, land, and
atmosphere), expression (2) can be accepted as the generalized
clutter model.

III. CLUTTER MODEL PARAMETERS

A. Sea Clutter

The relation for the shape parameter v definition that is
based on the empirical model is proposed in [13]:

2 5 cos(26
log,, (V) = gloglo (¢g”r ) +§log10 (Ac ) —k - ¥ 3)

where ¢; is the grazing angle, 4, is the illuminated area of the
clutter zone (depends on the slant range, antenna pattern,
grazing angle, and range resolution), k,, depends on the

polarization of the sounding waveform, 6, is the angle

between the radar beam and swell direction.
The shape v and scale b factors of K-distribution are
related with the power of the clutter P =v /b, which can be

expressed in a usual form by the radar equation (as an example,
suppose that we are dealing with the sea clutter):

_PuG'A’c’A,
" UnyRLL

is the radar transmitting power, u is the pulse

“)

where P,
compression factor, G is the antenna gain, A is the radar
wavelength, o is the normalized sea clutter RCS, L, and L,
are the propagation and radar system losses.

According to [14] the normalized RCS &’ of the sea
surface for the horizontal (HH) and vertical (VV) polarizations

can be represented as: o), =10log, (/1¢;’,'44AuAW)—54.09 ;
oy, = Oy —1.05In(h,, +0.015)+1.091n(2)+1.271n(4,, +0.0001)+9.7,

where 4, is the multipath interference parameter, 4, depends on
wind direction, and 4, represents the variation on the sea state.

In more detail, these parameters are defined by the following
expressions:

4 =0)/(+0)), ®)
4, =exp(02c05(6,)(1-2.84,, )(2+0.015) "), (6)

1.1/(2+0.015)™

A, =[1.94U/(1+0.065U)] )
In the above expressions, roughness parameter o, and wind

velocity U are given as following:

=(14.42+5.5) 22 ®)

U =3.165"%, 9)
where h, =0.00452U°° is average wave height, while s
corresponds to the sea state. Thus, we use parameter s ,that is,

the sea state as the sea clutter criterion. Description of the sea
state s (from 1 to 7) is given in Table 1.

¢gr hav
A

TABLE L. SEA CLUTTER CRITERION AS THE SEA STATE
Sea state Description Wave height, m
(grade) s

1 calm-ripped 0-0.1

2 smooth-wavelet 0.1-0.5

3 slight 0.5-1.25

4 moderate 1.25-2.50

5 rough 2.5-4.0

6 very rough 4-6

7 high 69

An example of modelling results for the sea clutter is given
in Fig. 2. It was calculated for the following conditions: sea state
s =6; carrier frequency is 10GHz; polarization is vertical;
transmitting power equals 500W; wind direction angle is 30°.
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Fig. 2. Example of the sea clutter reflectivity simulation: (a) slant range varies
from 1 to 5.5 km; (b) time sample slice for the 5.5 km slant range.
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In Fig 2a, the chaotic distribution of the simulated sea clutter
over the field 'slant range - time' is represented. The intensity of
clutter is coded by colour in accordance with the scale shown
on the right in millivolts (a voltage at the output of a detector).
One can see that on average the intensity of unwanted reflection
is slightly decreasing with increasing range. At the fixed range,
the clutter 'signal' fluctuates in time as is shown in Fig. 2b.

B. Land Clutter

Reflective properties of land are described by c°, RCS per
unit area. It depends on ground complex permittivity
(conductivity and permittivity), surface roughness and
inhomogeneity. Huge amount of numerical data on the
reflective ability of different kinds of land have been published
[9]. From the point of view of radar designers and researchers
it is reasonable to define the characteristics of land clutter
independently on the specific type of terrain. This is because of
two circumstances: 1) a radar system should keep the required
performance in various places and situations; 2) very often even
relatively small areas of terrain as a clutter source are very
complex and mixed. The character of the influence of such
factors as the grazing angle, carrier frequency, polarization and
resolution are quantified regardless of the specific type of
terrain. In particular, the empirical fitting results of the various
land clutter conditions are adopted for using Weibull
distribution in [13]. However, as our approach supposes using
a generalized model based on K-distribution for all three wide
classes of clutter (sea, land and atmosphere), an adequate
transition from Weibull to K-distribution model should be done.
This can be implemented on the basis of the relation between
the K-distribution shape parameter v and Weibull distribution

shape parameter a, :

1 I(1+2a,)
This equation [15] gives good transition to desirable K-
distribution parameter, and Weibull shape parameter a,, data

(10)

are given in [15] at different grazing angles.

