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1 Ú ó

X�°,Å´�X�u�>^Å¤ì�°¡
�Ñ�£Å. >^Ñ���'ïÄL²°,ÅU

�NÔn°¡�A5 [1], Ïd, �±ÏLïÄ°
,Å5ïÄÔn°¡�A5. DÚþ, ïÄ°,
Å�Ãã´æ^ÚO�.©ÛÙÌÝ�ÚOA5,

X Weibull ©Ù!éê��©Ù!K ©Ù�, �ù
«Äu²�ÚO�ïÄÃãJ±�«°,Å�)
�S3Ä�A5. ©/nØ����5�Æ�n
�©|��, 3X�&Ò?n+�¼�
�2�
�A^, �°,Åï�Jø
#å». ©/nØl
°,Å�åÏ(��ÝïÄ°¡�Ø5KÝ (o
÷Ý), U
�NÑ°,Å�)���5Ä�A5,

�°,Å��)JøÅn5)º. 3X�&Ò?
n¥Äk�±A^�´ü�©/nØ, 1993 c, Lo

Ú Leung �æ^ü�©/�.ï�°,Å�mS
�, ¿|^°,Å�8I©/�ê��O?18I
uÿ [2]. �í?©/nØ3¢S¥�A^, Chang

�JÑ�«ÄulÑ©êÙK$Ä�¯� Hurst �
êO��{ [3]. du©/�.�±�Ð/�x°
,Å�Ø5K5�O���{B, Ïd§UéÐ/
�Ö²;�ÄuÚO�.�8Iuÿ�{�Øv,

�Äu©/nØ�8Iuÿ�{��J±¢yð
J´ (CFAR), �� 2009 c, Salmasi �|^Ó�|
êâØÓêâã�©/�êÑlpd©Ù�A:
�O
©/ CFAR uÿì [4]. d	, ©/g��A
� [5]!·b©/A� [6]!éÜ©/A� [7] �©/
ëê3X�&Ò?n¥��±A^.
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{©/, Ïd3ü�©/nØA^¥, ÄkA�ä
�ïÄé�´Ä�3ÃIÝ«m, l
�äÙ´
Ä´©/�. 38c�ïÄ¥, ÃIÝ«m�À�
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«m�	�ºÝ¤�N��ïÄé��&E, �ó
�, ù«ÃIÝ«m���{´Äu²��, vk
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l¢SÔn�µÚ°,Å�)Ån�Ý?1Ün
�)º. �éù�¯K, �©æ^©ã©êÙK$
Ä (piecewise fractional Brownian motion, PFBM)[9]

ï�°,Å, Ùlª��Ýé°,ÅªÌ�$ª�
pªÜ©?1©ãï�, 3��¥KéALy�3
oÑºÝÚ°[ºÝe°,ÅS��o÷§ÝØ
�Ó. d	, du°¡$Ä8I�U=¬K�°,
ÅªÌ$ªÜ©½öpªÜ©, l
��ÙéoÑ
ºÝÚ°[ºÝe°,ÅS��o÷Ý�U�)
ØÓ§Ý�K�, Ïd, �©�òïÄäkØÓõ
ÊVªÇ�$Ä8I£ÅéØÓºÝe°,Åo
÷Ý�K�.

2 ©ã©êÙK$Ä

©êÙK$Ä (FBM) ´���²­��Å©
/L§, Ù�^uï�äk 1/fα Ì!��'Úg
�qA:�L§. FBM d���ëê-Hurst �ê H

û½, 0 < H < 1. Ø
~����L«�{ [10],

FBM ��æ^Ì��{?1½Â [11], =

BH(t) =
1
2π

∫ +∞

−∞
(iω)−(H+1/2)

(
e itω − 1

)
dβ(ω),

(1)

