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Abstract

The work developed and described in this technical report deals with the
problem of providing a statistical model of the backscattering from sea surface for low-
grazing angle and high resolution radar systems. Based on the electromagnetic two-
scale model, we analyzed both the amplitude and frequency modulations induced on the
small-scale Bragg resonant waves by the large-scale surface tilt and advection, due to
the swell presence. Evidence of sea clutter non-stationarity and the relationship
between the variations of clutter spectral features, like texture, Doppler centroid and
bandwidth, have been investigated by processing real recorded data. The data used for
the research activity have been recorded by the IPIX radar of McMaster University in
Grimsby, Ontario, Canada.

In the first part of this technical report, we describe our statistical analyses of
high-resolution polarimetric data characterized by different range resolutions (60 m, 30
m, 15 m, 9 m, 3 m), in order to highlight possible statistical differences due to changes
of both resolution and polarization.

The second part of this technical report will be devoted to the description of the
analysis of clutter non-stationarity performed by processing the same data. The relation
between texture changes, spectrum bandwidth and Doppler centroid will be highlighted
with the aim of proving that a hybrid AM7FM modulated process is more suitable than

a stationary process to model the sea high resolution clutter.

Keywords:  Radar clutter, non-Gaussian clutter, phenomenological modeling, statistical

analysis, model parameter estimation, high-resolution radar, compound model.

This work has been funded by AFOSR grant FA8655-04-1-3059 on “High resolution
clutter analysis and modeling for advanced target detection strategies.”
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Section 1
Radar and Data Description

1.1 Introduction

The clutter data we processed were collected at Grimsby, Ontario, with McMaster
University IPIX radar. IPIX is an experimental X-band search radar, capable of dual
polarized and frequency agile operation. The characteristic features of the IPIX radar are

summarized in [Far97] and in Table 1.1.

The radar site was located at east of the “Place Polonaise” at Grimsby, Ontario
(Latitude 43.2114° N, Longitude 79.5985° W), looking at lake Ontario from a height of 20
m. Figure 1.1 reports the map of the area. The nearest shore on the far side of the lake is

more than 20 Km away. The city on the left is Hamilton, 50 Km east of Niagara Falls.
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Figure 1.1 - Map of the recording area.
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The data of the OHGR database are stored in 222 files, as 10 bits integers. There
are like polarizations, HH and VV (Lpol), and cross-polarizations, HV and VH (Xpol),

coherent reception, leading to a quadruplet of I and Q values for Lpol and Xpol.

Transmitter Receiver Parabolic dish antenna
TWT peak power:8 Kw 2 receivers Diameter: 2.4 m
Dual frequency Outputs: Pencil beam width
simultaneous transmission: Linear, [ and Q (azimuth resolution):
8.9-9.4 GHz 1.1°
H-V polarization, agile Receiving polarizations: Antenna gain: 45.7 dB
H-V
Pulse width (PW): Data acquisition: Cross polarization isolation:
20 ns to 5000 ns (real) Sample rate from 0 to 50 30dB
5000 ns (expanded) MHz
32 ns (compressed) Outputs: Linear, I and Q
PRF: Quantization: Double polarization with
from 0 to 20 KHz 10 bit- up to 16 bit effective central feeder
with H/W decimation

Table 1.1 - Characteristics of the radar.

In this work, we analyzed 5 files recorded on February 4 1998 at about 22.30.
Unfortunately, we have no data available regarding the wind and wave observations. The
operational conditions are summarized in Tables 1.2 and 1.3.

It is important to observe that in each file the range resolution is different, and that
at 30 m range resolution the illuminated zone is different with respect to the that
illuminated at 60 m, 15 m, 9 m, e 3 m range resolution. These files were chosen to
highlight the differences due to the change of the resolution.

It is important to observe that the IPIX receiver has two operational modes

depending upon the selected RF pulse width (PW). For PW >200ns, a 5 MHz filter is
used to limit the receiver bandwidth to approximately 5 MHz. For PW < 200 ns , this filter

is by-passed, so the bandwidth of the receiver becomes about 50 MHz to match the

minimum 20 ns pulse width. Therefore, for files when PW <200 ns, the noise floor is

about 10 dB higher than for PW >200 ns [Cur03].




Name of the | 19980204_223753_ANTSTEP | 19980204_220849_ANTSTEP | 19980204_223220_ANTSTEP
data set
Date, time of | 02/04/1998 22:37:53 02/04/1998 22:08:49 | 02/04/1998 22:32:20
acquisition
#Range cells 28 28 28
Start range 3201 m 3201 m 3201 m
Range 60 m 30 m I5m
resolution
Pulse width 400 ns 200 ns 100 ns
Total # 60000 60000 60000
sweep
Sample for 60000 60000 60000
cell Sampled at 60 m Sampled at 30 m Sampled at 15 m
PRF 1 KHz 1 KHz 1 KHz
Frequency 9.39 GHz 9.39 GHz 9.39 GHz
RF
Radar and N N
wave . T
geometry
-
S
Table 1.2 - Characteristics of the analyzed files.
Name of the 19980204_224024_ANTSTEP | 19980204_223506_ANTSTEP
data set
Date, time of 02/04/1998 22:40:24 | 02/04/1998 22:35:06
acquisition
#Range cells 28 27
Start range 3201 m 3321 m
Range 9m 3m
resolution
Pulse width 60 ns 20 ns
Total # sweep 60000 60000
Sample for cell 60000 60000
Sampled at 9 m Sampled at 3 m
PRF 1 KHz 1 KHz
Frequency RF 9.39 GHz 9.39 GHz
Radar and N N
wave geometry T M
S

Table 1.3 - Characteristics of the analyzed files.




Section 2
Statistical Analysis

2.1 Introduction

The first analyzed file is “19980204 223753 antstep.cdf “ with a range resolution
of 60 m. Many distributions have been proposed in the literature to model the amplitude
probability density function (PDF) of high resolution non-Gaussian clutter (see [Bar96],
[Con87], [Fay77], [Far97], [Jak76] [War90], [Ran93], [Ran95a], [Ran95b], [Ran97],
[Ran98], and references therein). Here, we compare the empirical PDF with log-normal
(LN), Weibull (W), K, and Generalized K (GK) PDFs. The expressions of these PDFs and

their moments are reported below [Far97], where R=|Z[i] denotes the clutter amplitude:

Log-normal model (LN)

1 1 2
PDF: P,(r) = ﬁexp(— o~ [(lnr ~In &) } Yu(r) 2.1)
Moments: E{R"} =" exp(6°c”/2) (2.2)

where o is the shape parameter, and ¢ is the scale parameter.

Weibull model (W)
C c
PDF: P,(r) = exp[—(r/b) }u(r) (2.3)
Moments: E{R”} = b”F(Lj (2.4)
c+1

where c is the shape parameter and b is the scale parameter. Rayleigh PDF is a particular

case of the Weibull PDF for ¢=2 .



K-model (K)

PDF: PR(r)z—W 2r K, gr u(r) (2.5)
27T\ # u

" n n
2I'(v+ E)F(l + E)

Moments: E {R”} = (27’[1)2 o)

(2.6)

where I'(*) is the gamma function, K ,_,() is the modified Bessel function of the third kind

of order v—1, v is the shape parameter, and u is the scale parameter.

Generalized K model (log-normal texture) (LNT)

roo 72 oo t T
PDF: P.(r)= —exp| —— In(— dr 2.7
() ngrz o[ - 202[ (2m} ] 2.7
n n n’c’
Moments: E{R”}:(Zm)2 F(l—i—z)exp( . ) (2.8)

Generalized K model (Generalized Gamma texture) (GK)

PDF: P.(r)= 2br (Lj]gr”’"z exp[ ﬁ—(irj ]dz' (2.9)
HJ%

n n
Tw+—)Ir1+—
T+ r+2)

Moments: E {R”} = (ﬁ (2.10)
1%

I'(v)

Apart from Log-normal model, the other models proposed here are particular cases
of the so-called compound-Gaussian family because obtained from the composition of two
random variables; texture and speckle. According to this model, the samples of the
complex envelope of the sea-clutter process can be written as the product of two

components:

z(n) =4/t(n)x(n) (2.11)



The term x(n) =x,(n)+ jx,(n) is a stationary complex Gaussian process, usually called

speckle, which accounts for local backscattering; x,(n) e x,(n) are the in-phase and
quadrature components of x(n). They satisfy the property E{x, (n)} =FE {xQ (n)} =0,
with E{sz(n)} :E{xgz(n)} =1/2 and thus E{|x(n)|2} =1. Factorr(n) is a non-negative

real random process, usually called zexture.

Once fixed the PDFs of speckle and texture, it is possible to obtain the amplitude

PDF:
z(n)=\Jr(mx(n) = |z(n)|=R=r(n)|x(n)| (2.12)
Je(r)= f:fR(rlr)ﬁ(r)dr. (2.13)

The characteristic parameters of the log-normal, Weibull, K and generalized K with
log-normal texture (LNT) theoretical PDFs were estimated by the classical method of
moments (MoM), by equating the first and second experimental and theoretical moments

[Far97], estimated as:
el N n
E{R"} =1, (n) =Y "|z(0) (2.14)
i=l

N, denotes the sample size; we processed N, =60,000 samples. As concerning the

parameters of the GK-PDF, we encountered several numerical problems with the above
approach. Thus, in this case we used a number of empirical moments greater than the

number of unknowns; the parameters v and b were estimated as

(v, 6) = argmin J(v,b)= a(rvglbr)ni ngi mR(r:r)]R_(:)]R(n)l (2.15)

where m.(n) 2E{R"}/E"{R is the normalized nth order moment (which does not depend
on ) and mg(n) denotes its sample estimate. The absolute minimum of the quantity in

(2.15) was found by two successive two-dimensional searches. A first coarse grid search



was carried out to prevent convergence to local minima. Then, a fine search was performed
to find the absolute minimum around the one found by the previous coarse search. The fine

search uses the Nelder-Mead simplex (direct search) method. Once v and b have been

estimated,  is obtained from an estimate of the first order moment, E{R} .

2.2.1 Range resolution of 60 m
Figure 2.1 shows the behavior of the average clutter power as a function of the cell

number. The behavior versus the cells is similar in all polarizations. The results of the
histogram and moments analysis have been reported in figures 2.2, 2.4, 2.6, and in figures
2.3, 2.5, and 2.7 respectively for the 15™ range cell. The results show that a very good
fitting is obtained by the GK-PDF, both for like- and cross-polarized data. Therefore, the
analyzed lake clutter process, at a range resolution of 60 m, can be accurately modeled by a
compound-Gaussian process with Generalized K-PDF. The results for the other range cells
are very similar.

The parameters estimated for each theoretical PDF (see Tables. 2.1, 2.2, 2.3, 2.4,
2.5 and 2.6) show that, on the average, HH component is spikier (¢ =1.2261) than both
VV (¢=12927) and VH (¢ =1,2900) components; different polarization have been
compared with respect to the mean value of the ¢ parameter in Weibull distribution

because the meaning of this parameter is very easy to understand.

107 ‘ =
- | | | | | —=—VV
i —4a— HH
= —66— VH

E |

o 10-35

A~ r

8 B

:: L

5 i

- L

0]

S 4

5 10—

> C

< -
107 A N S R B
0 4 8 12 16 20 24 28

Range Cell

Figure 2.1 - Average backscattered power vs range cell number.
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Figure 2. 2 — Clutter amplitude PDF, VV polarization, 15" range cell.
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w LN K
Cell é B & 5 ’ /&

1 1.5200 0.034494 0.60950 0.025820 1.9036 0.00070076
2 1.1850 0.031786 0.73541 0.022891 0.79437 0.00077275
3 1.0475 0.033507 0.80507 0.023788 0.56454 0.0010343
4 1.2080 0.035099 0.72501 0.025342 0.84054 0.00091880
5 1.0758 0.040507 0.78956 0.028835 0.60632 0.0014464
6 1.1236 0.029421 0.76484 0.021046 0.68283 0.00071352
7 1.2574 0.025739 0.70371 0.018690 0.94938 0.00047024
8 1.0521 0.030878 0.80247 0.021931 0.57124 0.00087184
9 1.4166 0.030168 0.64323 0.022317 1.4255 0.00056968
10 1.3350 0.019907 0.67277 0.014587 1.1532 0.00026304
11 1.1983 0.024609 0.72936 0.017749 0.82073 0.00045642
12 1.0412 0.031525 0.80857 0.022369 0.55569 0.00092497
13 1.3724 0.021751 0.65889 0.016008 1.2692 0.00030530
14 1.4137 0.014472 0.64422 0.010702 1.4147 0.00013134
15 1.3905 0.014096 0.65237 0.010396 1.3305 0.00012658
16 1.2927 0.014731 0.68925 0.010741 1.0366 0.00014917
17 1.4643 0.014206 0.62717 0.010567 1.6235 0.00012261
18 1.3978 0.015044 0.64979 0.011105 1.3563 0.00014346
19 1.4320 0.013029 0.63797 0.0096551 1.4856 0.00010520
20 1.4901 0.013651 0.61886 0.010184 1.7455 0.00011154
21 1.2305 0.016404 0.71516 0.011875 0.88830 0.00019609
22 1.1379 0.015029 0.75779 0.010767 0.70729 0.00018278
23 1.1781 0.013237 0.73861 0.0095248 0.78093 0.00013506
24 1.2864 0.011114 0.69178 0.0080974 1.0205 8.5375e-05
25 1.2987 0.010988 0.68689 0.0080174 1.0521 8.2576e-05
26 1.4255 0.011841 0.64016 0.0087686 1.4601 8.7252e-05
27 1.4077 0.010933 0.64630 0.0080798 1.3923 7.5265¢-05
28 1.5188 0.0094769 0.60988 0.0070929 1.8967 5.2930e-05

Table 2.1 - Estimated parameters, VV polarization.




LNT GK
Cell GAZ l’;’l ‘; /:2 l;
1 0.51969 0.00054040 2.7405 0.0010499 0.80795
2 1.1970 0.00042472 1.9355 0.00075764 0.59008
3 1.6263 0.00045868 9.4774 4.3318e-07 0.22479
4 1.1363 0.00052056 0.87289 0.0018062 0.95366
5 1.5273 0.00067395 4.5522 8.7781e-05 0.33906
6 1.3736 0.00035902 56.449 6.0461e-19 0.10413
7 1.0146 0.00028315 9.8372 2.2771e-06 0.28886
8 1.6096 0.00038987 7.2833 2.9721e-06 0.25812
9 0.68874 0.00040371 4.5449 0.00026235 0.53665
10 0.84421 0.00017247 52.472 1.6450e-14 0.14265
11 1.1616 0.00025534 2.3092 0.00035718 0.55452
12 1.6489 0.00040558 0.57015 0.0018380 0.95000
13 0.77026 0.00020771 0.83295 0.00064125 1.2749
14 0.69382 9.2839¢-05 1.6356 0.00024008 0.89814
15 0.73611 8.7602e-05 5.4991 2.7977e-05 0.46105
16 0.93402 9.3508e-05 67.651 7.2347e-20 0.10640
17 0.60712 9.0506e-05 68.868 1.5526e-15 0.14240
18 0.72263 9.9957e-05 10.142 2.8699¢-06 0.34715
19 0.66176 7.5562e-05 68.239 6.5954e-16 0.13894
20 0.56572 8.4061e-05 30.489 1.6504e-09 0.22786
21 1.0795 0.00011430 13.030 1.1400e-07 0.24961
22 1.3307 9.3967¢-05 7.5384 1.2683¢e-06 0.28235
23 1.2159 7.3537e-05 1.4774 0.00018303 0.67369
24 0.94800 5.3147e-05 4.0910 2.6797e-05 0.46961
25 0.92101 5.2103e-05 19.736 2.6065e-09 0.21849
26 0.67294 6.2323¢-05 8.8679 4.0704¢-06 0.38165
27 0.70458 5.2917e-05 68.637 1.3554e-16 0.13373
28 0.52156 4.0780e-05 46.108 1.3163e-11 0.19634

Table 2.2 - Estimated parameters, VV polarization.
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Figure 2.4 - Clutter amplitude PDF, HH polarization, 15™ range cell.
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Figure 2.5 - Normalized clutter moments, HH polarization, 15™ range cell.
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w LN K
Cell 3 5 G B v 7
1 1.4399 0.027611 0.63528 0.020480 1.5181 4.70094e-04
2 1.1013 0.025864 0.77618 0.018458 0.64606 5.68366e-04
3 0.98564 0.027673 0.84128 0.019547 0.48168 7.86789¢-04
4 1.2169 0.030612 0.72109 0.022125 0.85906 6.92409e-04
5 1.0611 0.035894 0.79751 0.025516 0.58437 1.16150e-03
6 1.0021 0.026474 0.83128 0.018723 0.50276 6.98106e-04
7 1.2009 0.025031 0.72822 0.018058 0.82585 4.70903e-04
8 1.0881 0.030597 0.78303 0.021807 0.62524 8.10455e-04
9 1.3130 0.030470 0.68124 0.022269 1.0908 6.27313e-04
10 1.2922 0.020462 0.68948 0.014918 1.0352 2.87951e-04
11 1.1903 0.025962 0.73302 0.018707 0.80463 5.12507e-04
12 1.0155 0.033518 0.82337 0.023730 0.52036 1.09248¢-03
13 1.3053 0.023133 0.68428 0.016892 1.0697 3.63927e-04
14 1.3250 0.015961 0.67658 0.011682 1.1244 1.70454¢-04
15 1.3242 0.015796 0.67692 0.011560 1.1219 1.67072e-04
16 1.2890 0.017362 0.69075 0.012654 1.0270 2.07903e-04
17 1.3616 0.017602 0.66283 0.012938 1.2343 2.01514e-04
18 1.3149 0.018849 0.68051 0.013780 1.0959 2.39705e-04
19 1.3478 0.016025 0.66795 0.011760 1.1914 1.68778e-04
20 1.3664 0.017365 0.66108 0.012771 1.2496 1.95450e-04
21 1.1286 0.021285 0.76234 0.015234 0.69136 3.71023e-04
22 1.1015 0.019590 0.77606 0.013981 0.64643 3.25959e-04
23 1.0987 0.017187 0.77753 0.012262 0.64187 2.51902e-04
24 1.1630 0.014942 0.74571 0.010734 0.75237 1.75199e-04
25 1.2048 0.015173 0.72644 0.010952 0.83394 1.72302e-04
26 1.3310 0.016767 0.67431 0.012280 1.1414 1.87213e-04
27 1.3235 0.015627 0.67717 0.011435 1.1200 1.63585e-04
28 1.4385 0.013440 0.63577 0.0099672 1.5120 1.11481e-04