C. Atmosphere Clutter

There are many different atmospheric formations that may
be sources of clutter. However, the most powerful clutter in the
atmosphere is definitely from strong rain. That is why in this
consideration of the atmospheric clutter we will limit by the
case of rain only, though more sophisticated scenarios with
consideration non-spherical particles and atmospheric
turbulence, taking into account spectral and polarimetric
characteristics of signals are quite possible [16, 17, 18].

The rain is characterized by the rain rate. Clutter intensity
due to rain can be estimated using shape parameter of K-
distribution v =1.5. This was determined according to
expression (4) for Weibull shape parameter a, =2. It is
interesting that at a, =2, Weibull distribution coincides with
Rayleigh distribution. That is, for rain, at v =1.5 K-distribution
is reduced to a form, close to Rayleigh distribution. Second K-
distribution parameter, the scale coefficient b , should be
determined based on the reflected power b =v/ P, . Obviously,

the reflected power P, is estimated with application of radar

equation (4) for corresponding normalized RCS of the rain
(over the unit of volume). An empirical expression can be used
to couple the relative reflectivity of rain clutter o, , with rain

rate R in mm per hour: o, =aR” where a =1.3-10° and
=1.6 are empiric coefficients.

IV. MATLAB/SIMULINK CLUTTER MODEL DEVELOPMENT

The computer software was developed to implement the
math models described above. The software is implemented in
Matlab/Simulink with friendly interface. It gives a possibility to
select kind of clutter (sea, land, atmosphere) and to set the
intensity of the selected clutter, for example the state of the sea.
The software consists of the units to implement different tasks,
such as setting: radar parameters; clutter mode and K-
distribution model parameters calculation; clutter generation in
accordance with particular setting. Moreover, the software is
able to generate a reflected signal from a target and simulate a
signal detection procedure to demonstrate clutter suppression
using the locally optimal rank detector [19]. The scheme of the
software for clutter modeling in accordance with the described
approach is shown in Fig. 3.

V. APPLICATION OF THE MODEL

The developed math models and the software can be applied
to solve different tasks, in particular to test algorithms for clutter
suppression. As an example, we consider testing nonparametric
rank algorithm described in detail in [19] as an effective
instrument for clutter suppression. This is a locally optimal rank
detector, structure of which is shown in Fig. 4 [19, 20].

Cu(R;, 1)

¥p

series

Fig. 4. Structural diagram of a locally optimal rank detector.

The sequence of samples of the envelope (signal) E (ie,
reflected signal from a range bin that is being tested at the
moment) is fed to the input of the Rank Calculator unit, which
consists of m Comparators and Adder. This signal is fed to the
positive (+) inputs of the comparators. The negative (-) inputs
of the comparators are fed with m clutter samples (for example,
reflections from adjacent range bins), which previously are
ranked in the Variation Series unit. Thus, each signal reading is
compared to m clutter samples on comparators. The outputs of
the comparators are summed on the adder, the output of which
forms the reference rank of the envelope R.

Block C(R, f) calculates the value of the function from the
ranks accumulated in the adder X, and the calculated value is
compared with the decision threshold ¥, on the presence or
absence of a target [19].
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Fig. 3. Matlab/Simulink generalized clutter model.

The visualizing blocks are included into the model to show
all necessary information such as the K-distribution
parameters, examples of clutter 'signal', the 2D views of the
clutter evolution for the selected range-bins, as well as the
mixture of clutter & target signal and the suppressed clutter
cases. Example simulation results for different initial data are
shown below. In Fig. 5 and 6, X-axis indicates range bin
numbers, Y-axis indicates time in pulse repetition period
numbers, Z-axis (in color scale) shows the intensity.

4| clutter_model/Signal with clutter view

Z-axis

X-axis

Fig. 5. Sea case. Mixture of clutter and target signal. Sea state 3, target
RCS 2 m?, radar height 20 m, slant range 150 m (10" range bin, 15 m each).

- Cluter

’ Fark catactar
| MixSignal cuet

Rarnk Detector

Range Bin Signal with C lutter

In Fig.6, one can see the same situation as was shown in
Fig. 5, however in this case the locally optimal rank detector,
described above (see Fig. 4) is switched on for clutter
suppression.

This is resulted in clear detection of the target in the
correspondent range bin in all pulse repetition periods that
forms a white strait line. Alternatively, the sea clutter in all
other range bins is reliably suppressed in this case.

