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Figure 1 Normalized waveforms of real data in time domain. (a) X-band HH polarization; (b) X-band VV polarization;
(c¢) S-band VV polarization
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Figure 2 The frequency spectra of sea clutter and target bins. (a) X-band HH polarization; (b) X-band VV polarization;
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Figure 4 Histogram and distribution fitting of amplitude increment of sea clutter frequency spectrum. (a) X-band HH
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Figure 8 Fluctuation function and line-fitting of amplitude and amplitude increment of sea clutter frequency spectrum.
(a) X-band HH polarization (spectrum amplitude); (b) X-band VV polarization (spectrum amplitude); (c) S-band VV polar-
ization (spectrum amplitude); (d) X-band HH polarization (amplitude increment); (e¢) X-band VV polarization (amplitude

increment); (f) S-band VV polarization (amplitude increment)
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Figure 9 Generalized Hurst exponent of amplitude and amplitude increment of sea clutter frequency spectrum.
(a) X-band HH polarization; (b) X-band VV polarization; (c) S-band VV polarization
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Figure 10 Generalized Hurst exponent of shuffled amplitude and shuffled amplitude increment of sea clutter frequency
spectrum. (a) X-band HH polarization; (b) X-band VV polarization; (c¢) S-band VV polarization

(FFT) R I3 41 A e 050k, DRIk, Bk RIS (R] PP A BE Ly L2 FET s300 Ly W RESSAT R(q) 17
AR, AR /N AR SR A BN AT 3 A

11 A1 12 73 a B T ASEIN A P AU BE Ly T i 2B 5 G A0 i 5 AU i B 38 5 1) h(q) 1
2, o FFT mid Ly 4 213 DRFFANAR. W20 PR T I AR - A0 55 1543, RIMEA%E Doppler 1%
W7 Doppler Wi, H1T-HEA%I N 18] 5 21 B KIS AH DG, DAk, FET i A3 (1 AR 58 20 R A0 T %) gt
PR R, AT 240K Doppler HEI BEGE 17 5y 1M 5 Doppler Wl 88, H =3 2 [nliE R % b L,
BT, T g > 0 B h(q) T RBAIGRAR (HE2%3E Doppler & IEZAR) I RBERHIE, ¢ < 0
I h(q) FE BN EAR (RIS Doppler w5 (#AZAR) HIREERFE. HHIE 11 W LURIL, 7 ¢ < 0 I,
BE L, 38U R TCAE IR LI h(q) ELE kN, T g > 0 B h(q) ENPEAANAR. K2R R, Y L,
NI, 240 Doppler i 51 5 Doppler i85 IR B2 22 S AHO /N, 124 Ly ORI, #E4%3 Doppler
T 5 Doppler W /IR 5 25 AR AR, HaX —H8e K 2 57 2 B8 A% Doppler W50 & 38 n 5 | i
), IIAE ¢ < 0 B, 5K Ly NilEARHE Doppler WEXTEAR B Hx, (r) WIREIE/N TN Ly g
Doppler #5555y, (r) 5200, [FIBE L, 38 & Ok o £y vk 845 R AR E, X617 ¢ < 0 B h(g) fH
B HETRE;, RZ, 1E ¢ > 0 N, % L, FiEA%3 Doppler i A H IR AR AR AR, [R] N
27 Doppler WEFES Ly FZEFRWANK, T ¢ > 0 B h(q) [EZRMARX AN, KT 12 FrosiifEss
PR ITTAE MR W 1K h(q) MLk, L h(q) EMAREAE K 12 Jiaags R, B g < 0 B h(q) (HAZ

778



TEEY FERY 435 H 6

14
13
12
1.1
S 10
<09
0.8
0.7
0.6
0.5 osL
“10-86-4-20 2 4 6 8 10 —10—8—6—4—22246810
q
(a) (b)
14,
130 &
12
1.1
S 10
T 09—
0.8
07
0.6
0.5 e
—10—8—6—4—2[(1) 2 4 6 8 10

(©)
11 FE L, FHZEBTINLREFTIRT X Hurst 188 (L;=2"°)

Figure 11 Generalized Hurst exponent of amplitude of sea clutter frequency spectrum in different L; (Lf:213).
(a) X-band HH polarization; (b) X-band VV polarization; (c) S-band VV polarization
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Figure 12 Generalized Hurst exponent of amplitude increment of sea clutter frequency spectrum in different L; (L f:213)4
(a) X-band HH polarization; (b) X-band VV polarization; (c¢) S-band VV polarization
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Figure 13 Generalized Hurst exponent of amplitude of sea clutter frequency spectrum in different Ly (Ly=2'). (a)
X-band HH polarization; (b) X-band VV polarization; (¢) S-band VV polarization
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Figure 14 Generalized Hurst exponent of amplitude increment of sea clutter frequency spectrum in different L (L¢=211).
(a) X-band HH polarization; (b) X-band VV polarization; (c) S-band VV polarization
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Multifractal property of sea clutter frequency spectrum

LIU NingBo*, GUAN Jian*, SONG Jie, HUANG Yong & HE You

Department of Electronic and Information Engineering, Naval Aeronautical and Astronautical University, Yantai
264001, China
*E-mail: Inb198300@yahoo.com.cn, guanjian96@tsinghua.org.cn

Abstract This paper focuses on the multifractal property of the sea clutter frequency spectrum and analyzes
the influencing factors of the multifractal property. First, the theoretical foundation introducing multifractal
theory for analyzing the sea clutter frequency spectrum is laid. The datasets from the X-band and S-band
coherent radars are then used to verify the multifractal property of the sea clutter frequency spectrum, and
multifractal detrended fluctuation analysis (MF-DFA) is subsequently adopted for carrying out the multifractal
analysis of the sea clutter frequency spectrum. The analytical results of the multifractal analysis show that the
sea clutter frequency spectrum sequence is a multifractal sequence because of the long-range correlations and
broad probability distributions. The multifractal parameter in the frequency domain, i.e. the generalized Hurst
exponent in the frequency domain, has, to some extent, the ability to distinguish sea clutter range bins from target
range bins. In addition, by analyzing the influencing factors of the generalized Hurst exponent in the frequency
domain, it is found that the length of the time sequence used for the FFT has more affect on the generalized
Hurst exponent in the frequency domain, while the length of the FFT has less affect.

Keywords sea clutter, frequency spectrum, multifractal, self-similar, detrended fluctuation analysis, generalized
Hurst exponent
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