Table 2.3 - Estimated parameters, HH polarization
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LNT GK
Cell &2 7’;’1 ‘; /’) b"
1 0.64804 3.39989¢-04 3.2763 4.46566¢-04 0.65262
2 1.4436 2.76162e-04 2.1566 3.58957e-04 0.49939
3 1.8647 3.09699¢-04 4.1112 3.21681e-05 0.30910
4 1.1136 3.96773e-04 0.84706 1.37935e-03 0.98792
5 1.5778 5.27718e-04 2.2024 6.07104¢-04 0.46863
6 1.7978 2.84137e-04 26.314 1.67124e-13 0.12970
7 1.1550 2.64321e-04 3.3623 1.61376e-04 0.45835
8 1.4863 3.85465e-04 10.959 2.26087e-07 0.22492
9 0.89009 4.01978e-04 1.7723 9.24844e-04 0.74666
10 0.93525 1.80398e-04 13.319 3.11253e-07 0.26556
11 1.1830 2.83669¢-04 2.0165 4.90353e-04 0.58871
12 1.7455 4.56448e-04 0.48726 2.18530e-03 1.0074
13 0.90669 2.31275e-04 1.3626 6.55524¢e-04 0.86545
14 0.86480 1.10617e-04 4.5612 4.87975e-05 0.47041
15 0.86663 1.08322e-04 6.0103 1.88775e-05 0.40773
16 0.94227 1.29792e-04 67.986 1.63504e-18 0.11431
17 0.79112 1.35680e-04 23.430 4.42032¢-09 0.22129
18 0.88612 1.53907e-04 5.7957 2.89782e-05 0.40967
19 0.81839 1.12100e-04 35.770 1.23539e-11 0.17583
20 0.78186 1.32208e-04 58.339 4.09491e-15 0.14028
21 1.3584 1.88119e-04 2.6974 1.61669e-04 0.46540
22 1.4428 1.58437¢-04 6.4131 4.27946¢-06 0.29377
23 1.4520 1.21883e-04 3.0067 7.28340e-05 0.42494
24 1.2581 9.33995e-05 3.0814 6.57839e-05 0.46028
25 1.1446 9.72163e-05 66.569 1.49350e-19 0.10760
26 0.85252 1.22240e-04 68.237 1.25577e-17 0.12126
27 0.86798 1.05990e-04 7.0555 1.00037e-05 0.37855
28 0.65055 8.05256e-05 4.1858 6.86213e-05 0.57891

Table 2.4 - Estimated parameters, HH polarization.
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Figure 2.6 - Clutter amplitude PDF, VH polarization, 15™ range cell.
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Figure 2.7 - Normalized clutter moments, VH polarization, 15™ range cell.
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LN K
Cell o l; & 5. v ’[1
1 1.5197 0.035189 0.60958 0.026340 1.9022 7.29366¢-04
2 1.1856 0.032453 0.73515 0.023372 0.79545 8.05008e-04
3 1.0506 0.034247 0.80332 0.024321 0.56904 1.07510e-03
4 1.2069 0.035809 0.72550 0.025852 0.83828 9.57496e-04
5 1.0762 0.041344 0.78936 0.029432 0.60689 1.50597e-03
6 1.1243 0.030059 0.76452 0.021504 0.68391 7.44168e-04
7 1.2565 0.026253 0.70408 0.019061 0.94726 4.89634¢-04
8 1.0535 0.031532 0.80173 0.022398 0.57318 9.07201e-04
9 1.4163 0.030834 0.64334 0.022809 1.4243 5.95206e-04
10 1.3326 0.020279 0.67371 0.014855 1.1460 2.73507e-04
11 1.1993 0.025122 0.72894 0.018120 0.82261 4.75149¢-04
12 1.0406 0.032181 0.80891 0.022833 0.55483 9.64803e-04
13 1.3709 0.022210 0.65942 0.016343 1.2644 3.18668e-04
14 1.4170 0.014771 0.64308 0.010928 1.4273 1.36535¢-04
15 1.3862 0.014378 0.65390 0.010599 1.3157 1.32098e-04
16 1.2909 0.015051 0.69000 0.010972 1.0318 1.55976e-04
17 1.4619 0.014480 0.62797 0.010768 1.6126 1.27566e-04
18 1.3941 0.015333 0.65109 0.011313 1.3433 1.49401e-04
19 1.4319 0.013283 0.63800 0.0098434 1.4853 1.09348e-04
20 1.4908 0.013921 0.61865 0.010386 1.7488 1.15959¢-04
21 1.2312 0.016750 0.71483 0.012126 0.88995 2.04296e-04
22 1.1385 0.015343 0.75746 0.010993 0.70844 1.90353¢-04
23 1.1768 0.013491 0.73919 0.0097063 0.77852 1.40502¢-04
24 1.2895 0.011364 0.69057 0.0082824 1.0282 8.90235e-05
25 1.2965 0.011190 0.68776 0.0081627 1.0464 8.57998e-05
26 1.4246 0.012095 0.64049 0.0089555 1.4563 9.10909e-05
27 1.4065 0.011145 0.64675 0.0082351 1.3876 7.82760e-05
28 1.5157 0.0096406 0.61084 0.0072129 1.8795 5.48630e-05

Table 2.5 - Estimated parameters, VH polarization.
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LNt GK
Cell &2 7’;’1 ‘; /’) b"
1 0.52008 5.62356¢-04 2.6643 0.0011234 0.81995
2 1.1955 4.42782e-04 1.9259 0.00079653 0.59216
3 1.6150 4.79453e-04 9.2207 5.8973e-07 0.22864
4 1.1392 5.41719e-04 0.83801 0.0018992 0.97486
5 1.5261 7.02154¢-04 4.6107 8.6917¢-05 0.33723
6 1.3717 3.74809e-04 51.396 7.4510e-18 0.10890
7 1.0167 2.94511e-04 9.8644 2.3068e-06 0.28815
8 1.6048 4.06653e-04 7.3848 2.8744e-06 0.25696
9 0.68929 4.21686¢-04 4.4500 0.00028774 0.54218
10 0.84926 1.78877e-04 43.730 4.7733e-13 0.15575
11 1.1592 2.66146e-04 2.3045 0.00037452 0.55595
12 1.6511 4.22579e-04 0.57434 0.0019152 0.94501
13 0.77307 2.16505e-04 0.81027 0.00066769 1.2947
14 0.68793 9.67974e-05 1.7192 0.00024310 0.87787
15 0.74411 9.10572e-05 5.3408 3.1226e-05 0.46531
16 0.93813 9.75765e-05 67.634 6.5582e-20 0.10602
17 0.61111 9.39794e-05 68.856 1.4354e-15 0.14185
18 0.72939 1.03746¢-04 8.9849 5.2749¢-06 0.36657
19 0.66190 7.85383e-05 68.767 5.9063e-16 0.13848
20 0.56464 8.74365e-05 29.743 2.3055e-09 0.23112
21 1.0777 1.19191e-04 12.292 1.8928e-07 0.25692
22 1.3287 9.79547e-05 7.6216 1.2464e-06 0.28117
23 1.2194 7.63658e-05 1.4658 0.00019158 0.67554
24 0.94129 5.56041e-05 4.5411 2.1114e-05 0.44825
25 0.92578 5.40077e-05 16.908 1.1714e-08 0.23492
26 0.67466 6.50092¢-05 8.7084 4.5597¢-06 0.38441
27 0.70688 5.49706e-05 68.633 1.3608e-16 0.13358
28 0.52623 4.21707e-05 40.412 7.3223e-11 0.20896

Table 2.6 - Estimated parameters, VH polarization.
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2.2.2 Range resolution of 30 m
The second analyzed file is “19980204 220849 antstep.cdf  at a range resolution

of 30 m. The expressions of the used PDF and their moments are the same as those used at
60 m range resolution. The results of the histogram and moment analysis, reported in
figures 2.9, 2.10, 2.11, 2.12, 2.13, and 2.14 for the 1™ range cell, show that, also with this
range resolution, a very good fitting is obtained by the GK-PDF.

Figure 2.8, plotting the average backscattered power versus range, shows that with
this resolution, both VV and VH powers overcome HH power; let’s notice that both 7™ and
8™ cells are not important for our clutter analysis because containing a target with strong
power particularly in HH data (for further information you can visit the web site

http://soma.ece.mcmaster.ca/ipix/). The other analyzed files did not show the target

because of their different illuminated zone, as indicated in Tables 1.2 and 1.3.
Estimated parameters show that on the average (Tables 2.7, 2.8, 2.9, 2.10, 2.11 and
2.12), data clutter are spikier at 30 m range resolution than at 60 m in all polarizations.

Both VV component (¢ =1.1148) and VH component (¢ =1.1153) are spikier than HH
component (¢ =1.1900).

Averaged Clutter Power

e S N IR RN N R

0 4 8 12 16 20 24 28
Range Cell

Figure 2.8 - Average backscattered power vs range cell number.
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Figure 2.10 - Normalized clutter moments, VV polarization, 1% range cell.
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LN K
Cell o l; & 5. v ’[1
1 1.3006 0.018815 0.68612 0.013731 1.0572 2.41710e-04
2 1.1686 0.020138 0.74306 0.014476 0.76283 3.16121e-04
3 0.98441 0.020478 0.84203 0.014463 0.48014 4.31872¢-04
4 1.1323 0.017527 0.76055 0.012549 0.69755 2.50393e-04
5 1.2188 0.025299 0.72023 0.018289 0.86320 4.71964¢-04
6 1.2255 0.024964 0.71732 0.018061 0.87745 4.56424¢-04
9 1.2905 0.013122 0.69017 0.0095650 1.0308 1.18596¢-04
10 1.1903 0.012546 0.73298 0.0090404 0.80478 1.19675e-04
11 1.0384 0.014211 0.81015 0.010081 0.55175 1.88828e-04
12 1.0452 0.014322 0.80633 0.010166 0.56134 1.89671e-04
13 1.2511 0.016483 0.70634 0.011960 0.93474 1.94009¢-04
14 1.1455 0.013057 0.75409 0.0093619 0.72064 1.36653e-04
15 1.0484 0.011071 0.80452 0.0078609 0.56594 1.12748e-04
16 0.84143 0.014987 0.94144 0.010535 0.32357 3.26665¢e-04
17 0.99783 0.021584 0.83386 0.015260 0.49720 4.67759¢-04
18 1.1345 0.015798 0.75945 0.011314 0.70140 2.02858e-04
19 0.67653 0.015575 1.0946 0.011201 0.18788 6.89038e-04
20 0.95985 0.012055 0.85745 0.0085006 0.45008 1.57207¢-04
21 1.3271 0.011774 0.67579 0.0086198 1.1303 9.26050e-05
22 091112 0.010521 0.88995 0.0074012 0.39454 1.33509¢-04
23 0.89920 0.011936 0.89832 0.0083933 0.38174 1.76915e-04
24 1.0214 0.014087 0.81994 0.0099784 0.52826 1.91005¢-04
25 1.3321 0.0089411 0.67390 0.0065493 1.1446 5.31887¢-05
26 0.91626 0.0096553 0.88640 0.0067933 0.40016 1.11066e-04
27 1.1810 0.011773 0.73728 0.0084747 0.78648 1.06504e-04
28 1.2162 0.012886 0.72139 0.0093127 0.85763 1.22781e-04

Table 2. 7 - Estimated parameters, VV polarization.
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LNT GK
Cell &2 7’;’1 ‘; /’) b"
1 0.91680 1.52832¢-04 2.4530 0.00023316 0.61895
2 1.2423 1.69859¢-04 4.3843 3.7054e-05 0.37995
3 1.8698 1.69563e-04 1.0807 0.00055216 0.59540
4 1.3475 1.27649¢-04 60.852 4.7852e-20 0.10190
5 1.1087 2.71122e-04 1.0558 0.00087248 0.86521
6 1.0920 2.64396e-04 7.7420 7.3753e-06 0.31644
9 0.93906 7.41578e-05 46.365 2.1635e-14 0.14460
10 1.1828 6.62463e-05 2.1617 0.00010011 0.56179
11 1.6591 8.23735e-05 3.7264 1.9121e-05 0.35379
12 1.6344 8.37714e-05 2.2389 8.5293e-05 0.44753
13 1.0294 1.15954e-04 5.0253 2.5515e-05 0.40258
14 1.3084 7.10420e-05 1.3833 0.00018636 0.66629
15 1.6228 5.00877e-05 8.5959 7.7955e-08 0.22947
16 2.5790 8.99672¢-05 0.44289 0.00063435 0.78399
17 1.8150 1.88754e-04 0.49535 0.00093397 0.96674
18 1.3408 1.03762e-04 4.5539 1.6659¢e-05 0.35806
19 3.8267 1.01690e-04 0.46164 0.0010617 0.55146
20 1.9746 5.85716e-05 3.1976 1.5348e-05 0.33741
21 0.86049 6.02255e-05 1.0738 0.00018591 1.0081
22 2.2018 4.44011e-05 5.0867 6.6740e-07 0.24608
23 2.2616 5.71025e-05 1.6203 8.7924e-05 0.42401
24 1.7229 8.07076e-05 6.0227 1.8957¢-06 0.27891
25 0.85028 3.47682e-05 68.353 8.9331e-18 0.12450
26 2.1765 3.74068e-05 3.8744 2.8294e-06 0.28308
27 1.2081 5.82156e-05 67.325 3.4544e-21 0.099688
28 1.1153 7.02970e-05 23.062 8.6880e-11 0.17955

Table 2. 8 - Estimated parameters, VV polarization.
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Figure 2.11 - Clutter amplitude PDF, HH polarization, 1* range cell.
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Figure 2.12 - Normalized clutter moments, HH polarization, 1% range cell.
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LN K
Cell o l; & 5. v ’[1
1 1.3095 0.0044027 0.68263 0.0032165 1.0810 1.31364e-05
2 1.2178 0.0048202 0.72067 0.0034842 0.86108 1.71509e-05
3 1.0468 0.0049380 0.80545 0.0035055 0.56357 2.24889¢-05
4 1.1899 0.0044591 0.73318 0.0032130 0.80394 1.51252e-05
5 1.2655 0.0060034 0.70034 0.0043634 0.96865 2.53882e-05
6 1.2202 0.0059250 0.71963 0.0042839 0.86613 2.58500e-05
9 1.2973 0.0053150 0.68745 0.0038774 1.0484 1.93438e-05
10 1.3874 0.0037123 0.65348 0.0027369 1.3197 8.79843e-06
11 1.1374 0.0040904 0.75803 0.0029303 0.70643 1.35486e-05
12 1.2488 0.0042761 0.70731 0.0031020 0.92948 1.30853e-05
13 1.2503 0.0046275 0.70668 0.0033574 0.93291 1.53020e-05
14 1.2629 0.0040163 0.70139 0.0029183 0.96253 1.13902e-05
15 1.2338 0.0036931 0.71373 0.0026744 0.89554 9.90598e-06
16 0.98122 0.0046617 0.84400 0.0032917 0.47614 2.25191e-05
17 1.0645 0.0059358 0.79567 0.0042208 0.58934 3.15980e-05
18 1.2408 0.0047496 0.71073 0.0034422 091116 1.62706e-05
19 0.77359 0.0049412 0.99835 0.0034871 0.26274 4.46297e-05
20 1.1880 0.0040518 0.73407 0.0029188 0.80007 1.25153e-05
21 1.4762 0.0040468 0.62332 0.0030143 1.6781 9.88104e-06
22 1.1430 0.0039200 0.75530 0.0028099 0.71622 1.23558e-05
23 1.0937 0.0043499 0.78013 0.0031020 0.63392 1.62513e-05
24 1.1119 0.0049665 0.77076 0.0035483 0.66326 2.06546¢-05
25 1.5981 0.0036577 0.58640 0.0027617 24273 7.58552e-06
26 1.1474 0.0038691 0.75313 0.0027748 0.72417 1.19700e-05
27 1.4210 0.0042671 0.64171 0.0031582 1.4425 1.13641e-05
28 1.3718 0.0046599 0.65910 0.0034293 1.2672 1.40188e-05

Table 2.9 - Estimated parameters, HH polarization.
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LNT GK
Cell &2 7’;’1 ‘; /’) b"
1 0.89768 8.38590e-06 8.2564 3.2062e-07 0.34037
2 1.1112 9.83996e-06 9.1023 9.0862¢-08 0.28646
3 1.6287 9.96072e-06 2.6410 6.6957e-06 0.41389
4 1.1839 8.36781e-06 57.505 1.4635¢e-19 0.11126
5 0.99563 1.54324e-05 2.0493 2.8657e-05 0.64551
6 1.1052 1.48755e-05 11.651 2.6973e-08 0.25656
9 0.92410 1.21864e-05 0.44279 3.4977e-05 1.6817
10 0.74190 6.07161e-06 21.713 4.8461e-10 0.23200
11 1.3322 6.96009¢-06 5.2485 5.6107e-07 0.32989
12 1.0349 7.79941e-06 9.1631 8.5228e-08 0.29390
13 1.0313 9.13693e-06 33.841 1.1646e-13 0.15701
14 1.0016 6.90309¢-06 9.8692 5.5916e-08 0.28953
15 1.0714 5.79753e-06 67.282 2.2534e-22 0.098871
16 1.8831 8.78290e-06 0.91382 3.3810e-05 0.64933
17 1.5661 1.44405e-05 0.65213 6.1721e-05 0.90064
18 1.0543 9.60432e-06 67.813 3.5689¢e-20 0.11054
19 3.0205 9.85647e-06 0.66764 6.0547¢-05 0.54519
20 1.1892 6.90571e-06 67.056 4.3722e-23 0.094767
21 0.58784 7.36468e-06 54.627 2.6723e-14 0.16564
22 1.3157 6.39992e-06 66.742 3.2136e-24 0.089609
23 1.4682 7.79967e-06 5.5558 3.6002e-07 0.30439
24 1.4100 1.02055e-05 35.988 7.7994e-16 0.12982
25 0.40919 6.18201e-06 69.413 9.1513e-15 0.16785
26 1.3026 6.24084e-06 66.503 4.3418e-25 0.086056
27 0.68089 8.08505e-06 68.399 2.8113e-18 0.12592
28 0.77141 9.53239¢-06 30.918 8.0828e-12 0.18914