4. clutter_model/Rank detector output

100

Y-axis
Z-axis

150

200

250

X-axis

Fig. 6. Sea case. Mixture of clutter and signal. Sea state 3, target RCS 2
m?, radar height 20 m, slant range 150 m. Clutter suppression result.
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The developed software allows also to demonstrate 2D
mixture of a target signal and the clutter, as well as a result of
target detection in range and azimuth. In this case the target is
represented by the rectangle, whose sides are given in the
Simulink by selection the desired range and azimuth regions.
Examples of simulation results are shown in Fig. 7 and 8. At
these examples, in particular, it is supposed that a target
occupies 2 range bins and 10 azimuth bins. However, different
bin numbers and location of the target can be easily set in the
Simulink model.

4 clutter_model_2d/Signal with clutter view - o x
%108

Y-axis
Z-axis

X-axis

Fig. 7. Sea case. Mixture of clutter and signal. Sea state 5, target RCS
30 m?, radar height 2 km, slant range 11.9 km.

4 clutter_model_2d/Rank detector output - [m] =

Z-axis

40 60

X-axis

Fig. 8. Sea case. Mixture of clutter and signal. Sea state 5, target RCS
30 m?, radar height 2 km, slant range 11.9 km. Clutter suppression result.

In Fig. 7, the target is practically invisible in the mixture.
However, it is clearly detected in Fig.8 as a result of clutter
suppression.

Example of rain clutter simulation is done in Fig. 9 and 10.
In this case (Fig.9) a rather “small” target is not seen
practically on the background of 10 mm per hour rain, when
Signal-to-Clutter Ratio (SCR) is -2 dB. However, the target is
clearly detected, using the rank algorithm at sample size N=64
as is illustrated (Fig. 10).

4| clutter_medel/Signal with clutter view - [m]

20

80

0

60
20 40 60 80 100 120 140

X-axis

Y-axis

Fig. 9. Rain case. Mixture of clutter and signal. R= 10mm/h, SCR=-2dB.

4. clutter_model/Rank detector output - o
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@ w
2 I
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250 .
20 40 60 B0 100 120 140
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Fig. 10. Rain case. Mixture of clutter and signal. R= 10mm/h,

SNR=-2dB, N=64. Clutter suppression result.

The most reasonable way to estimate the effectivity of
clutter suppression in such case is making analysis of
detection characteristics on the background of clutter. As an
example, we calculated the detection characteristics of the
signal on the background of clutter using statistical simulation
(Monte-Carlo method). The visualizing block presented in the
model shows the detection probability calculated for the given
radar system, target and clutter parameters at the fixed slant
range to the target.

Examples of simulation results are shown in Fig. 11. They
were simulated for the case of atmospheric clutter, in
particular, rain of 10 mm per hour rain rate, which was
illustrated in Fig. 9.

Each detection characteristic was simulated at different
sample size (N=8, 16, 32, and 64). False alarm probability is
approximately 10 for all cases. X axis represents SCR and Y
axis is detection probability. If antenna pattern is in stable
position, the time of one forming the sample is equal to NT'
with T as the pulse repetition period (PRP).
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Fig. 11. Rain case. Detection characteristics by rank algorithm.
Harmonic signal on the background of rain clutter. Rain rate R = 10 mm per
hour. False alarm probability F = 10, Here N is the sample size.

Thus, the curve at N=64 in Fig. 11 corresponds to the case
illustrated in Fig. 10. From this curve one can see that at
SCR=-2 the probability of detection is approximately 0.8. In
order to reach the same probability of detection for shorter
time of observation, for example during 8 PRP, the SCR
should be a little bit more than 5 dB.

Considered examples show that the developed computer
model of clutter can be successfully used to solve various
tasks of clutter simulation, testing and compare different
signal processing algorithms for signal detection on the
background of clutter, or clutter suppression.

VI. CONCLUSION

The math models for the sea, land, and atmosphere clutter
have been generalized on the base of the K-distribution. A
universal computer model has been developed for simulation
of various kinds of clutter (sea, land, and rain).

The Matlab/Simulink clutter model has been built. The
distributions of its shape and scale parameters have been
defined for the sea clutter, for the general mixed rural terrain
(land clutter), and for the atmospheric clutter accounting rain
rate (intensity of rain).

A software tool for investigation of different situations
related with clutter simulation and suppression has been
developed. This tool includes the additional Matlab/Simulink
model that allows to build the detection characteristics which
are suitable for estimation of clutter suppression effectivity.
The developed software has friendly interface and is suitable
for further modernization.

The Matlab/Simulink model of locally optimal rank
detector has been combined with the universal clutter model.
This detection algorithm has been used for clutter suppression
as a nonparametric robust detection algorithm suitable for
suppressing different kinds of clutter especially under the
condition of non-Gaussian clutter that often happens in real
situations.

The effectivity analysis of clutter suppression has been
conducted as one of possible applications of the software
developed.
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