Table 2.10 - Estimated parameters, HH polarization.
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Figure 2.13 - Clutter amplitude PDF, VH polarization, 1* range cell.
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Figure 2.14 - Normalized clutter moments, VH polarization, 1* range cell.
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LN K
Cell é 5 & 5 5 ’&
1 1.2980 0.019382 0.68715 0.014141 1.0504 2.57067e-04
2 1.1738 0.020725 0.74064 0.014906 0.77262 3.32792e-04
3 0.98441 0.021148 0.84203 0.014936 0.48014 4.60589¢-04
4 1.1331 0.018065 0.76011 0.012935 0.69908 2.65684e-04
5 1.2214 0.026001 0.71909 0.018802 0.86872 4.97176e-04
6 1.2246 0.025730 0.71772 0.018613 0.87547 4.85319¢-04
9 1.2854 0.013473 0.69219 0.0098154 1.0179 1.25590e-04
10 1.1949 0.012914 0.73091 0.0093101 0.81386 1.26156e-04
11 1.0358 0.014600 0.81166 0.010355 0.54804 2.00200e-04
12 1.0433 0.014715 0.80743 0.010443 0.55856 2.00845e-04
13 1.2510 0.016970 0.70640 0.012313 0.93445 2.05652e-04
14 1.1451 0.013456 0.75425 0.0096479 0.72005 1.45202e-04
15 1.0432 0.011391 0.80743 0.0080839 0.55854 1.20360e-04
16 0.84287 0.015373 0.94031 0.010806 0.32495 3.42229e-04
17 0.99513 0.022271 0.83549 0.015742 0.49373 5.00501e-04
18 1.1345 0.016254 0.75946 0.011641 0.70139 2.14739e-04
19 0.67788 0.016013 1.0932 0.011511 0.18883 7.23050e-04
20 0.95084 0.012469 0.86326 0.0087874 0.43941 1.71388e-04
21 1.3210 0.012047 0.67814 0.0088127 1.1129 9.74150e-05
22 0.90912 0.010824 0.89134 0.0076133 0.39238 1.41971e-04
23 0.89986 0.012257 0.89785 0.0086190 0.38244 1.86245e-04
24 1.0226 0.014498 0.81919 0.010270 0.53000 2.01851e-04
25 1.3236 0.0091914 0.67713 0.0067261 1.1204 5.65900e-05
26 0.91580 0.0098682 0.88672 0.0069430 0.39965 1.16147e-04
27 1.1715 0.012079 0.74169 0.0086852 0.76833 1.13330e-04
28 1.2183 0.013251 0.72048 0.0095789 0.86201 1.29562e-04

Table 2.11 - Estimated parameters, VH polarization.
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LNT GK
Cell &2 m v /Q I;
1 0.92246 1.62083e-04 2.2923 0.00027144 0.63815
2 1.2279 1.80110e-04 4.4203 3.9259¢-05 0.38124
3 1.8698 1.80837¢-04 1.1220 0.00056462 0.58403
4 1.3448 1.35625¢-04 57.332 3.1099¢-19 0.10529
5 1.1021 2.86540e-04 1.0425 0.00092655 0.87482
6 1.0942 2.80813e-04 9.0093 3.2938e-06 0.29414
9 0.95027 7.80918e-05 37.903 7.4108e-13 0.15902
10 1.1707 7.02591e-05 2.2275 0.00010191 0.55723
11 1.6689 8.69090e-05 3.8195 1.8157e-05 0.34856
12 1.6415 8.83921e-05 2.1425 9.9221e-05 0.45627
13 1.0297 1.22894¢-04 4.8672 3.0218e-05 0.40881
14 1.3093 7.54492¢-05 1.4062 0.00019461 0.66030
15 1.6415 5.29696e-05 8.3605 9.5407e-08 0.23078
16 2.5705 9.46547¢-05 0.44729 0.00066325 0.78147
17 1.8259 2.00868e-04 0.50740 0.00099735 0.94902
18 1.3408 1.09838¢-04 4.3694 2.0897¢-05 0.36588
19 3.8137 1.07405¢-04 0.46718 0.0011073 0.54999
20 2.0146 6.25903e-05 2.8412 2.4338e-05 0.35302
21 0.87324 6.29512¢-05 1.0513 0.00019586 1.0118
22 2.2117 4.69823¢-05 4.9214 8.5091e-07 0.24920
23 2.2583 6.02147¢-05 1.6139 9.3890e-05 0.42562
24 1.7180 8.54999¢-05 5.8867 2.3257e-06 0.28262
25 0.86775 3.66700e-05 67.380 1.4083e-17 0.12558
26 2.1788 3.90740e-05 3.6749 3.8061e-06 0.28997
27 1.2342 6.11428e-05 67.291 2.7694e-21 0.099035
28 1.1101 7.43745e-05 22.857 1.0864e-10 0.18086

Table 2.12 - Estimated parameters, VH polarization.
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2.2.3 Range resolution of 15 m
The results of the histograms and moments analysis obtained by focusing on the file

“19980204 223220 antstep.cdf “ with a range resolution of 15 m show new features. We
observed, for co-polarizations, the presence of some longer tailed cells as shows in Figures
2.18 (7" cell) and 2.23 (24" cell).

Considering that the data clutter are always recorded in presence of additive white
Gaussian noise (AWGN), mostly originated by the receiver, and that the clutter power
loses 6 dB as resolution doubles with respect to the thermal noise that does not depend on
the radar resolution, we started to compare the amplitude histograms also to the Rayleigh

(R) PDF (Weibull where c=2), whose expression is:

PDF: fR(r)=2—Zexp[(L2] } u(r) (2.19)
(o2 (e
. n| _ __n E
Moments: E{R } =0 F( 3) (2.20)

The parameter o° was estimated by equating the second experimental and theoretical

moment. The results are shown in Figure 2.19 for the 7 range cell. The fitting with the
Rayleigh model is not good.

Figure 2.15 reports the mean backscattered power behavior versus range cells. With
a range resolution of 30 m we observed that HH component was the weakest one. This
time both HH polarization and VV polarization exhibit the same behavior although VV
component keeps on being the most powerful one; VH component is weaker than the
others.

Figures 2.16, 2.17, 2.21 and 2.22 show the histograms in two cells where a very
good fitting is still obtained by the GK-PDF. Also in cross-polarizations the GK-PDF
keeps on showing a good fitting with the histogram (Figures 2.25, and 2.26).

Estimated parameters confirm that when resolution increases clutter gets spikier.
We also notice that on the average HH component is spikier (¢ =0.87) than both VV
component (¢ =0.93) and VH component (¢ =1.01).
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Figure 2.16 - Clutter amplitude PDF, VV polarization, 15th range cell.
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Figure 2.18 - Clutter amplitude PDF, VV polarization, 7th range cell.
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Figure 2.20 - Normalized clutter moments, VV polarization, 7th range cell.
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LN K
Cell é bA S 8 - l&
1 1.1231 0.032150 0.76511 0.022997 0.68190 0.00085266
2 0.85872 0.029667 0.92807 0.020851 0.34033 0.0012171
3 0.97708 0.032746 0.84657 0.023116 0.47101 0.0011202
4 0.76662 0.031474 1.0046 0.022229 0.25691 0.0018597
5 0.73361 0.030440 1.0356 0.021598 0.23028 0.0019925
6 0.89616 0.028632 0.90048 0.020132 0.37852 0.0010258
7 0.92410 0.026099 0.88103 0.018369 0.40883 0.00079679
8 0.93018 0.028118 0.87692 0.019795 0.41564 0.00091204
9 0.91398 0.029902 0.88797 0.021037 0.39766 0.0010711
10 0.71029 0.030729 1.0589 0.021903 0.21241 0.0022585
11 0.78357 0.027363 0.98951 0.019292 0.27122 0.0013188
12 1.1521 0.027274 0.75089 0.019570 0.73250 0.00059141
13 1.4061 0.024801 0.64686 0.018325 1.3865 0.00038768
14 1.1489 0.031241 0.75243 0.022408 0.72676 0.00077901
15 1.2313 0.031229 0.71482 0.022608 0.89002 0.00071010
16 1.0460 0.030523 0.80591 0.021667 0.56238 0.00086044
17 1.0507 0.029772 0.80326 0.021143 0.56920 0.00081231
18 1.0477 0.030099 0.80496 0.021370 0.56481 0.00083440
19 0.86710 0.028207 0.92173 0.019825 0.34864 0.0010748
20 0.75395 0.031315 1.0163 0.022151 0.24649 0.0019358
21 0.97522 0.032094 0.84773 0.022653 0.46872 0.0010800
22 0.66383 0.027774 1.1088 0.020057 0.17905 0.0023518
23 1.0607 0.027774 0.79777 0.019742 0.58365 0.00069596
24 0.85314 0.028054 0.93233 0.019718 0.33486 0.0011059
25 0.59692 0.024337 1.1910 0.018138 0.13594 0.0028069
26 0.79266 0.029795 0.98159 0.020992 0.27909 0.0015134
27 0.69169 0.021570 1.0782 0.015445 0.19870 0.0012200
28 1.1714 0.025583 0.74175 0.018395 0.76810 0.00050849

Table 2.13 - Estimated parameters, VV polarization.
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LNT GK R
Cell &2 m v ,[l 1; &2
1 1.3753 0.00042867 2.7593 0.00032511 0.44934 0.0012594
2 2.4790 0.00035240 0.82769 0.0015744 0.55780 0.0017977
3 1.9005 0.00043313 2.3119 0.00034978 0.40467 0.0016545
4 3.0709 0.00040051 0.76127 0.0021112 0.49991 0.0027468
5 3.3239 0.00037812 0.60024 0.0026562 0.52309 0.0029429
6 2.2772 0.00032853 3.5398 3.4656¢-05 0.28852 0.0015151
7 2.1386 0.00027349 5.7680 2.1086e-06 0.23692 0.0011768
8 2.1097 0.00031761 4.5134 1.1388e-05 0.26684 0.0013471
9 2.1877 0.00035872 2.0608 0.00031385 0.38562 0.0015819
10 3.5185 0.00038886 0.46151 0.0036737 0.58256 0.0033357
11 2.9502 0.00030168 1.2518 0.00064267 0.39353 0.0019478
12 1.2891 0.00031043 2.4250 0.00033270 0.49330 0.00087350
13 0.70744 0.00027218 36.960 7.3521e-11 0.18537 0.00057260
14 1.2984 0.00040701 2.3010 0.00049254 0.50812 0.0011506
15 1.0776 0.00041431 3.0865 0.00034465 0.49864 0.0010488
16 1.6317 0.00038053 2.2346 0.00039925 0.45189 0.0012708
17 1.6146 0.00036234 2.3189 0.00035194 0.44638 0.0011998
18 1.6256 0.00037015 1.9347 0.00051279 0.48013 0.0012324
19 2.4321 0.00031857 2.3815 0.00014268 0.33217 0.0015875
20 3.1651 0.00039771 0.50102 0.0032262 0.61286 0.0028592
21 1.9083 0.00041596 1.3895 0.00097381 0.51830 0.0015952
22 3.9517 0.00032607 0.49828 0.0031065 0.49629 0.0034736
23 1.5795 0.00031593 12.542 2.0156e-08 0.19572 0.0010279
24 2.5107 0.00031514 0.70016 0.0016477 0.59824 0.0016333
25 4.7076 0.00026668 0.20246 0.0057243 0.69179 0.0041458
26 2.8878 0.00035717 0.26033 0.0030455 0.96981 0.0022353
27 3.6842 0.00019335 0.63279 0.0012385 0.44849 0.0018019
28 1.2345 0.00027429 5.6430 2.0879¢-05 0.33555 0.00075103

Table 2.14 - Estimated parameters, VV polarization.
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Figure 2. 22 - Normalized clutter moments, HH polarization, 1% range cell.
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Figure 2. 24 - Normalized clutter moments, HH polarization, 24™ range cell.
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LN K
Cell é bA & éA' 5 ,LAI
1 1.0530 0.024817 0.80197 0.017628 0.57254 5.62339e-04
2 0.78998 0.022077 0.98391 0.015557 0.27675 8.38825e-04
3 0.86118 0.024008 0.92620 0.016873 0.34275 7.91578e-04
4 0.76273 0.023968 1.0082 0.016935 0.25369 1.09489e-03
5 0.67859 0.022537 1.0924 0.016197 0.18933 1.42669¢-03
6 0.85248 0.023248 0.93285 0.016340 0.33421 7.60862¢-04
7 0.81729 0.019878 0.96085 0.013984 0.30105 6.19668e-04
8 0.89973 0.022078 0.89794 0.015525 0.38230 6.04492e-04
9 0.88311 0.024021 0.90989 0.016885 0.36490 7.46613e-04
10 0.66576 0.024522 1.1066 0.017696 0.18037 1.81330e-03
11 0.71907 0.022124 1.0500 0.015740 0.21905 1.12350e-03
12 1.0613 0.022328 0.79741 0.015872 0.58462 4.49297e-04
13 1.1941 0.020337 0.73128 0.014660 0.81224 3.13154e-04
14 1.0765 0.025308 0.78920 0.018017 0.60734 5.64034¢-04
15 1.1056 0.026279 0.77396 0.018763 0.65302 5.83273e-04
16 1.0263 0.025726 0.81710 0.018230 0.53492 6.31610e-04
17 0.98998 0.025047 0.83862 0.017698 0.48717 6.39229e-04
18 1.0165 0.025915 0.82278 0.018349 0.52170 6.51927e-04
19 0.82724 0.023403 0.95275 0.016458 0.31021 8.32048e-04
20 0.67872 0.025811 1.0922 0.018550 0.18942 1.87011e-03
21 0.95076 0.028016 0.86332 0.019745 0.43931 8.65440e-04
22 0.65534 0.024087 1.1185 0.017447 0.17325 1.85837e-03
23 1.0050 0.023439 0.82956 0.016580 0.50651 5.44351e-04
24 0.84006 0.023718 0.94252 0.016673 0.32227 8.21498e-04
25 0.59248 0.021255 1.1969 0.015886 0.13328 2.21507e-03
26 0.74145 0.026189 1.0281 0.018558 0.23646 1.42590e-03
27 0.65627 0.018794 1.1175 0.013609 0.17388 1.12521e-03
28 1.0760 0.022511 0.78948 0.016025 0.60654 4.46628e-04

Table 2.15 - Estimated parameters, HH polarization.
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LNT GK R
Cell &2 m v ,[l 1; &2
1 1.6064 2.51870e-04 3.2986 9.32213e-05 0.37995 0.00083056
2 2.9061 1.96169¢-04 0.47355 1.50673e-03 0.67000 0.0012389
3 2.4651 2.30781e-04 1.9071 2.22038e-04 0.37335 0.0011691
4 3.0994 2.32456e-04 0.82456 1.11778e-03 0.48033 0.0016171
5 3.8070 2.12644e-04 1.0862 5.78346e-04 0.35880 0.0021072
6 2.5146 2.16409e-04 1.2574 5.29974e-04 0.44902 0.0011238
7 2.7267 1.58512¢-04 3.2392 1.49631e-05 0.26828 0.00091523
8 2.2589 1.95377e-04 4.7160 4.60247¢-06 0.25362 0.00089282
9 2.3453 2.31109e-04 2.1894 1.59195e-04 0.36133 0.0011027
10 3.9324 2.53841e-04 0.48544 2.56424e-03 0.51878 0.0026782
11 3.4436 2.00821e-04 0.71510 1.15548e-03 0.46507 0.0016594
12 1.5772 2.04195e-04 2.5644 1.56157e-04 0.42888 0.00066360
13 1.1728 1.74216e-04 46.194 1.54797e-15 0.12772 0.00046252
14 1.5251 2.63111e-04 1.8932 4.12122e-04 0.51163 0.00083307
15 1.4298 2.85363e-04 1.8116 5.11107e-04 0.54873 0.00086148
16 1.7044 2.69373e-04 1.0459 9.11275e-04 0.64947 0.00093287
17 1.8469 2.53873e-04 2.3450 2.10213e-04 0.41217 0.00094413
18 1.7416 2.72904¢-04 0.72818 1.18491e-03 0.77763 0.00096288
19 2.6647 2.19547e-04 2.1718 1.18478e-04 0.32910 0.0012289
20 3.8057 2.78908e-04 0.34295 3.49701e-03 0.65210 0.0027621
21 2.0150 3.15997e-04 0.81405 1.36923e-03 0.66326 0.0012782
22 4.0382 2.46741e-04 0.45275 2.67584e-03 0.51753 0.0027448
23 1.7864 2.22825e-04 6.6402 1.66754e-06 0.24931 0.00080399
24 2.5871 2.25331e-04 0.78925 1.07835e-03 0.55654 0.0012133
25 4.7644 2.04555e-04 0.28184 3.95775e-03 0.57589 0.0032716
26 3.2615 2.79160e-04 0.27888 2.90109e-03 0.84324 0.0021060
27 4.0286 1.50116e-04 0.71211 8.47477e-04 0.40227 0.0016619
28 1.5268 2.08159¢-04 2.5956 1.60519e-04 0.43448 0.00065966

Table 2.16 - Estimated parameters, HH polarization.
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Figure 2.26 - Normalized clutter moments, VH polarization, 1* range cell.
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LN K
Cell o l; & 5. v ’[1
1 1.1731 0.012249 0.74092 0.0088093 0.77146 1.16326¢-04
2 1.0155 0.012028 0.82337 0.0085154 0.52036 1.40679¢-04
3 1.0860 0.012121 0.78415 0.0086374 0.62193 1.27592e-04
4 0.91906 0.012383 0.88447 0.0087135 0.40324 1.81486e-04
5 0.86373 0.012815 0.92426 0.0090068 0.34529 2.23931e-04
6 0.95075 0.012230 0.86332 0.0086190 0.43930 1.64916e-04
7 0.99957 0.010727 0.83281 0.0075850 0.49944 1.15162¢-04
8 1.0445 0.010246 0.80671 0.0072720 0.56037 9.71712e-05
9 1.0838 0.010995 0.78535 0.0078332 0.61844 1.05333e-04
10 0.82491 0.011789 0.95463 0.0082909 0.30806 2.12683e-04
11 0.85909 0.012085 0.92778 0.0084933 0.34069 2.01738e-04
12 1.0133 0.010832 0.82463 0.0076672 0.51749 1.14525e-04
13 1.4650 0.0093752 0.62695 0.0069742 1.6266 5.33782e-05
14 1.3264 0.010209 0.67607 0.0074731 1.1282 6.96592¢-05
15 1.3933 0.011138 0.65138 0.0082174 1.3403 7.88830e-05
16 1.3051 0.011785 0.68436 0.0086054 1.0692 9.44736¢-05
17 1.2231 0.011244 0.71834 0.0081325 0.87242 9.28157e-05
18 1.2625 0.011532 0.70157 0.0083789 0.96155 9.39426¢-05
19 1.0217 0.010673 0.81977 0.0075602 0.52865 1.09585¢-04
20 0.86559 0.011777 0.92286 0.0082773 0.34714 1.88151e-04
21 1.0074 0.012454 0.82816 0.0088116 0.50960 1.53040e-04
22 0.82529 0.011991 0.95432 0.0084328 0.30841 2.19769¢-04
23 0.94295 0.010757 0.86842 0.0075775 0.43022 1.29741e-04
24 0.98369 0.010930 0.84248 0.0077193 0.47923 1.23201e-04
25 0.68669 0.0095926 1.0836 0.0068778 0.19510 2.47595e-04
26 0.80102 0.011502 0.97444 0.0080991 0.28643 2.19076e-04
27 0.72096 0.0093150 1.0481 0.0066248 0.22049 1.97450e-04
28 0.82843 0.0086912 0.95179 0.0061116 031132 1.14324e-04

Table 2.17 - Estimated parameters, VH polarization.
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LNT GK R
Cell &2 m v ,[l 5 &2
1 1.2296 6.29032¢-05 12.186 3.99333e-08 0.23474 0.00017181
2 1.7455 5.87761e-05 1.7059 9.99138e-05 0.49165 0.00020778
3 1.4933 6.04721e-05 1.2749 1.69678e-04 0.64051 0.00018845
4 2.1629 6.15419e-05 4.1802 3.86250e-06 0.28130 0.00026805
5 2.4508 6.57557e-05 0.92957 2.56157e-04 0.52999 0.00033074
6 2.0150 6.02146e-05 1.3792 1.36387e-04 0.49620 0.00024358
7 1.8081 4.66333e-05 1.7539 7.27535e-05 0.47258 0.00017009
8 1.6369 4.28645e-05 3.8849 7.48454e-06 0.33956 0.00014352
9 1.5008 4.97357e-05 4.1084 9.01712e-06 0.35139 0.00015557
10 2.6790 5.57179e-05 1.5948 7.84685e-05 0.38439 0.00031413
11 2.4769 5.84717e-05 0.95783 2.18525¢-04 0.51697 0.00029796
12 1.7538 4.76502e-05 5.9829 7.81120e-07 0.26590 0.00016915
13 0.60599 3.94252¢-05 2.5306 7.49860e-05 0.76678 7.8838e-05
14 0.86200 4.52686¢-05 4.7880 1.57476e-05 0.44875 0.00010289
15 0.73093 5.47347e-05 4.4953 3.22888e-05 0.51700 0.00011651
16 0.90712 6.00248e-05 15.851 2.80806e-08 0.24644 0.00013954
17 1.0978 5.36093e-05 3.7269 2.60019e-05 0.44530 0.00013709
18 1.0025 5.69072¢-05 2.1589 9.76270e-05 0.62434 0.00013875
19 1.7218 4.63300e-05 19.795 3.92859%¢-12 0.14965 0.00016185
20 2.4404 5.55355e-05 0.64708 3.10089¢-04 0.65105 0.00027789
21 1.7771 6.29366e-05 0.47202 3.06090e-04 1.0041 0.00022604
22 2.6767 5.76413e-05 2.6515 1.49881e-05 0.30060 0.00032459
23 2.0504 4.65417e-05 5.3800 7.93733e-07 0.25551 0.00019162
24 1.8728 4.82993e-05 0.64768 2.29052¢-04 0.78744 0.00018197
25 3.7304 3.83436e-05 0.74459 2.14549e-04 0.43160 0.00036569
26 2.8319 5.31692¢-05 0.61917 3.40980e-04 0.60308 0.00032357
27 3.4277 3.55745e-05 0.52093 2.95805e-04 0.55442 0.00029163
28 2.6573 3.02762e-05 2.6949 6.67246¢-06 0.29381 0.00016885

Table 2.18 - Estimated parameters, VH polarization.
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2.2.4 Range resolution of 9 m
Looking at the histograms obtained by analyzing the file

“19980204 224024 antstep.cdf “ at a resolution of 9 m, it comes obvious to notice that the
received clutter power and the statistical characteristic of the backscattered echoes strictly
depend on the illuminated cell. To have an idea of the phenomenon it is sufficient to
compare figure 2.28 to figure 2.31, reporting the amplitude histograms of the 9" and of the
5™ cell, for VV polarization. In the 5™ cell the histogram presents a longer tail than the one
presented by 9™ cell; this means that the received power is very different in each case. This
is because the number of scatters decreases as resolution increases and, it is not true
anymore that local conditions are similar in each cell; as well known, the characteristics of
the backscattering depend on local conditions. Received power is influenced by the
number of scatterers per cell, by their position, and by the looking direction of the radar.

We also noticed that both cells present a peak in the histogram for low values of the
amplitude whose shape and extension (0.1 V about) are different with respect to those
shown at 60 m and 30 m of resolution. We can suppose that “the peak” or the “bell-
shaped” part of the histogram is mostly originated by the thermal noise contribution. In the
9™ cell (Figure 2.28), we can notice that the peak can be well modeled by the Rayleigh-
PDF.

Figures 2.33, 2.34, 2.35, 2.36, and 2.37 show that all the results found for VV
polarization can be extended to HH polarization.

To conclude, looking at the results, we can state that none of the proposed
distributions can be used to model the data clutter for co-polarizations.

On the contrary, figures 2.38 and 2.39 show that for cross-polarizations, the clutter
process can be accurately modeled by a compound-Gaussian process with Generalized K-
PDF.

Figure 2.27 shows that also at 9 m range resolution, the highest backscattered
power levels are measured for VV polarization. Both HH and VV polarizations have the
same behavior while VH polarization is the weakest one.

Estimated parameters show, like at both 60 m and 15 m range resolution, that HH
component is the spikiest one (HH: ¢ =0.99, VV: ¢ =1.0985, VH: ¢ =1.1700, see Tables
2.19-2.24).
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Figure 2.30 - Normalized clutter moments, VV polarization, 9th range cell.
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LN K
Cell o l; & 5. v ’[1
1 1.0268 0.025826 0.81677 0.018302 0.53571 0.00063592
2 0.94365 0.025438 0.86797 0.017920 0.43103 0.00072448
3 0.89185 0.027483 0.90356 0.019322 0.37399 0.00095545
4 0.61444 0.021708 1.1682 0.016017 0.14668 0.0019651
5 0.58511 0.021082 1.2070 0.015833 0.12892 0.0023090
6 0.73606 0.027442 1.0333 0.019464 0.23219 0.0016023
7 0.91203 0.029594 0.88932 0.020819 0.39553 0.0010540
8 0.70509 0.024482 1.0642 0.017471 0.20853 0.0014700
9 1.2011 0.028407 0.72813 0.020494 0.82627 0.00060636
10 1.0533 0.028855 0.80182 0.020497 0.57295 0.00075992
11 1.1864 0.028073 0.73479 0.020220 0.79702 0.00060185
12 1.2517 0.027311 0.70610 0.019818 0.93610 0.00053231
13 1.5315 0.028004 0.60596 0.020990 1.9700 0.00045911
14 1.4108 0.028761 0.64525 0.021262 1.4035 0.00051977
15 1.0966 0.028707 0.77862 0.020478 0.63853 0.00070489
16 0.99777 0.032963 0.83389 0.023304 0.49712 0.0010910
17 0.96040 0.032197 0.85710 0.022704 0.45074 0.0011201
18 0.93425 0.026806 0.87420 0.018875 0.42025 0.00082137
19 1.3525 0.028040 0.66620 0.020588 1.2057 0.00051488
20 1.3957 0.027137 0.65055 0.020026 1.3486 0.00046747
21 1.1876 0.026199 0.73424 0.018873 0.79935 0.00052350
22 1.4981 0.026672 0.61631 0.019916 1.7862 0.00042393
23 0.96048 0.027242 0.85705 0.019210 0.45082 0.00080173
24 1.0270 0.029670 0.81667 0.021026 0.53595 0.00083905
25 1.3334 0.029760 0.67337 0.021802 1.1486 0.00058860
26 1.2139 0.029337 0.72240 0.021196 0.85282 0.00063790
27 1.5113 0.028261 0.61221 0.021134 1.8554 0.00047258
28 1.2409 0.030285 0.71067 0.021949 0.91149 0.00066145

Table 2.19 - Estimated parameters, VV polarization
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LNT GK R
Cell &2 m v ,[l 1; 52
1 1.7022 0.00027150 20.863 4.8779%-12 0.14142 0.00093924
2 2.0472 0.00026030 6.9437 3.4996e-07 0.21085 0.0010700
3 2.2994 0.00030262 2.3681 0.00013835 0.33783 0.0014112
4 4.4921 0.00020794 0.30924 0.0033557 0.55656 0.0029024
5 4.8608 0.00020320 0.21612 0.0045520 0.63768 0.0034104
6 3.3043 0.00030707 0.89647 0.0012283 0.42795 0.0023666
7 2.1973 0.00035132 2.3154 0.00019955 0.35654 0.0015568
8 3.5639 0.00024742 0.91691 0.00081217 0.38016 0.0021712
9 1.1544 0.00034044 64.343 1.5011e-19 0.10366 0.00089557
10 1.6054 0.00034054 7.6349 1.1225e-06 0.23947 0.0011224
11 1.1934 0.00033140 67.280 1.3586e-20 0.098853 0.00088892
12 1.0280 0.00031837 67.570 1.3165e-19 0.10464 0.00078621
13 0.50252 0.00035711 68.927 9.3752e-15 0.14470 0.00067809
14 0.69915 0.00036643 68.581 5.9187e-16 0.13184 0.00076769
15 1.4587 0.00033991 66.582 4.9291e-23 0.087208 0.0010411
16 1.8153 0.00044021 1.4404 0.00095696 0.51634 0.0016114
17 1.9722 0.00041781 5.4600 7.5102e-06 0.25927 0.0016543
18 2.0906 0.00028878 13.159 5.5786e-10 0.15769 0.0012131
19 0.80905 0.00034358 67.807 9.1822¢-19 0.10996 0.00076047
20 0.72659 0.00032507 68.121 1.1326e-17 0.11786 0.00069044
21 1.1902 0.00028871 67.177 6.1766e-21 0.097386 0.00077319
22 0.55311 0.00032151 68.649 8.4241e-16 0.13414 0.00062614
23 1.9719 0.00029911 7.4109 4.3620e-07 0.21652 0.0011841
24 1.7015 0.00035835 4.9607 1.8433e-05 0.29533 0.0012392
25 0.84745 0.00038530 68.181 2.8064e-17 0.12009 0.00086935
26 1.1212 0.00036416 44.947 4.3167e-15 0.12831 0.00094216
27 0.53293 0.00036204 68.706 1.5202¢e-15 0.13619 0.00069800
28 1.0539 0.00039051 67.617 2.4249¢-19 0.10566 0.00097694

Table 2.20 - Estimated parameters, VV polarization.
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Figure 2.34 - Clutter amplitude PDF, HH polarization, 9th range cell.
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Figure 2.35 - Normalized clutter moments, HH polarization, 9th range cell.
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Figure 2.36 - Clutter amplitude PDF, HH polarization, 5th range cell.
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Figure 2.37 - Normalized clutter moments, HH polarization, 5th range cell.
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LN K
Cell o l; & 5. v ’[1
1 0.85084 0.017344 0.93411 0.012190 0.33262 0.00042550
2 0.78819 0.016954 0.98547 0.011949 0.27520 0.00049789
3 0.77594 0.018994 0.99625 0.013401 0.26473 0.00065364
4 0.54485 0.014712 1.2653 0.011414 0.10627 0.0016014
5 0.54765 0.014647 1.2611 0.011334 0.10778 0.0015452
6 0.68620 0.019960 1.0841 0.014313 0.19474 0.0010747
7 0.79057 0.021332 0.98340 0.015032 0.27727 0.00078157
8 0.66555 0.017893 1.1069 0.012913 0.18023 0.00096652
9 1.0152 0.020502 0.82352 0.014515 0.52001 0.00040893
10 0.96480 0.021523 0.85430 0.015182 0.45602 0.00049604
11 0.98073 0.020683 0.84430 0.014604 0.47554 0.00044370
12 1.1903 0.020503 0.73301 0.014774 0.80468 0.00031963
13 1.3215 0.021372 0.67793 0.015635 1.1144 0.00030647
14 1.2876 0.021625 0.69132 0.015758 1.0234 0.00032292
15 0.97588 0.021565 0.84732 0.015222 0.46953 0.00048697
16 0.96585 0.024658 0.85363 0.017394 0.45729 0.00064963
17 0.89789 0.024564 0.89925 0.017273 0.38034 0.00075175
18 0.89094 0.020591 0.90422 0.014476 0.37302 0.00053761
19 1.2067 0.021564 0.72561 0.015567 0.83778 0.00034730
20 1.2136 0.021149 0.72253 0.015280 0.85219 0.00033164
21 1.0353 0.019990 0.81191 0.014177 0.54743 0.00037556
22 1.3775 0.020829 0.65703 0.015339 1.2862 0.00027893
23 0.94380 0.021100 0.86787 0.014864 0.43120 0.00049829
24 0.96115 0.022880 0.85662 0.016135 0.45163 0.00056476
25 1.1989 0.023492 0.72911 0.016944 0.82185 0.00041566
26 1.1033 0.023772 0.77517 0.016969 0.64922 0.00047886
27 1.4107 0.022846 0.64528 0.016889 1.4033 0.00032796
28 1.1387 0.024799 0.75738 0.017768 0.70875 0.00049715

Table 2.21 - Estimated parameters, HH polarization.

49




LNt GK Rayleigh
Cell &2 m v ,[l 1; &2
1 2.5240 0.00012045 2.7028 2.4227e-05 0.29280 0.00062845
2 2.9183 0.00011573 1.7344 8.7604e-05 0.32534 0.00073538
3 3.0038 0.00014557 0.92624 0.00054056 0.44607 0.00096542
4 5.4380 0.00010560 0.14971 0.0033572 0.70553 0.0023653
5 5.3947 0.00010412 0.14659 0.0032543 0.72748 0.0022822
6 3.7350 0.00016605 0.64084 0.0011771 0.46868 0.0015874
7 2.9020 0.00018315 1.1114 0.00052096 0.42700 0.0011544
8 3.9344 0.00013516 0.77679 0.00064209 0.39074 0.0014275
9 1.7465 0.00017077 38.063 1.9895e-17 0.10694 0.00060398
10 1.9530 0.00018682 5.0274 4.7734¢-06 0.26533 0.00073264
11 1.8851 0.00017288 65.751 3.3157e-26 0.076527 0.00065533
12 1.1829 0.00017692 67.262 6.1366e-21 0.098485 0.00047208
13 0.87212 0.00019816 68.113 6.9648e-18 0.11765 0.00045265
14 0.94541 0.00020128 15.624 5.8717e-08 0.23601 0.00047694
15 1.9055 0.00018781 24.111 1.2233e-13 0.12748 0.00071925
16 1.9485 0.00024523 1.0187 0.00083849 0.58988 0.00095950
17 2.2683 0.00024183 2.5849 9.5956e-05 0.33664 0.0011103
18 2.3042 0.00016987 9.6406 8.2995e-09 0.17623 0.00079403
19 1.1398 0.00019643 25.244 3.7948e-11 0.16647 0.00051295
20 1.1219 0.00018925 51.708 8.0440e-17 0.11915 0.00048983
21 1.6705 0.00016291 20.897 5.2684e-12 0.14522 0.00055470
22 0.76049 0.00019070 68.354 4.7217e-17 0.12453 0.00041197
23 2.0465 0.00017910 5.5790 1.8828¢-06 0.24412 0.00073596
24 1.9690 0.00021101 3.8518 2.4574e-05 0.30697 0.00083414
25 1.1602 0.00023271 67.128 2.6300e-21 0.096031 0.00061392
26 1.4373 0.00023340 8.4704 9.3105e-07 0.25256 0.00070726
27 0.69927 0.00023120 68.588 3.9361e-16 0.13205 0.00048439
28 1.3282 0.00025590 7.2695 4.2768¢-06 0.28723 0.00073428

Table 2.22 - Estimated parameters, HH polarization.
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Figure 2.39 - Normalized clutter moments, VH polarization, 1* range cell.
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Cell

LN

A

A

A

A

Iy

c b 6 5 % a
I 11426 | 0.0085673 | 075548 | 0.0061409 | 071559 | 5.9044c-05
2 10313 | 00082828 | 081420 | 0.0058719 | 054187 | 6.4913¢-05
3 099249 | 0.0086713 | 0.83709 | 0.0061280 | 049035 | 7.6252¢-05
4 0.69983 0.0076419 1.0697 0.0054603 0.20464 0.00014697
5 0.62646 | 0.0073686 | 11531 | 0.0054036 | 0.15427 | 0.00020853
6 0.71158 | 0.0089568 10575 | 0.0063824 | 021338 | 0.00019071
7 0.84564 | 0.0099581 | 093815 | 0.0069996 | 032760 | 0.00014242
8 081797 | 0.0096575 | 096029 | 0.0067938 | 030168 | 0.0001459
9 1.1498 0.0098045 0.75198 0.0070332 0.72843 7.6639¢-05
10 10599 | 0.0093958 | 079816 | 0.0066783 | 0.58261 | 7.9736e-05
0] 12482 | 0.0091980 | 070758 | 0.0066718 | 092801 | 6.0581c-05
12 13532 | 0.0088368 | 0.66593 | 0.0064890 | 12080 | 5.1111e-05
13 1.5000 0.0087158 0.61573 0.0065095 1.7957 4.5223e-05
14 15424 | 0.0088575 | 0.60268 | 0.0066469 | 20356 | 4.5677¢-05
15 12541 | 00090620 | 070509 | 0.0065777 | 094168 | 5.8470e-05
16 11569 0010239 | 074861 | 0.0073504 | 074116 | 8.2862¢-05
17 1.1010 0.010787 0.77634 0.0076979 0.64556 9.8905¢-05
18 11296 0.010208 | 0.76187 | 0.0073065 | 0.69297 | 8.5224¢-05
19 13724 | 00098424 | 065889 | 0.0072436 | 12692 | 6.2513¢-05
20 13326 | 0.0090375 | 067371 | 0.0066203 11460 | 5.4321¢-05
21 1.3239 0.0084746 0.67702 0.0062017 1.1212 4.8097¢-05
22 15921 | 0.0082555 | 058810 | 0.0062292 | 23803 | 3.8747¢-05
23 11307 | 0.0085042 | 076132 | 0.0060879 | 0.69488 | 5.9066¢-05
24 1198 | 0.0091558 | 076677 | 0.0065467 | 0.67634 | 6.9454c-05
25 13313 | 00095937 | 067419 | 0.0070267 | 1.1423 | 6.1275¢-05
26 1.3438 0.0098602 0.66944 0.0072326 1.1794 6.4093¢-05
27 16262 | 0.0091998 | 057851 | 0.0069673 | 26700 | 4.7402¢-05
28 13753 | 0.0096387 | 065783 | 0.0070961 12788 | 5.9825¢-05

Table 2.23 - Estimated parameters, VH polarization.
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LNT GK R
Cell &2 m v ,[l 1; 52
1 1.3167 3.0567e-05 42.677 5.7346e-17 0.11945 8.7206e-05
2 1.6854 2.7948e-05 12.231 1.0202e-09 0.18672 9.5875e-05
3 1.8366 3.0439¢-05 3.1468 8.8229¢-06 0.34752 0.00011262
4 3.6104 2.4167¢-05 0.70733 0.00013803 0.44282 0.00021707
5 4.3520 2.3668e-05 0.45949 0.00026803 0.47828 0.00030800
6 3.5073 3.3019e-05 0.37039 0.00035351 0.65664 0.00028167
7 2.5542 3.9714e-05 0.73843 0.00020255 0.58244 0.00021036
8 2.7224 3.7412e-05 1.5685 4.9293e-05 0.37313 0.00021555
9 1.2957 4.0096e-05 2.9834 2.5921e-05 0.44285 0.00011319
10 1.5820 3.6151e-05 3.1961 1.2823¢-05 0.37425 0.00011777
11 1.0364 3.6081e-05 19.653 5.7583e-10 0.20165 8.9477e-05
12 0.80760 3.4131e-05 38.138 8.4801e-13 0.16648 7.5490e-05
13 0.55023 3.4346e-05 57.840 1.2929¢-13 0.16784 6.6794e-05
14 0.48662 3.5812e-05 66.456 4.1629¢-14 0.16470 6.7463e-05
15 1.0223 3.5070e-05 67.321 1.8367¢-21 0.099614 8.6359¢-05
16 1.2754 4.3793e-05 4.8384 5.7029¢-06 0.35214 0.00012239
17 1.4446 4.8032¢-05 20.711 2.2113e-11 0.16510 0.00014608
18 1.3555 4.3273e-05 67.039 2.5780e-22 0.094465 0.00012587
19 0.77029 4.2531e-05 68.428 3.1444e-17 0.12858 9.2330e-05
20 0.84928 3.5526e-05 68.030 6.1950e-19 0.11546 8.0231e-05
21 0.86715 3.1176e-05 68.075 7.9471e-19 0.11663 7.1038e-05
22 0.41717 3.1452e-05 69.366 3.1312¢-14 0.16525 5.7228e-05
23 1.3522 3.0041e-05 66.822 2.9687e-23 0.090863 8.7239¢-05
24 1.3855 3.4741e-05 6.3786 9.5671e-07 0.29524 0.00010258
25 0.85188 4.0022¢-05 5.8326 7.2817e-06 0.40889 9.0501e-05
26 0.82632 4.2401e-05 23.343 8.4886e-10 0.21390 9.4664e-05
27 0.37242 3.9348e-05 69.590 3.3406e-13 0.18031 7.0011e-05
28 0.76470 4.0816e-05 68.392 1.3884e-17 0.12568 8.8360e-05

Table 2.24 - Estimated parameters, VH polarization.
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2.2.5 Range resolution of 3 m
The results obtained at a range resolution of 3 m, for co-polarizations, do not show

relevant differences with respect to the results obtained at 9 m. Conversely, VH
polarization presents changes. There are cells showing histograms with tails longer than
the average length recorded at lower resolutions (Figs. 2.56 and 2.57 ); in these cells the
compound PDF can’t be used to model the clutter data. The results are reported in figures
2.41-2.58 for all polarizations.

Estimated parameters reported in tables 2.25, 2.26, 2.27, 2.28, 2.29, 2.30 show
again that HH component (¢ =1.3068) is more spiky than both VV (¢ =1.4171) and VH
(¢ =1.5415) components. Let’s notice that with respect to the other resolutions, probably
because of thermal noise effect, estimated values of ¢ are a little higher in all
polarizations. In some cells, see as instance Figs. 2.45 and 2.48 for the ond range cell, co-
polarized data, the bell-shaped part of the histogram is very similar to the Rayleigh PDF.

Figure 2.40 shows that HH polarization is, in all cells, weaker than VV polarization

and, that the behavior versus cell number is very similar in both polarizations.
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Figure 2.40 - Average backscattered power vs range cell number.
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Figure 2.42 - Clutter amplitude PDF, VV polarization, 8th range cell.
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Figure 2.43 - Normalized clutter moments, VV polarization, 8th range cell.
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Figure 2.44 - Clutter amplitude PDF, VV polarization, 2nd range cell.
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Figure 2. 46 - Normalized clutter moments, VV polarization, 2nd range cell.

57



LN K
Cell o l; & 5. v ’[1
1 1.4404 0.038971 0.63513 0.028908 1.5198 0.00093625
2 1.7933 0.038101 0.53593 0.029355 5.4679 0.00076527
3 1.3869 0.038788 0.65367 0.028595 1.3180 0.00096089
4 0.99261 0.039241 0.83702 0.027732 0.49050 0.0015612
5 1.2237 0.038769 0.71808 0.028042 0.87370 0.0011027
6 1.8516 0.038195 0.52256 0.029595 7.9294 0.00075611
7 1.1261 0.038515 0.76360 0.027558 0.68703 0.0012188
8 0.84548 0.035950 0.93827 0.025270 0.32745 0.0018571
9 0.81517 0.033988 0.96260 0.023913 0.29912 0.0018241
10 0.84124 0.034151 0.94160 0.024007 0.32339 0.0016972
11 1.0379 0.037474 0.81046 0.026582 0.55099 0.0013142
12 1.2612 0.038567 0.70213 0.028017 0.95830 0.0010520
13 1.7858 0.038031 0.53770 0.029280 5.2491 0.00076425
14 1.8989 0.037409 0.51224 0.029115 12.003 0.00071630
15 1.6883 0.038457 0.56188 0.029316 3.3594 0.00080801
16 1.7221 0.038470 0.55325 0.029428 3.8641 0.00079867
17 1.4484 0.038501 0.63244 0.028586 1.5536 0.00090929
18 1.4659 0.038817 0.62667 0.028879 1.6304 0.00091461
19 1.0658 0.037622 0.79498 0.026756 0.59121 0.0012669
20 1.5934 0.038764 0.58773 0.029253 2.3902 0.00085380
21 1.7686 0.038267 0.54182 0.029411 4.7988 0.00077799
22 1.6229 0.038552 0.57943 0.029186 2.6393 0.00083357
23 1.7351 0.038111 0.54999 0.029193 4.0936 0.00078028
24 1.7223 0.037877 0.55320 0.028976 3.8674 0.00077422
25 1.4747 0.039441 0.62380 0.029372 1.6711 0.00093936
26 1.2609 0.039387 0.70223 0.028612 0.95773 0.0010975
27 1.3940 0.038932 0.65114 0.028725 1.3427 0.00096330

Table 2.25 - Estimated parameters, VV polarization.
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LNT GK R
Cell &2 m v ,[l 5 &2
1 0.64731 0.00067738 67.758 1.1028e-18 0.10880 0.0013828
2 0.18263 0.00069849 69.906 5.8174e-11 0.20040 0.0011303
3 0.74287 0.00066277 67.461 9.6390e-20 0.10238 0.0014192
4 1.8362 0.00062338 29.719 2.8743e-15 0.11294 0.0023059
5 1.0963 0.00063740 66.499 3.8794¢-23 0.086003 0.0016287
6 0.12603 0.00070994 70.521 1.0395¢-08 0.26483 0.0011168
7 1.3661 0.00061560 66.243 5.1979¢-24 0.082501 0.0018002
8 2.5551 0.00051759 4.3833 4.4718e-06 0.21908 0.0027428
9 2.7402 0.00046349 2.8274 4.1674e-05 0.25724 0.0026942
10 2.5802 0.00046715 3.9349 7.5809¢-06 0.22785 0.0025067
11 1.6611 0.00057275 55.010 6.8783e-23 0.083527 0.0019411
12 1.0057 0.00063628 66.686 1.7298e-22 0.088756 0.0015538
13 0.19022 0.00069491 69.916 6.3513e-11 0.20124 0.0011288
14 0.083286 0.00068709 70.863 1.7799¢-07 0.32257 0.0010580
15 0.29660 0.00069664 68.919 1.5460e-14 0.14439 0.0011934
16 0.25809 0.00070198 69.150 1.0552e-13 0.15445 0.0011796
17 0.63365 0.00066238 67.372 4.3477e-20 0.10060 0.0013430
18 0.60461 0.00067600 67.657 4.6802¢-19 0.10654 0.0013509
19 1.5617 0.00058026 65.805 1.4619e-25 0.077127 0.0018712
20 0.41546 0.00069365 68.627 1.4199e-15 0.13339 0.0012610
21 0.20801 0.00070114 69.671 8.1638e-12 0.18340 0.0011491
22 0.37671 0.00069047 68.235 5.2513e-17 0.12104 0.0012312
23 0.24369 0.00069078 69.039 4.0815¢e-14 0.14946 0.0011525
24 0.25786 0.00068056 69.099 6.6691e-14 0.15211 0.0011435
25 0.59025 0.00069930 68.088 1.7315e-17 0.11698 0.0013874
26 1.0063 0.00066359 66.942 1.4983e-21 0.092834 0.0016210
27 0.72970 0.00066882 67.302 2.5770e-20 0.099243 0.0014228

Table 2.26 - Estimated parameters, VV polarization.
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Figure 2.47 - Clutter amplitude PDF, HH polarization, 2nd range cell.
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Figure 2. 48 - Clutter amplitude PDF, HH polarization, 2nd range cell.
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Figure 2.49 - Normalized clutter moments, HH polarization, 2nd range cell.
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Figure 2.50 - Clutter amplitude PDF, HH polarization, 9th range cell.
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Figure 2. 52 Normalized clutter moments, HH polarization, 9th range cell.
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LN K
Cell o l; & 5. v ’[1
1 1.3712 0.026941 0.65931 0.019825 1.2654 0.00046876
2 1.6784 0.026181 0.56448 0.019937 3.2310 0.00037590
3 1.5002 0.026367 0.61567 0.019693 1.7968 0.00041384
4 0.93914 0.026810 0.87094 0.018883 0.42583 0.00081276
5 1.0407 0.026408 0.80887 0.018737 0.55494 0.00064961
6 1.7264 0.026456 0.55218 0.020247 3.9369 0.00037716
7 0.98135 0.025650 0.84392 0.018113 0.47631 0.00068161
8 0.84870 0.025380 0.93577 0.017839 0.33055 0.00091684
9 0.77153 0.023257 1.0002 0.016416 0.26101 0.00099640
10 0.79590 0.022916 0.97881 0.016141 0.28192 0.00088512
11 1.0308 0.026474 0.81447 0.018768 0.54120 0.00066373
12 1.1310 0.026724 0.76118 0.019132 0.69536 0.00058309
13 1.5829 0.026712 0.59074 0.020135 2.3102 0.00040737
14 1.8034 0.026458 0.53355 0.020405 5.7912 0.00036790
15 1.5311 0.027315 0.60610 0.020472 1.9674 0.00043689
16 1.6185 0.027159 0.58067 0.020551 2.5994 0.00041448
17 1.4045 0.027089 0.64742 0.020011 1.3806 0.00046302
18 1.2814 0.027102 0.69380 0.019735 1.0078 0.00050999
19 0.93129 0.025640 0.87618 0.018052 0.41690 0.00075651
20 1.2303 0.026831 0.71524 0.019422 0.88789 0.00052468
21 1.6384 0.026915 0.57517 0.020410 2.7865 0.00040365
22 1.4377 0.027419 0.63603 0.020333 1.5088 0.00046426
23 1.6841 0.026896 0.56298 0.020494 3.3040 0.00039586
24 1.5717 0.026773 0.59399 0.020156 2.2291 0.00041140
25 1.3750 0.027856 0.65794 0.020507 1.2778 0.00049978
26 1.1727 0.028347 0.74114 0.020386 0.77058 0.00062334
27 1.2072 0.027405 0.72539 0.019785 0.83881 0.00056063

Table 2.27 - Estimated parameters, HH polarization.
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LNT GK R
Cell &2 m v ,[l 5 &2
1 0.77250 0.00031857 67.694 3.2437¢-19 0.10734 0.00069235
2 0.30830 0.00032220 69.318 2.0384e-13 0.16275 0.00055520
3 0.54992 0.00031435 67.703 3.0946e-19 0.10755 0.00061123
4 2.0679 0.00028901 4.8620 5.2640e-06 0.25070 0.0012004
5 1.6508 0.00028457 65.639 1.9248e-26 0.075280 0.00095946
6 0.25334 0.00033229 69.777 9.6613e-12 0.19069 0.00055706
7 1.8825 0.00026592 57.282 6.8788e-26 0.074898 0.0010067
8 2.5364 0.00025794 4.3997 2.7148e-06 0.22405 0.0013542
9 3.0353 0.00021844 2.0967 6.1247¢-05 0.27834 0.0014717
10 2.8660 0.00021118 3.7622 2.9229¢-06 0.21811 0.0013073
11 1.6872 0.00028551 37.560 8.1546¢-18 0.10272 0.00098031
12 1.3513 0.00029669 66.261 2.8821e-24 0.082737 0.00086121
13 0.42964 0.00032862 68.679 1.0439¢-15 0.13522 0.00060168
14 0.17246 0.00033750 70.242 4.7642¢-10 0.23107 0.00054337
15 0.50316 0.00033971 68.476 2.0557e-16 0.12834 0.00064528
16 0.38243 0.00034234 68.829 3.7103e-15 0.14078 0.00061217
17 0.71037 0.00032459 67.499 6.3910e-20 0.10317 0.00068387
18 0.95920 0.00031570 67.128 3.2400e-21 0.096039 0.00075324
19 2.1045 0.00026414 12.462 2.5837e-10 0.15020 0.0011173
20 1.0800 0.00030576 66.407 8.6367¢-24 0.084709 0.00077494
21 0.35702 0.00033766 68.973 1.2152e-14 0.14663 0.00059618
22 0.65188 0.00033512 67.758 5.4968¢-19 0.10881 0.00068570
23 0.30154 0.00034046 69.263 1.3501e-13 0.15993 0.00058467
24 0.44506 0.00032932 68.242 2.7407e-17 0.12124 0.00060763
25 0.76529 0.00034088 67.683 3.1583e-19 0.10710 0.00073817
26 1.2309 0.00033685 66.424 1.1779¢-23 0.084941 0.00092065
27 1.1385 0.00031729 66.109 7.8926e-25 0.080773 0.00082804

Table 2. 28 - Estimated parameters, HH polarization.
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Figure 2.53 - Clutter amplitude PDF, VH polarization, 9" range cell.
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Figure 2.54 - Clutter amplitude PDF, VH polarization, 9™ range cell.
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Figure 2.55 - Normalized clutter moments, VH polarization, 9th range cell.
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Figure 2.56 - Clutter amplitude PDF, VH polarization, 2™ range cell.
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Figure 2.57 - Clutter amplitude PDF, VH polarization, 2" range cell.
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Figure 2.58 - Normalized clutter moments, VH polarization, 2" range cell.
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LN

Cell o l; & 5. v ’[1
1 1.6520 0.0084138 0.57149 0.0063896 2.9261 3.9228e-05
2 1.9312 0.0082527 0.50541 0.0064420 18.015 3.4585¢e-05
3 1.6054 0.0084479 0.58433 0.0063835 2.4870 4.0333e-05
4 1.1774 0.0087325 0.73894 0.0062833 0.77959 5.8833e-05
5 1.4023 0.0086078 0.64821 0.0063572 1.3725 4.6822¢-05
6 1.9112 0.0084194 0.50961 0.0065601 13.782 3.6171e-05
7 1.3312 0.0085734 0.67422 0.0062794 1.1421 4.8938e-05
8 0.98862 0.0083496 0.83945 0.0058990 0.48544 7.1220e-05
9 0.94493 0.0081742 0.86713 0.0057589 0.43251 7.4601e-05
10 0.98093 0.0081198 0.84418 0.0057335 0.47578 6.8360e-05
11 1.1843 0.0085814 0.73574 0.0061794 0.79294 5.6370e-05
12 1.3851 0.0087593 0.65430 0.0064561 1.3119 4.9064e-05
13 1.6533 0.0086152 0.57114 0.0065434 2.9400 4.1107e-05
14 1.7101 0.0085158 0.55627 0.0065064 3.6721 3.9303e-05
15 1.6612 0.0086344 0.56903 0.0065635 3.0269 4.1160e-05
16 1.7490 0.0085976 0.54656 0.0065950 4.3640 3.9525¢e-05
17 1.6054 0.0085696 0.58434 0.0064755 2.4868 4.1504e-05
18 1.6351 0.0085499 0.57606 0.0064813 2.7543 4.0789¢-05
19 1.2604 0.0084515 0.70246 0.0061391 0.95645 5.0557e-05
20 1.7446 0.0084158 0.54764 0.0064527 4.2754 3.7927e-05
21 1.8791 0.0083201 0.51650 0.0064634 9.9149 3.5613e-05
22 1.7994 0.0083986 0.53449 0.0064747 5.6592 3.7115e-05
23 1.8622 0.0083417 0.52022 0.0064699 8.5970 3.5960e-05
24 1.8369 0.0082928 0.52586 0.0064165 7.1436 3.5790e-05
25 1.6683 0.0085785 0.56713 0.0065259 3.1092 4.0515e-05
26 1.4722 0.0086734 0.62463 0.0064574 1.6592 4.5496e-05
27 1.5896 0.0085494 0.58882 0.0064491 2.3607 4.1603e-05

Table 2. 29 - Estimated parameters, VH polarization.
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LNT GK R
Cell &2 m v ,[l B &2
1 0.34015 3.3093e-05 68.659 8.5033¢-17 0.13450 5.7939e-05
2 0.055503 3.3638e-05 70.771 3.9307e-09 0.30462 5.1081e-05
3 0.39950 3.3030e-05 68.353 6.7586e-18 0.12449 5.9571e-05
4 1.2178 3.2001e-05 66.660 7.7834¢e-24 0.088357 8.6895e-05
5 0.71443 3.2758e-05 67.191 5.0042¢-22 0.097174 6.9155¢-05
6 0.072543 3.4883e-05 70.631 1.2551e-09 0.28091 5.3424e-05
7 0.85205 3.1961e-05 67.032 1.3998e-22 0.094349 7.2280e-05
8 1.8525 2.8206e-05 37.252 2.7555e-20 0.093892 0.00010519
9 2.0414 2.6883e-05 19.775 2.4175¢-14 0.12319 0.00011018
10 1.8843 2.6646e-05 22.329 5.1835e-15 0.12005 0.00010097
11 1.1990 3.0951e-05 66.588 4.1195¢e-24 0.087286 8.3256e-05
12 0.74619 3.3785e-05 67.547 1.0038e-20 0.10416 7.2466e-05
13 0.33855 3.4706e-05 69.158 5.8063e-15 0.15483 6.0714e-05
14 0.27150 3.4314e-05 69.305 1.9102¢-14 0.16207 5.8050e-05
15 0.32892 3.4919e-05 69.162 6.0247e-15 0.15503 6.0793e-05
16 0.22865 3.5255e-05 69.627 2.8627e-13 0.18053 5.8378e-05
17 0.39954 3.3989¢-05 68.370 8.0696e-18 0.12503 6.1301e-05
18 0.36114 3.4050e-05 68.561 3.9016e-17 0.13113 6.0244¢-05
19 1.0075 3.0549¢-05 66.577 3.3731e-24 0.087125 7.4672e-05
20 0.23337 3.3750e-05 69.297 1.7215e-14 0.16165 5.6017e-05
21 0.10082 3.3862e-05 70.429 2.2522e-10 0.25269 5.2599¢-05
22 0.17648 3.3980e-05 69.303 1.7711e-14 0.16196 5.4818e-05
23 0.11625 3.3930e-05 70.022 7.3007e-12 0.21006 5.3113e-05
24 0.13987 3.3372e-05 69.805 1.1689e-12 0.19278 5.2861e-05
25 0.32028 3.4520e-05 69.018 1.7699e-15 0.14852 5.9840e-05
26 0.59438 3.3799¢-05 67.777 6.3247¢-20 0.10926 6.7197e-05
27 0.42058 3.3713e-05 68.192 1.8294e-18 0.11982 6.1446¢-05

Table 2. 30 - Estimated parameters, VH polarization.
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2.3 Cumulant domain analysis

To perform a deeper analysis of the Gaussian compound model and to verify
whether the deviation from the theoretical models is due to the presence of non-negligible
thermal noise, we have applied the theory of cumulants to the clutter samples [Far97]. As it
is well known, cumulants of order higher than 2 for a Gaussian process are identically zero

[Sad94]. Thus, if we consider the clutter process z[n]= y[n]+v[n], where V[n]is a

Gaussian process and y[#] is a non-Gaussian process, independent of v[n], we have:

¢ [4

[
........ k1] for k>3 (2.21)

................

........

so the cumulants of y[n] can be derived from the cumulants of z[n].

In our case the in-phase and quadrature components of the thermal noise are zero
mean Gaussian processes, then only non-Gaussian clutter contributes to the 314 4™ and 5
order cumulants of the observed coherent data.

We have estimated the 2", 3" and 5™ order cumulants, for [, =/, =....=/_, =0,

from the data, and we have compared them with the theoretical cumulants of the Gaussian-
compound model calculated at the origin. For this model, all the cumulants of odd order
calculated at the origin are equal to zero. Then, the cumulants have been normalized with

respect to the 2" order cumulant as follows

_¢'[0.0....0] _ ¢,°[0,0...,0]
(c,'[0D"*  (&,°[op*?

u (2.22)

In figures 2.59, 2.60, 2.61 and 2.62 are reported the normalized cumulants s, e u with

respect to the 2™ order cumulant.

The results show that at range a resolution of 9 m the compound Gaussian model
can be still used to model the clutter process in most cells for VH polarization. The 5™
order cumulant shows a strong deviation from zero in most cells for both HH ¢ VV

polarizations.
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At a range resolution of 3 m most cells in all polarizations present estimated values
of the cumulants very different from zero then the thermal noise cannot be the cause of the
deviation form the Gaussian-compound family.

In order to have further results, we tried to compare the amplitude histogram to the

K+Thermal noise model, whose expressions are reported below:

PDF: v/ ”)VT re” [ szexp(_lrjdr (2.23)
I'(v) Or+0 2(t+07) U

E{R*}=20"(1+CNR)

Moments: { E{R*} =8¢ (1+20NR+ 2 ovg?)y (2.24)
1%

E{R®) =40 {12+36CNR 37envk? YL L evg w}
1% 1%

where CNR = u1/o”. Unfortunately, we encountered several numerical problems in

computing the integral in formula 2.23; then we abandoned the model.
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Figure 2. 59 - Normalized 3rd order cumulant versus 2nd order cumulant, 9 m.
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Figure 2. 60 - Normalized 5th order cumulant versus 2nd order cumulant, 9 m.
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Figure 2.61 - Normalized 3rd order cumulant versus 2nd order cumulant, 3 m.
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Figure 2.62 - Normalized 5th order cumulant versus 2nd order cumulant, 3 m.
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2.4 Conclusions

Looking at the obtained results, we state that, with resolutions of 60 m and 30 m, a
very good fitting is obtained by the GK-PDF in all polarizations. Increasing the range
resolution up to 15 m, the model keeps on giving good results in most cells for co-
polarizations even if the presence of longer tailed cells with respect to the lower resolutions
has been observed. The model is valid for all VH-HV polarized data.

At 9 m and 3 m both VV and HH polarizations histograms show very long tails, so
that the Gaussian-compound model is not valid anymore. Moreover, at these resolutions
the thermal noise contribution becomes very important. The GK model gives a good fitting
almost in all cells for VH polarization at 9 m, but at 3 m also the cross-polarizations
present long tailed cells and the compound model loses the fitting.

Estimated parameters analysis shows that HH component is the most spiky one at
60 m, 15 m, 9 m, ¢ 3 m range resolution; at a resolution of 30 m, on the average, HH
component is less spiky than both VV component and VH component (remind that at 30 m
range resolution the illuminated zone is different).

Cumulants domain analysis confirms the results obtained by the histograms
analysis. At 9 m range resolution Gaussian-compound model keeps on giving a good
fitting in most cells for VH polarization. The 5th order cumulant show a strong deviation
from zero in most cells for both HH and VV polarizations.

At 3 m range resolution, most cells in all polarizations present estimated values of

the cumulants very different from zero.
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Section 3
Frequency Analysis

3.1 Correlation analysis and power spectrum estimation

The model of clutter we refer to considers the presence of two components, speckle
and texture, with very different correlation times (some millisecond for the first component
and some seconds for the second one). In fact, if the two components are independent and
the model is compound the overall autocorrelation function is the product of the

autocorrelation of the two components ([Far97], [Gin02], [Gin01])
R.(m) = E{z(n)z"(n+m)} = R -(m)R, (m) = 2R -(m) (R (m) + jRyo ()~ (3.1)

In practice, the decorrelation time of the signal z(n), called coherent signal, is

equal to that of the faster component [Far 97].

3.1.1 Estimation of Ry; and Ryixq

Since texture can be considered constant over short time intervals, we can estimate

the speckle autocorrelation functions R, and R, by using coherent signal samples from

such short intervals with or without overlapping.

R, (m)= Ni[[i 2]\1@ Re {NZI(‘: z,(n)z. (n+ m)H (3.2)
Rypm) = NL[Z N Im{z ()2 (n+ m)H (33)
b= 20 (5)
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where 7, is the estimated value of the texture in the k¢h burst and N, is the number of data

bursts. We tried three different values of N, N=64, N=128 and N=256, with an overlap
between bursts of 50%.

Figures 3.2, 3.6, 3.10, 3.14, 3.18, 3.22, 3.26, 3.30, 3.34, 3.38, 3.42, 3.46, 3.50, 3.54,
and 3.58 report the real and the imaginary parts of the speckle autocorrelation function.
They show that with all resolutions, in all polarizations, the speckle correlation time is
about 10 msec long and the behavior is oscillatory. There are not apparent differences in

the estimation for N=64, 128 and 256.

3.1.2 Estimation of the texture correlation function
To check the validity of the hypothesis made over the correlation times of the two

components, we estimated the texture correlation with the formula

]

R [@j :NLN'Zl: 2(n)E(n+m), (3.6)

and the texture covariance as

N Te—
C. = t(n)t(n+m)—E~ {7}, (3.7)
2 Nb — |m| k=0
N,—1
where E {f} =— z 7(n). It is useful to observe that with a 50% of overlap, we can
b n=0

estimate the texture correlation and covariance every N/2 lags. In the texture estimation we
set N=128. In the figures we plot the texture autocorrelation and autocovariance

coefficients, that is:

’ (%j R (Nz’”j /R, (0) and c. (%j _c (Nz’”j /c, (0).

Figures 3.3,3.4,3.7,3.8, 3.11, 3.12, 3.15, 3.16, 3.19, 3.20, 3.23, and 3.24 show the

texture autocorrelation and autocovariance coefficients. At the same resolutions and
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without differences in the polarizations, the texture correlation time is some seconds long;
texture presents periodicities with a period of 8 seconds at a range resolution of 60 m and
of 3 seconds at a range resolution of 30 m. The periodicity is particularly evident in the VV
polarized data for the resolution of 60 m.

Figs. 3.27, 3.28, 3.31, 3.32, 3.35, 3.36, 3.39, 3.40, 3.43, 3.44, 3.47, 3.48, 3.51, 3.52,
3.55, 3.56, 3.59, and 3.60 show that, with increasing resolution , the texture correlation
time get shorter, but still in the order of few seconds and the periodicities tend to disappear,
due to the strong contribution of the thermal noise (see Ch.1).

In all analyzed files, the azimuth resolution is constant and equal to 1.1 degrees.

Figures 3.1, 3.5, 3.9, 3.13, 3.17, 3.21, 3.25, 3.29, 3.33, 3.37, 3.41, 3.45, 3.49, 3.53,
and 3.57 report the average spectrogram in semi-logarithm scale for each analyzed cell,

calculated as

2
rNc

Z x(n)e ™

n=(r-1)N.+1

seq

PU) =S P = Y

seq r=1 seq” "¢ r=1

, k=12,..N, (3.8

c

where N, is the number of sequences in which the received vector for each cell has been

divided, N, is the number of samples per sequence,k is the normalized frequency and

P.(k) is the kth sample of the periodogram of the r¢h sequence.

The periodogram shows, for all the polarizations, for all the range resolutions, a
peak located around 150 Hz. Moreover, with a resolution of 60 m and 30 m, all the
analyzed cells show a bimodal spectrum, particularly evident in HH polarization, and then
a second peak near -150 Hz; the power of the second peak is much lower than the power of
the main one. From the resolution of 15 m, the IPIX radar seems to add a frequency
interfering line in the spectrum at about -220 Hz. The line at 0 Hz is due to a residual of the
continuous component. It is evident that, as resolution increases, the thermal noise effect
becomes very important. In fact, in the figures it is evident that the clutter-to noise ratio

(CNR) decreases from =20 dB for a resolution of 60 m and VV data (Fig.3.1) to less than
-5 dB for a resolution of 3 m and VH data (Fig. 3.57). The CNR has been roughly

estimated from the spectrum figures reading the value of the noise floor from each figure
and calculating the clutter power as the difference between the overall disturbance power

and the noise power. The values calculated for each cell is reported in the figure captions.
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Figure 3.1 - Average Power Spectral Density, PSD, 15M range cell, VV pol., 60 m, CNR =17 dB .
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Figure 3.2 - Speckle correlation coefficients, VV pol., 15" range cell, 60 m.
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Figure 3. 3 - Texture correlation coefficient, VV pol., 15M range cell, 60 m.
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Figure 3. 4 - Texture autocovariance function, VV pol., 15th range cell, N=128, 60 m.
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Figure 3. 6 - Speckle correlation coefficients, HH pol., 1¥ cell, 60 m.
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Figure 3. 7 - Texture correlation coefficient, HH pol., 1% cell, 60 m.
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Figure 3. 8 - Texture autocovariance function, HH pol., 1% cell, N=128, 60 m.
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Figure 3. 9 - Average Power Spectral Density, PSD, 1% cell, VH pol, 60 m, CNR =24 dB .
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Figure 3. 10 - Speckle correlation coefficients, VH pol., Ist cell, 60 m.
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Figure 3. 11 - Texture correlation coefficient, VH pol., 1st cell, 60 m.

1
| s s s
08 EREEEEEEEEEEEEE, L L -

‘.‘ : : :
5 ‘\ ‘ ‘ ‘
g | 1 1 |
S 0.6 —
= \ : : :
s | | | |
=) \ i | |
Q \ ! ! |
g 0.4 R R EEREEEEEEEEEEEE ERREEEEEEEEEEEE -
S \ ‘ ‘
) \
= \
= \
= L S S |
193 X - - -
L \ ~

10 15 20
Time (sec)

Figure 3. 12 - Texture auto-covariance function, VH pol., 1st cell, N=128, 60 m.
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Figure 3. 13 - Average Power Spectral Density, PSD, 1% cell, VV pol., 30 m, CNR =17 dB .
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Figure 3. 14 - Speckle correlation coefficients, VV pol., 1¥ cell, 30 m.
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Figure 3.16 - Texture autocovariance function, VV pol., 1% cell, 30 m.
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Figure 3.17 - Average Power Spectral Density, PSD, HH pol., 1% cell, 30 m, CNR =7 dB .
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Figure 3. 18 - Speckle correlation coefficients, HH pol., 1* cell, 30 m.
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Figure 3. 19 - Texture correlation coefficient, HH pol., 1% cell, 30 m.
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Figure 3. 20 - Texture autocovariance function, HH pol., 1% cell, 30 m.
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Figure 3. 22 - Speckle correlation coefficients, VH pol., 1¥ cell, 30 m.
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Figure 3. 24 - Texture auto-covariance function, VH pol., 1% cell, 30 m.
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Figure 3. 25 - Average Power Spectral Density, PSD, VV pol., 7% cell, 15m, CNR=6dB .
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Figure 3. 26 - Speckle correlation coefficients, VV pol., 7% cell, 15 m.
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Figure 3. 27 - Texture correlation coefficient, VV pol., 7t cell, 15 m.
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Figura 3. 28 - Texture auto-covariance function, VV pol., 7" cell, 15 m.
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Figure 3. 29 - Average Power Spectral Density, PSD, HH pol., 1% cell, 15 m, CNR=9dB .
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Figure 3. 30 - Speckle correlation coefficients, HH pol., 1¥ cell, 15 m.
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Figure 3. 31 - Texture correlation coefficient, HH pol., 1% cell, 15 m.
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Figure 3. 32 - Texture autocovariance function, HH pol., 1* cell, 15 m.
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Figure 3. 33 - Average Power Spectral Density, PSD, VH pol., 1% cell, 15 m, CNR=9dB .
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Figure 3. 34 - Speckle correlation coefficients, VH pol., 1* cell, 15 m.
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Figure 3. 35 - Texture correlation coefficient, VH pol., 1% cell, 15 m.

08 AR S S .
06 T TR TR !
04 S — S — S —— .

020 L — — .

oo | i i

Time (sec)

Figure 3. 36 - Texture autocovariance function, VH pol., 1* cell, 15 m.
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Figure 3. 37 - Average Power Spectral Density, PSD, VV pol., 5N cell, 9 m, CNR=9 dB.
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Figure 3. 38 - Speckle correlation coefficients, VV pol., 5% cell, 9 m.
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Figure 3. 39 - Texture correlation coefficient, VV pol., 51 cell, 9 m.
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Figure 3. 40 - Texture auto-covariance function, VV pol.,, 5t cell, 9 m.
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Figura 3. 41 - Average Power Spectral Density, PSD, HH pol., 1% cell, 9 m, CNR = 6 dB .
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Figure 3. 42 - Speckle correlation coefficients, HH pol., 1% cell, 9 m.
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Figure 3. 43 - Texture correlation coefficient, HH pol., 1% cell, 9 m.
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Figure 3. 44 - Texture auto-covariance function, HH pol., 1* cell, 9 m.
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Figure 3. 45 - Average Power Spectral Density, PSD, VH pol., 1¥ cell, 9m, CNR =6 dB .
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Figure 3. 46 Speckle correlation coefficients, VH pol., 1st cell, 9 m.
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Figure 3. 47 - Texture correlation coefficient, VH pol., 1% cell, 9 m.
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Figure 3. 48 - Texture autocovariance function, VH pol., 1* cell, 9 m.
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Figure 3. 49 - Average Power Spectral Density, PSD, VV pol., 8" cell, 3 m, CNR =4 dB .
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Figure 3. 50 - Speckle correlation coefficients, VV pol., 8" cell, 3 m.
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Figure 3. 52 - Texture autocovariance function, VV pol., 8" cell, 3 m.
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Figura 3. 53 - Average Power Spectral Density, PSD, HH pol., 1* cell, 3 m, CNR=0dB .
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Figure 3. 54 - Speckle correlation coefficients, HH pol., 1* cell, 3 m.
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Figure 3. 56 - Texture autocovariance function, HH pol., 1¥ cell, 3 m.
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Figure 3. 57 - Average Power Spectral Density, PSD, VH pol., 1* cell, 3 m, CNR = -5 dB
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Figure 3. 58 - Speckle correlation coefficients, VH pol., 1% cell, 3 m.
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Figure 3. 59 - Texture correlation coefficient, VH pol., 1% cell, 3 m.
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Figure 3. 60 - Texture auto-covariance function, VH pol., 1* cell, 3 m.
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3.1.3 Mean range texture auto-covariance
To conclude the correlation analysis, in order to highlight further differences due to

the resolution, we also calculated the average range autocovariance function of the texture:

N, N,—n-1
1 b e

(z,()-7,)(z,(+n)-7,) 0

1 &
R_(n) =F2er (n) = v
b m=1 b m=1 i=

c

where 7, (i) 1s the estimate of the texture on the mt4 burst of the ith cell, N, is the number

N,-1
of illuminated cells, N, is the number of bursts and 7, = Z 7, (i).
i=0

Since at 30 m range resolution the illuminated zone is different, we only compared
the results found at 15 m, 9 m, e 3 m range resolutions.

Figures 3.61, 3.62, and 3.63 show the results obtained for VV, HH and VH
polarizations. From the figures it seems evident that with a resolution of 3 m it is possible
to highlight and resolve shorter range periodicities that are not visible in the other

resolutions in all the polarizations.

Correlation coefficient

100 -50 0 50 100

Figure 3. 61 - Mean range texture autocovariance, VV pol.
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Figure 3. 62 - Mean range texture auto-covariance, HH pol.
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Figura 3. 63 - Mean range texture auto-covariance, VH pol.
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3.2 Conclusions

In this chapter, the goal of our analysis is the study of the clutter correlation, both in
time and range, in all polarizations and different range resolutions. Based on our results,
we can conclude that in all the analyzed resolutions, in each polarization, the average
speckle correlation time is about 10 msec and the behavior is oscillatory. Moreover,
without differences in the polarizations, the texture correlation time is some seconds long;
texture presents periodicities with a period of 8 seconds at a range resolution of 60 m and
of 3 seconds at a range resolution of 30 m. The periodicity is particularly evident in the VV
polarized data for the resolution of 60 m. With increasing resolution, the texture correlation
time get shorter, but still in the order of few seconds and the periodicities tend to disappear,
due to the strong contribution of the thermal noise.

The analysis of the periodogram shows, for all the polarizations, for all the range

resolutions, a peak located around 150 Hz.
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Abstract

The work developed and described in this technical report deals with the problem
of providing a statistical model of the backscattering from sea surface for low-grazing
angle and high resolution radar systems. Based on the electromagnetic two-scale model,
we analyzed both the amplitude and frequency modulations induced on the small-scale
Bragg resonant waves by the large-scale surface tilt and advection, due to the swell
presence. Evidence of sea clutter non-stationarity and the relationship between the
variations of clutter spectral features, like texture, Doppler centroid and bandwidth,
have been investigated by processing real recorded data. The data used for the research
activity have been recorded by the IPIX radar of McMaster University in Grimsby,
Ontario, Canada.

In the first part of this technical report, we described our statistical analyses of
high-resolution polarimetric data characterized by different range resolutions (60 m, 30
m, 15 m, 9 m, 3 m), in order to highlight possible statistical differences due to changes
of both resolution and polarization.

In this second part we describe the analysis of clutter non-stationarity performed
by processing the same data. The relation between texture changes, spectrum bandwidth
and Doppler centroid has been highlighted with the aim of proving that a hybrid
AM/FM modulated process is more suitable than a stationary process to model the

sea/lake high resolution clutter.

Keywords:  Radar clutter, non-Gaussian clutter, phenomenological modeling, statistical
analysis, model parameter estimation, high-resolution radar, compound
model.

This work has been funded by AFOSR grant FA8655-04-1-3059 on “High resolution
clutter analysis and modeling for advanced target detection strategies.”
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SECTION 1
FREQUENCY ANALYSIS

1.1 Introduction

In the first part of this technical report, we modeled the received clutter signal as a
compound process. According to this model, the received clutter signal is the product of
two components (speckle and texture) that, as in many other works, are considered
independent and stationary processes [Far97] [Gin95] [Gin99] [Gin02] [Gin01] [Ran93]
[Ran95] [Ran97] [Ran97] [Ran98] [San99] [War90]. Focusing on the reflection
phenomena that originate the received signal, we realize actually that the received clutter
characteristics depend on the sea surface conditions in a certain temporal range, thus the
clutter process cannot be stationary if the observation time is long.

The behavior of sea clutter signals is mainly determined by the nature of the surface
roughness [Hay02], [Val78]. This is normally characterized in terms of two fundamental

types of waves. The first type is represented by capillary waves with wavelengths (A1) on

the order of centimeters or less. The second by the longer gravity waves (sea or swell),
with wavelengths ranging from a few hundred meters to less than a meter [Hay02]. In deep

water, for the capillary waves we have A <1.73 ¢cm, whereas for the gravity waves the
wavelength i1s 4 >1.73 cm. Capillary waves are usually generated by turbulent gusts of

wind near surface and their resorting force is the surface tension. On the contrary, swells
are produced by stable winds and their resorting force is the force of gravity. In fact, when
the wind starts to blow over a calm sea, the first waves to form are the shortest ones. As
these waves build up, nonlinear interactions transfer energy to waves with larger
amplitudes and longer wavelengths. This process continues until an equilibrium point is
reached, at which dissipation balances the tendency for wave growth. At this point, a fully
developed sea exists. Since the primary transfer of energy to the sea is at very short
wavelengths, a sudden cessation of wind causes the short waves to decay rapidly, while the
longer waves can last several days and propagate to great distances. Consequently, at any

point on the surface the waves are complex summations of the locally generated wind



waves and waves that have propagated in from other areas and different directions,
resulting in a complex interaction [P1a90].

To take into account the presence of different scales of roughness in the sea surface,
Wright [Wri68] and Bass ef al. [Bas68] developed a two-scale model of the sea surface
scattering in which the surface height is partitioned into a large-scale displacement and a
small-scale displacement. For this model, it is assumed that over any patch of the surface
that is large compared with small-scale lengths, but small compared with large-scale
lengths, the scattering can be modeled as first-order Bragg scattering from the small-scale
structure. Thus, the effect of the large-scale structure is to change the distance between the
antenna and each point of the considered patch, by tilting the surface and advecting the
small-scale structure both vertically and horizontally. The effect of large-scale surface tilt
is to introduce an effective amplitude modulation of the small-scale scattering [Pla83].
Conversely, the effect of the advection is to influence the frequency content of the overall
scattering.

It is worth observing that the small-scale structure scattering of the two-scale model
is what in statistical sea clutter literature is termed speckle ([Bar96], [Con87], [Far97],
[Noh91]). The variations of the local power, due to the amplitude modulation of the
speckle introduced by the tilting of the small-scale structure are modeled as the texture
process.

The Bragg scattering is based on the principle that the return signals from scatterers
that are half a radar wavelength apart, measured along the line of sight from the radar,

reinforce each other since they are in phase [Hay02]. The Bragg resonant length is

__H
’ 2cosb,

(1.1)

where A, is the wavelength of the radar signal and 6, is the grazing angle. The Doppler

frequency shift corresponding to this wavelength is

f=Soo | & 2T (1.2)
A, N2z A A

where C) is the intrinsic phase speed of the Bragg wave given by the wave dispersion

relation, g is the acceleration of free fall, and y is the surface tension divided by the bulk
4



density. At microwave frequencies, the Bragg scattering is from capillary waves and the

previous expression simplifies as follows:

f= |5 (1.3)

As a consequence, the capillary waves approaching and receding in the radar line-of-sight
direction, which satisfy the condition in (1.1), give rise to two Bragg spectral lines located

at + f,, at least in absence of other scattering phenomena and of the long waves. The

magnitude of these lines depends on the azimuth look direction of the radar relative to the
wind direction. With the radar pointed in the up-wind direction, the magnitude of the
approaching Bragg line is larger than that for the receding line and vice versa for down-
wind look direction [Pla90]. For the crosswind direction, the magnitudes of the
approaching and receding peaks are equal [Tri85].

In a real scenario, the Bragg scatterers are advected by the orbital velocity of the
intermediate waves (waves with wavelengths longer than the Bragg wavelength but
shorter than the radar resolution cell) and of the long waves (waves with wavelengths
longer than the radar resolution cell). The sum of the orbital velocities of the unresolved
intermediate scale waves causes a spectral broadening around the Bragg lines. For many
ocean conditions, these orbital motions broaden the Bragg lines by more than their
separation, causing the lines to be unresolved, and generating only one Doppler peak. At
X-band frequencies, this is generally the case [P1a90], [Rin97].

In this technical report, we mainly investigate the non-stationarity effect due to long
waves on the sea clutter returns. According to the Bragg theory, long waves that are
resolved by high-resolution radars may be assumed to be constant over each illuminated
cell. Consequently, their effect on the Doppler spectrum is to shift the Doppler peak
according to the long wave orbital velocity. The orbital velocities are given by the simple
harmonic motion ¥V, =z fH = zH/T , where fis the frequency of the long gravity wave of
period T and H is its height from crest to trough. The contribution of the orbital velocity to
the motion of the Bragg scatterers is the horizontal component, that is
Vor =V, cos(2z ft — Kx), where K is the wave number and x the spatial position [Roz96]. It

1s worth noting that the velocities of the scatterers in the nodes, crests and troughs of the

waves are very different. Finally, an additional Doppler shift results from any surface



currents present, including wind drift. A formula often used to represent this drift is
D,,=0.03U,, where U, is the wind speed. Therefore, by considering the contribution of
orbital velocity, current velocity V. and wind drift, we can calculate the time-varying

instantaneous Doppler shift as

_ 2cos6,

I &ECy +Vop +D, +V.). (1.4)

0

Due to the periodicity of Vog, fp as well should be periodic.

Actually, the Bragg scattering is not the only one determining the clutter return,
particularly if breaking waves are present on the sea surface [Jes91]. In two recent papers
Walker [Wal00], [WalO1] studied the development of the Doppler spectra for horizontal
(HH) and vertical (VV) polarizations as breaking waves passed the radar illuminated area.
Three types of scattering have been observed: (i) Bragg scattering, present in both HH and
VV data, but stronger in VV data. (if) Whitecaps scattering; the amplitude of both like-
polarizations are roughly equal and are noticeably stronger than the background scatter,
particularly in HH, in which the Bragg scattering is often weak. (iii) Spikes; absent in VV
data and strong only in up-wind HH data. Therefore, to see clearly the effect of the long
waves on the sea return, we should analyze dataset relating to sea surfaces where the
Bragg scattering is dominant [Gre04]. As already pointed out in the previous report
[Gin05], unfortunately, we have no data available regarding the wind and wave conditions
for the Grimsby recording campaign. We know only the direction of the wind and the
pointing direction of the radar. We have no information about the time duration of wind
blowing, the speed and the fetch of the wind, then we have not enough clues to evaluate
the developing of the sea surface and the dominance of the Bragg scattering. Then, in this
second part of the technical report, we investigate on the non-stationarities of the clutter
process and on their effect on the time-varying clutter spectrum as a function of different
range resolutions, whatever the dominant scattering type. It is obvious that the clutter
characteristics highlighted in the first part of the technical report have to be intended as

averaged in time.

1.2 Non-stationarity analysis



To analyze the long-term non-stationarity of the clutter process, we supposed that the
clutter is stationary on short periods of time, during which the texture can be considered
constant, as well as the spectral characteristics of the overall clutter process. We tried with
different burst lengths N, and we obtained very good and clear results for N=128 samples,
that is, for a stationarity time duration of 128 msec. Once that length was chosen, first of
all, we calculated the spectrogram [The92] for each range cell, resolution and polarization,
using the FFT algorithm on 512 points and using a Hanning window of N=128 samples.
Practically, the spectrogram is the sequence of periodograms calculated on short bursts of
data with or without overlap. We used an overlap of 50% and then we normalized the
spectrum of each data burst of N samples with respect to the local power (the local
estimated texture), to highlight the time-varying spectral characteristics. The texture has

been estimated by each /th burst of N complex data y[n] as:

N

fm:%ZMﬂ

n=1

i (1.5)
Without normalization, all the spectrograms would show only the spectra relating to
the most powerful bursts as red or light blue stripes on a dark blue background. With the
normalization, the spectrum of each burst has the same weight in the image, then, the
shape changes are well evident, as in Fig. 1.1.
In order to measure the temporal variation of the clutter Doppler spectra, we used the

Doppler centroid defined as

[T rshar
f':—

— , (1.6)
[ sehar

and the Doppler bandwidth, defined as

(= 1)S(f)d
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where f'is the frequency and S(f) is the clutter power spectral density (PSD). We decided to
analyze the behavior of the centroid and not of the maximum because it is generally more
representative of the short-time spectrum movement, especially in case of non-symmetric
spectral shape. To estimate the centroid and the bandwidth for each short time interval

under investigation, we calculated

Np/2-1
Ll é Y. SInBln] per1=1,23,........ N, (1.8)
n=—Np/2
and
1 Nes2-
By [1] \/Q 2 [f[n] f[n}P, : for1=1,2,3,........ N, (1.9)
n=—Np/2

where f[n]= 1000n/ N, is the digital frequency!, F[n] is the periodogram of the /th data

N,/2-1
burst composed by N, =512 samples at the frequency f[n], and O = Z Pln].

n=-N, /2

Physically, the phenomenon underlying both texture and spectral changes is the
same: the presence of long waves, that amplitude and frequency modulate the clutter
scattering. Then, texture, bandwidth and Doppler centroid should be correlated. In order to
quantify the mutual relationship between texture, centroid, and bandwidth, we calculated

the cross-covariance functions between texture and centroid

Np —‘m‘

> @FN-7)f 11 +m]-7,)
C,.[m]=—2 — ,per m=—(N,—1),...,N,—1  (1.10)

\/Zb(f[l]—ﬁ,)zi(ﬁ[l]—ﬁc)z

and the cross-covariance functions between texture and bandwidth:

I The Pulse Repetition Frequency (PRF) is 1 KHz.
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where 7[/], fc[l], and éw[l] are the estimates of the texture, Doppler centroid, and

bandwidth, and

1 &

n.=—2 ] (1.12)
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0, =~ 2 B,11] (1.14)

B [=1

their respective estimated mean values.
Due to large dynamic behavior of texture (3-4 orders of magnitude), we also

performed some analysis on the signal y =Log(7), the logarithm of the texture. In some
cases, we observed that y has a behavior “more sinusoidal” than the estimated texture 7,
this fact suggests that y, more than 7, could be related to the periodic change of patch tilt

due to the long waves. In the next subsections, together with the cross-covariances
between texture, centroid and bandwidth, we will show similar results on cross-

covariances between Log-texture, centroid and bandwidth (Log-covariances).

1.2.1 Range resolution of 60 m

In this paragraph and in the next ones, the figures show the spectrogram of the clutter
amplitude, the time evolution of texture, Doppler centroid, and bandwidth, and the cross-
covariance functions in some cells, for each polarization and each resolution. For each
reported cell, we estimated the average clutter-to-noise power ratio (CNR) as described in

the previous technical report [Gin05].



Based on the shape of cross-covariances between texture and centroid, and between
texture and bandwidth we classified all the cells into three different groups. The first group
is called “periodical symmetrical”. As suggested by the name, the cells belonging to this
group exhibit periodical cross-covariance functions (texture-centroid and texture-
bandwidth). Moreover, both functions present the same periodicities and are symmetrical
with respect to the time (abscissa) axis.

An example of this group is the 15" range cell as shown in figures 1.3, 1.4, 1.11,
1.12, 1.19 and 1.20 for VV, HH and VH polarized data respectively. The observed period
is about 7 seconds long. In all this kind of cells, the cross-covariance function between
texture and centroid presents a maximum value in the origin that, on the average, is greater
than 0.5 in every polarization, while, the cross-covariance function between texture and
bandwidth presents a minimum value in the same point (on the average less than -0.5 in all
polarizations). This means that as clutter power increases, Doppler centroid increases and
bandwidth decreases. This behavior is confirmed by figures 1.2, 1.10 and 1.18, reporting
the time history of texture (on an arbitrary unit scale), centroid and bandwidth in an Hz
scale.

The differences between HH, VV and VH data in the 15™ cell are almost negligible.
We observe only clearer periodic trend of the correlation between texture and bandwidth in
VV and VH data than in HH data.

The second group has been named “aperiodical symmetrical”. For these cells, both
the cross-covariance functions do not show regular periodicities, even though they keep
the property of being symmetrical. Most cells analyzed at 60 m range resolution belong to
this group.

In the third group called “periodical asymmetrical” the cross-covariance functions
are not symmetrical but show periodicities. The 1% cell (Figs.1.7, 1.8, 1.15, 1.16, 1.22, and
1.23) is an example of periodical asymmetrical cell; these periodicities are more evident
between texture and centroid. In the 1 cell the differences between VV, VH and HH data
are more evident. Comparing Fig. 1.7 with Fig 1.15, we observe that for VV data, when
the covariance function between texture and centroid is positive generally the covariance
between texture and bandwidth is negative, even if no-symmetrically. For the HH data,
both covariance functions exhibit same behavior.

Concerning the covariance functions and the Log-covariances there are not

meaningful differences. The classification of the cells is reported in Table 1.1.
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Periodical Symmetrical | Periodical Asymmetrical | Aperiodical Symmetrical
Pol. VV 28,21,18, 15 1 All the others
Pol. HH 28,21 1 All the others
Pol. VH| 28, 27,26, 21,18, 15 1 All the others
Table 1.1 — Covariance classification, 60 m.
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Figure 1.1 - Normalized spectrogram, 15" range cell, VV pol. (CNR=16 dB)
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Figure 1.2 - Time evolution of texture, centroid and bandwidth, 15 range cell, VV pol.
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Figure 1.3 - Texture-centroid and texture-bandwidth cross-covariance, 15" range cell, VV pol., per. sym.
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Figure 1.4 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, 15" range cell, VV pol.
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Figure 1.5 - Normalized spectrum versus time, 1% range cell, VV pol. (CNR=23 dB).
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Figure 1.6 - Time evolution of texture, centroid and bandwidth, 1% range cell, VV pol.
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Figure 1.7 - Texture-centroid and texture-bandwidth cross-covariance, 1% range cell, VV pol., per. asym.
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Figure 1.8 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, 1% range cell, VV pol..
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Figure 1.9 - Normalized spectrum versus time, 15" range cell, HH pol. (CNR=16 dB)
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Figure 1.10 - Time evolution of texture, centroid and bandwidth, 15% range cell, HH pol.
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Figure 1.11 - Texture-centroid and texture-bandwidth cross-covariance, 15" range cell, HH pol., per. sym.
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Figure 1.12 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, 15" range cell, HH pol.
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Figure 1.13 - Normalized spectrum versus time, 1% range cell, HH pol. (CNR=22 dB)
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Figure 1.14 - Time evolution of texture, centroid and bandwidth, 1¥ range cell, HH pol.
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Figure 1.15 - Texture-centroid and texture-bandwidth cross-covariance, 1% range cell, HH pol., per. asym
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Figure 1.16 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, 1% range cell, HH pol.

500
400

300

- q0.06

Frequenza [Hz]
=

-200

-300

-400

10 20 30 40 a0
Tempo [sec]

Figure 1.17 - Normalized spectrum versus time, 15" range cell, VH pol. (CNR=16 dB)
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Figure 1.18 - Time evolution of texture, centroid and bandwidth, 15™ range cell, VH pol.
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Figure 1.19 - Texture-centroid and texture-bandwidth cross-covariance, 15" range cell, VH pol., per. sym.
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Figure 1.20 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, 15" range cell, VH pol.
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Figure 1.21 - Normalized spectrum versus time, 1% range cell, VH pol. (CNR=23 dB)
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Figure 1.23 - Texture-centroid and texture-bandwidth cross-covariance, 1% range cell, VH pol., per. asym.
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Figure 1.24 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, 1% range cell, VH pol.

1.2.2 - Range resolution of 30 m

Figures 1.25, 1.29, 1.33, 1.37, 1.41, and 1.45 show the normalized time varying
spectrograms for the 1* and 21% cells, in all the polarizations. As for the 60 m range
resolution, in most cells, the clutter power is concentrated in a narrow band at the positive
frequencies between 50 and 200 Hz. Looking at the texture, centroid and bandwidth
behavior versus time (Figs. 1.26, 1.30, 1.34, 1.38, 1.42, 1.46) we notice some differences
with respect to lower resolution. It is evident that the variations of the bandwidth and of
the centroid are larger than those presented at 60 m; Doppler centroid reaches values under
50 Hz and the bandwidth goes over 250 Hz. This phenomenon could partially depend on
the thermal noise effect; some reported spectrograms show the presence of thermal noise
through vertical lighter bands (thermal noise is modeled as Additive White Gaussian Noise
(AWGN) process). But, more likely, it is due to a stronger non-homogeneity of the clutter
relating to higher resolution. The larger the range cell, the heavier the averaging effect on
time-varying phenomena. With higher resolutions, the local changes are more evident.

Cross-covariance function behaviors show that, also at 30 m range resolution for all

polarizations, most cells belong to the aperiodical symmetrical group but some cell
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presents clear periodicities. Figures 1.27, 1.35, 1.36, and 1.44 report the cross-covariance
functions in every polarization for the 1% cell (aperiodical symmetrical) while figures 1.31,
1.32, 1.38, 1.47, and 1.48 for the 21* cell (periodical symmetrical). The periodical cell
show a period of about 8 seconds. The maximum value of the cross-covariance function
between centroid and texture is still in the origin in all polarizations and on the average is
higher than 0.5 (sometimes it reaches 0.8). The minimum value of the cross-covariance
functions between bandwidth and texture is in the origin too.

Figures 1.28, 1.32, 1.39, and 1.43 report the cross-covariance functions calculated
with respect to the Log-texture; at this resolution, the logarithm highlights the correlation
between texture and bandwidth and centroid, and the periodicity. Compare, as instance,
Fig. 1.31 with Fig. 1.32. The maximum value of the cross-covariance between texture and
centroid is 0.73, between Log-texture and centroid is 0.86, between texture and bandwidth
1s -0.71, between Log-texture and bandwidth -0.93.

The classification of the cells is in Table 1.2.

Periodical Periodical Aperiodical

Symmetrical Asymmetrical Symmetrical

Pol. VV 21,20 8,7 All the others
Pol. HH 21,20, 18,13, 5 8,7 All the others
Pol. VH 21,20 8,7 All the others

Table 1.2 — Covariance classification, 30 m.

24




Freguency [Hz]

£00
400
300
200
100 L'
-100
-200
-300

-400

it il | O i it
M ke '\
||1;| HI. '{j:I:II W '.."III'I.,1I;' II‘I.I'I‘.II '.Iﬁ'l::,- il llI |

i | -.....
H'"‘ vy
' 0! | L

‘o.l

10 20 30

Time [sec]

40

|._.
i ,I |H:UJ"|”

'L”' "

"|'I W

a0

40.05

40.06

10.04

0.0z

Figure 1.25 - Normalized spectrum versus time, 1* range cell, VV pol. (CNR=16 dB).
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Figure 1.26 - Time evolution of texture, centroid and bandwidth, 1% range cell, VV pol.
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Figure 1.27 - Texture-centroid and texture-bandwidth cross-covariance, 1% range cell, VV pol., aper. sym.
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Figure 1.28 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, 1* range cell, VV pol.
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Figure 1.29 - Normalized spectrum versus time, 21* range cell, VV pol. (CNR=12 dB)
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Figure 1.30 - Time evolution of texture, centroid and bandwidth, 21% range cell, VV pol.
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Figure 1.31 - Texture-centroid and texture-bandwidth cross-covariance, 21* range cell, VV pol., per. sym.
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Figure 1.32 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, 21* range cell, VV pol.
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Figure 1.33 - Normalized spectrum versus time, 1* range cell, HH pol. (CNR=7 dB)
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Figure 1.34 - Time evolution of texture, centroid and bandwidth, 1% range cell, HH pol.

29



Cross-Covariance Functions

| | | | |
-60 -40 -20 0 20 40 60
Time Lag [sec]

Figure 1.35 - Texture-centroid and texture-bandwidth cross-covariance, 1¥ range cell, HH pol., aper. sym.
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Figure 1.36 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, 1* range cell, HH pol.
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Figure 1.37 - Normalized spectrum versus time, 21* range cell, HH pol. (CNR=1.5 dB)
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Figure 1.38 - Time evolution of texture, centroid and bandwidth, 21% range cell, HH pol.
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Figure 1.39 - Texture-centroid and texture-bandwidth cross-covariance, 21* range cell, HH pol., per. sym.
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Figure 1.40 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, 21* range cell, HH pol.
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Figure 1.41 - Normalized spectrum versus time, 1* range cell, VH pol. (CNR=16 dB)
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Figure 1.42 - Time evolution of texture, centroid and bandwidth, 1* range cell, VH pol.
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Figure 1.43 - Texture-centroid and texture-bandwidth cross-covariance, 1% range cell, VH pol., aper. sym.
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Figure 1.44 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, 1* range cell, VH pol.
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Figure 1.45 - Normalized spectrum versus time, 21* range cell, VH pol. (CNR=12 dB)
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35



<
W
\
i

Cross-Covariance Functions

| | | | |
-60 -40 -20 0 20 40 60
Time Lag [sec]

Figure 1.47 - Texture-centroid and texture-bandwidth cross-covariance, 21* range cell, VH pol., per. sym.
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Figure 1.48 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, 21* range cell, VH pol.

36



1.2.3 - Range resolution of 15 m

The evolution of the spectrogram versus time, plotted in Figs. 1.49, 1.53, 1.57, 1.61,
1.65, and 1.69, confirms that the peaks in the spectrum due to the clutter are located
between 100 Hz and 300 Hz for all polarizations, and shows that the thermal noise effect is
not more negligible. Even if, in the average, the power of the clutter is greater than the
power of the thermal noise, locally it is not always the case. When the texture is small,
locally the CNR gets very small and the thermal noise overcomes the clutter. In this case
the estimated Doppler centroid and bandwidth are mainly affected by the characteristics of
the noise, then the centroid tend to be very small (almost zero) and the bandwidth
increases, as in Figs. 1.50 and 1.54. Then, sometimes, with high resolutions, the
interpretation of the spectral changes is not clear and the thermal noise presence cannot be
ignored.

Cross-covariance functions between texture and bandwidth and between texture and
centroid show some particularities with respect to the lower resolutions. Most cells
analyzed at 15 m, show evident periodicities in both VV and HH polarization and, in some
cases, less evident in VH polarization. Moreover, the period is shorter than in the lower
resolutions (Figs. 1.51, 1.52, 1.59, 1.60); this period is about 4.5 seconds. This means that
the radar system with higher resolution can resolve local waves with shorter periods.

No studied cell belongs to the periodical asymmetrical group.

Looking at figures 1.52, 1.56, 1.60, 1.64, 1.68, and 1.72, reporting the cross-
covariance functions calculated with respect to the texture logarithm, it is apparent that
these functions show periodicities that were bypassed in the cross-covariance functions
calculated using the texture, particularly for the 5™ range cell. In this case, the periodicities
are much longer than in other cells, being the period 20 seconds long and they are maybe
due to a dominant long wave with a period of 20 sec.

To highlight the similarities between Log-texture and centroid we plotted in Fig.
1.54b the centroid in Hz scale and the texture on arbitrary unit scale. They are almost
superimposed. In Fig. 1.54c¢, instead of plotting the bandwidth as in Fig. 1.54a, we plotted
the negative bandwidth shifted of 250 Hz (processed bandwidth), again to superimpose it
with the texture. The similarities in the behavior are surprising. We obtained very similar
results for the other cells. It seems that, the long waves modulate in frequency the
amplitude of the clutter and in amplitude the logarithm of the texture more than the texture
itself. The physical reasons of this phenomenon are still open questions.

The classification table is Table 1.3 below.
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Periodical Periodical Aperiodical
Symmetrical Asymmetrical Symmetrical
Pol. VV | 26, 23, 21, 20, 19, 18, 17, 28,27,25,24,22, 11, 10,
16, 15,14, 13, 12,3, 1 9,8,7,6,5,4,2
Pol. HH | 26, 23, 21, 20, 19, 18, 17, 28,27,25,24,22, 11, 10
16, 15,14, 13,12,9, 1 8,7,6,5,4,3,2
Pol. VH 17,15, 14,13,9,8 All the others
Table 1.3 — Covariance classification, 15 m.
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Figure 1.49 - Normalized spectrum versus time, 15th range cell, VV pol. (CNR=9 dB)
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Figure 1.50 - Time evolution of texture, centroid and bandwidth, 15% range cell, VV pol.
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Figure 1.51 - Texture-centroid and texture-bandwidth cross-covariance, 15" range cell, VV pol., per. sym.
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Figure 1.52 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, 15" range cell, VV pol.
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Figure 1.53 - Normalized spectrum versus time, 5™ range cell, VV pol. (CNR=11.7 dB)
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Figure 1.54a - Time evolution of texture, centroid and bandwidth, 5t range cell, VV pol.
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Figure 1.54b - Time evolution of Log-texture and centroid, 5™ range cell, VV pol.
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Figure 1.54¢ - Time evolution of Log-texture and processed bandwidth, 5™ range cell, VV pol.
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Figure 1.55 - Texture-centroid and texture-bandwidth cross-covariance, 5" range cell, VV pol., aper. sym.
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Figure 1.56 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, 5™ range cell, VV pol.
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Figure 1.57 - Normalized spectrum versus time, 15" range cell, HH pol. (CNR=9 dB)
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Figure 1.58 - Time evolution of texture, centroid and bandwidth, 15% range cell, HH pol.
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Figure 1.59 - Texture-centroid and texture-bandwidth cross-covariance, 15" range cell, HH pol., per. sym.
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Figure 1.60 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, 15" range cell, HH pol.

2':":' | '..l!l l'_ i II i II-I,:‘ I-I ~
.I.||1I,'IF-: 1 'IIII.J 'III.- I|II 'Ilthl i J'Illlll; I'|

100 '

- q0.08

- q0.06
-100

Frequenza [Hz]
=

= 50.04

-200

-300
0.0z

-400

10 20 30 40 a0
Tempo [sec]

Figure 1.61 - Normalized spectrum versus time, 5™ range cell, HH pol. (CNR=13 dB)
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Figure 1.62 - Time evolution of texture, centroid and bandwidth, 5 range cell, HH pol.
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Figure 1.63 - Texture-centroid and texture-bandwidth cross-covariance, 5™ range cell, HH pol., aper. sym.
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Figure 1.64 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, 5™ range cell, HH pol.
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Figure 1.65 - Normalized spectrum versus time, 15" range cell, VH pol. (CNR=9 dB)
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Figure 1.66 - Time evolution of texture, centroid and bandwidth, 15% range cell, VH pol.
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Figure 1.67 - Texture-centroid and texture-bandwidth cross-covariance, 15" range cell, VH pol., per. sym.
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Figure 1.68 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, 15" range cell, VH pol.
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Figure 1.69 - Normalized spectrum versus time, 5™ range cell, VH pol. (CNR=11.5 dB)
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Figure 1.70 - Time evolution of texture, centroid and bandwidth, 5 range cell, VH pol.
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Figure 1.71 - Texture-centroid and texture-bandwidth cross-covariance, 5™ range cell, VH pol., aper. sym.
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Figure 1.72 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, 5™ range cell, VH pol.

1.2.4 Range resolution of 9 m

The results obtained at the range resolutions of 9 m in some cells confirm what was
shown by previous resolutions, as for the 26™ range cell, in all the polarizations (Figs.
1.73-1.1.76, 1.81-1.84 and 1.89-1.92). The period is again around 5 sec.

However, often, the thermal noise level is locally high; and the clutter behavior is not
always clearly visible. Let’s analyze the behavior of the 1% range cell, VV data, in the
Figures 1.77-1.80. Figure 1.77 and Figure 1.78a show that in the time range [0, 25] sec the
thermal noise is dominant. In the spectrogram, we see light blue stripes along the whole
frequency axis and in Fig. 1.78a the Doppler centroid is close to zero and the bandwidth
gets high values around 300 Hz. On the other hand, in the time interval [25, 45] sec, we
observe 4 spikes, the texture and centroid increase, the bandwidth decreases as already
observed in lower resolutions. It is interesting now to analyze Figs. 1.78b and 1.78c.
Where the clutter is dominant ([25, 45] sec), centroid and bandwidth follow closely the
behavior of the Log-texture, where the thermal noise is dominant we observe non-

negligible discrepancies. That is not surprising because clutter and thermal noise are
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independent processes and the behavior of the thermal noise is not affected by long-wave

effect.
Periodical Periodical Aperiodical Symmetrical
Symmetrical Asymmetrical
Pol. VV | 26,24, 23,21, 20, 28,27, 25,22, 18,15, 13, 11,10,
19,17, 16, 14, 12 9,8,7,6,5,4,3,2, 1
Pol. HH | 26, 23, 22, 21, 20, 28,27,25,24,18,17,15,11, 10
19, 16, 14, 13, 12 9,8,7,6,5,4,3,2, 1
Pol. VH 26,25,16 All the others
Table 1.4 — Covariance classification, 9 m.
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Figure 1.73 - Normalized spectrum versus time, VV pol., 26th range cell. (CNR=1.2 dB)
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Figure 1.74 - Time evolution of texture, centroid and bandwidth, VV pol., 26" range cell.
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Figure 1.75 - Texture-centroid and texture-bandwidth cross-covariance, VV pol., 26" range cell, per. sym.
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Cross-Covariance Functions
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Figure 1.76 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, VV pol., 26™ range cell.
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Figure 1.77 - Normalized spectrum versus time, VV pol., 1¥ range cell. (CNR=3 dB)
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Figure 1.78a - Time evolution of texture, centroid and bandwidth, VV pol., 1* range cell.
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Figure 1.78b - Time evolution of Log-texture and centroid, VV pol., 1* range cell.
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Figure 1.78¢ - Time evolution of Log-texture and bandwidth, VV pol., 1¥ range cell.
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Figure 1.79 - Texture-centroid and texture-bandwidth cross-covariance, VV pol., 1* range cell., aper., sym.
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Cross-Covariance Functions
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Figure 1.80 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, VV pol., 1 range cell.
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Figure 1.81 - Normalized spectrum versus time, HH pol., 26th range cell. ( CNR=4.8 dB)
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Figure 1.82 - Time evolution of texture, centroid and bandwidth, HH pol., 26" range cell.

1
| T-C
‘ ‘ 3 ‘ T-B
) ! ! | !
8 05 e L e S R -
13 3 3 i : :
= Il !
= il :
54 v H ﬂﬁ» ‘ fk i
‘é 0 A y N ; f\f““w ff\ f [ yf\) ! / e ;\ w A [\
o AP A IR A . - T
s WA N \f"”\r)f\wlf W b” WAL
3 Y
o |
wn
wn
SO05 .
- \ \ | \ \
-60 -40 -20 0 20 40 60

Time Lag [sec]

Figure 1.83 - Texture-centroid and texture-bandwidth cross-covariance, HH pol., 26" range cell, per. sym.
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Cross-Covariance Functions
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Figure 1.84 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, HH pol., 26™ range cell.
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Figure 1.85 - Normalized spectrum versus time, HH pol., 1¥ range cell (CNR=5 dB)
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Figure 1.86 - Time evolution of texture, centroid and bandwidth, HH pol., 1* range cell.
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Figure 1.87 - Texture-centroid and texture-bandwidth cross-covariance, HH pol., 1* range cell., aper. sym.
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Figure 1.88 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, HH pol., 1 range cell.
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Figure 1.89 - Normalized spectrum versus time, VH pol., 26th range cell. (CNR=5.5 dB)
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Figure 1.90 - Time evolution of texture, centroid and bandwidth, VH pol., 26" range cell.
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Figure 1.91 - Texture-centroid and texture-bandwidth cross-covariance, VH pol., 26" range cell, per. sym.
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Figure 1.92 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, VH pol., 26™ range cell.
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Figure 1.93 - Normalized spectrum versus time, VH pol., 1¥ range cell. (CNR=5 dB)
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Figure 1.94 - Time evolution of texture, centroid and bandwidth, VH pol., 1* range cell.
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Figure 1.95 - Texture-centroid and texture-bandwidth cross-covariance, VH pol., 1st range cel., aper. sym.
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Figure 1.96 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, VH pol., 1* range cell.

1.2.6 Range resolution of 3 m

In this resolution, thermal noise usually overcomes the clutter, and then texture,
centroid and bandwidth are almost always relating to the noise. Looking at spectrograms
(Figs. 1.97, 1.101, and 1.105), we can observe that the power density is quasi-uniform on
the entire frequency range; clutter contribution is sporadic and is confined in the range
[100, 300] Hz. The trend in the behavior of texture, centroid, and bandwidth is the same;
when texture decreases the noise is dominant then the centroid is close to zero and the
bandwidth is large. In the cross-covariances the periodicities tend to disappear and their
shape tends to a delta (see Figs. 1.99, 1.100, 1.104, 1.105, 1.107 and 1.108.

The cells are classified in Table 1.5. They are all aperiodical symmetrical cells.

Periodical Periodical Aperiodical

Symmetrical Asymmetrical Symmetrical
Pol. VV All
Pol. HH All
Pol. VH All

Table 1.5 — Covariance classification, 3 m.
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Figure 1.97 - Normalized spectrum versus time, VV pol., gt range cell. (CNR=3 dB)
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Figure 1.98a - Time evolution of texture, centroid and bandwidth, VV pol., gth range cell.
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Figure 1.99 - Texture-centroid and texture-bandwidth cross-covariance, VV pol., 8" range cell., aper. sym.
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Figure 1.100 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, VV pol., 8" range cell.
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Figure 1.101 - Normalized spectrum versus time, HH pol., 1* range cell. (CNR=-2 dB)
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Figure 1.102 - Time evolution of texture, centroid and bandwidth, HH pol., 1* range cell.
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Figure 1.103 - Texture-centroid and texture-bandwidth cross-covariance, HH pol., 1st range cell., aper. sym.
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Figure 1.104 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, HH pol., 1 range cell.
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Figure 1.105 - Normalized spectrum versus time, VH pol., 1* range cell. (CNR=-2 dB)
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Figure 1.106 - Time evolution of texture, centroid and bandwidth, VH pol., 1* range cell.
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Figure 1.107 - Texture-centroid and texture-bandwidth cross-covariance, VH pol., 1¥ range cell., aper. sym.
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Figure 1.108 - Log-texture-centroid and Log-texture-bandwidth cross-covariance, VH pol., 1% range cell.
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1.3 Conclusions

In the first part of the technical report [Gin05], we modeled the received clutter
signal as a compound stationary process, but thinking more deeply to the reflection
phenomena that originate the received signal, it is easy to realize that the received clutter
characteristics depend on the sea surface conditions in a certain temporal range, thus the
clutter process cannot be stationary if the observation time is long and the resolution is
high. Then, in this second part of the technical report, we investigated on the non-
stationarities of the clutter process and on their effect on the time-varying clutter spectrum
as a function of different range resolutions. In particular, we studied the influence of long
waves on sea clutter by estimating texture, Doppler centroid and bandwidths on short time
intervals. We analyzed as well the relations between texture, centroid and bandwidth by
estimating their cross-covariances functions.

Figures reporting the clutter spectrograms show that the clutter is mostly
concentrated between 100 Hz e 300 Hz for each polarization in each resolution. Generally,
for all the estimated parameters there are not big differences among the polarizations. The
differences are evident for different resolutions.

Based on the shape of the cross-correlation function between texture, centroid and
bandwidth, the cells have been classified into three principal groups: periodical
symmetrical, aperiodical symmetrical and periodical asymmetrical.

Many of the analyzed cells at 60 m and 30 m belong to the periodical symmetrical
group and they exhibit a period of 6-7 sec. For the symmetrical cells (periodical and
aperiodical) the typical behavior seems to be always the same: as clutter power increases,
Doppler centroid increases and bandwidth decreases. Then we can conclude that the long-
waves (with different periods) modulate in amplitude the scattering causing the changes in
the texture values and modulate in frequency the clutter determining the movement of the
Doppler centroid and the changes in the bandwidth. The maximum values of the texture
are reached when the velocity of the sea surface is maximum (high values of the Doppler
centroid), generally on the crest of the waves. On the contrary, the bandwidth is minimum.
This behavior is still very clear at a resolution of 15 m where we observe a shorter
periodicity in the cross-covariances. The period is 4-5 sec long. At this resolution, we
observed also larger variation of the centroid and of the bandwidth. This phenomenon
could partially depend on the thermal noise effect; some reported spectrograms show the
presence of thermal noise through vertical lighter bands. But, more likely, it is due to a
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stronger non-homogeneity of the clutter relating to higher resolution. The larger the range
cell, the heavier the averaging effect on time-varying phenomena. With higher resolutions,
the local changes are more evident. Moreover, in some cell where the periodicity seems to
disappear in the cross-covariances it is clear in the Log- covariances, that is the
covariances with the Log-texture instead of the texture. The physical meaning of this
phenomenon is not clear but seems that the periodic behavior is more related to the
logarithm of the texture than to the texture itself.

For higher resolutions (9 and 3 m) the effect of the noise is not more negligible and
usually the estimated parameters relate to the noise and not to the clutter. The periodicities

tend to disappear and the cross-covariances to get lower and delta shaped.
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