Ù¥, β(ω) ´'uªÇ ω �EÙK$Ä, β(ω) =∫ ω

0
SW(ω)dω, Ù ¥, SW(ω) � � I O x D ( L

§ W (t) � Fourier C�. �u FBM ��²­5,

ïÄ FBM �OþL§ ∆BH(t) ��{B, Ù��
²­L§, =

∆BH(t) =
∫ +∞

−∞
(iω)−(H−1/2) e iωtdβ(ω). (2)

d FBM û)��. [12−14], Xò FBM ÏLÈÅì
½òÙ(�¼ê?1í2¤���.�, �^u�
x�ïÄé���!á�'A5, ,
, ù
�.
vk{ü�)Û½Â, 
�3ÀJÈÅì½ö�.
ëê�����þ��3(J, Ïd, IÄu FBM

½Â��ëY�!���²­
Oþ²­�!g
�q�L§. ©ã©êÙK$Ä (PFBM) =���
äk�Ð½Â�äkþã5��L§. ëì FBM

�Ì£ã�{, ©ã©êÙK$Ä Bpw(t) �æ^
Xe�ÅÈ©½Â [9]:

Bpw(t) =
1
2π

∫ +∞

−∞
FHo,Hi,γ(ω)

(
e itω − 1

)
dβ(ω),

(−∞ < t < +∞), (3)

Ù¥, β(ω) �,´'uªÇ ω �EÙK$Ä;

FHo,Hi,γ(ω) =
1[0,γ)(|ω|)
(iω)Ho+1/2

+ γHi−Ho
1[γ,∞)(|ω|)
(iω)Hi+1/2

, (4)

Ù ¥, 1I(x) � ½ Â 3 « m I þ � � « ¼ ê,

= 1I(x) =

1, x ∈ I

0, x /∈ I
; γ �ªÇ�ä:, � γ > 0;

Ho L«3 |ω| < γ ��$ªãû½S�g�q5
� Hurst �ê, � Ho < 1; Hi L«3 |ω| > γ ��
pªãû½S�g�q5� Hurst �ê, � Hi > 0.

3²��È¿Âe, � ω → 0 � (k Ho < 1) ½
� ω → ∞ � (k Hi > 0), (3) ª¤«�ÅÈ©þ´
Âñ�, 
 FHo,Hi,γ(ω) 3ªÇ�ä: γ ?�ëY
5KdÏf γHi−Ho �y [9].

d PFBM �½Â, N´��ù�L§Oþ��
� (½¡�(�¼ê)f(r), =

f(r) =Var[Bpw(t + r) − Bpw(t)]

=
1
π2

∫ +∞

−∞
sin2

(ωr

2

) ∣∣FHo,Hi,γ(ω)
∣∣2 dω.

(5)

�â (4) ª�Ñ� FHo,Hi,γ(ω) �½Â, �ºÝC
� ω → ωr, K�±��: � r → 0 �, =3°
[ º Ý e, f(r) ∼ r ¥ y É ë ê Hi | � � �
Æ'X |r|2Hi ; � r → ∞ �, =3oÑºÝe,

f(r) ∼ r ¥yÉëê Ho |���Æ'X |r|2Ho .

� H = Ho = Hi ∈ [0, 1] �, f(r) ∼ r 3oÑºÝ
Ú°[ºÝeäkÚ���Æ'X, d� PFBM K
òz�²;� FBM.

n þ � �, PFBM L y Ñ ü « Ø Ó � g �
q (©/) 5Æ, 3�$ªÇ |ω| < γ e (��u
3��oÑºÝe), PFBM ´d Hurst �ê Ho |
��g�q (©/) L§; 3�p�ªÇ |ω| > γ

e (��u3��°[ºÝe), PFBM K´d Hurst

�ê Hi û½�g�q (©/) L§. PFBM ´��
ëY�¢pd�²­L§, äkëY�pd�²­
Oþ, �Ùëê Ho, Hi Ú γ m�pÕá, Ïd, �
éu²;� FBM 
ó, PFBM �^u£ãg,.
½<EXÚ¥��ÊH�g�q53ØÓºÝe
Ø���©/é�.
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3 ¢ÿ°,Å©Û

�!òæ^ X Åã� S Åã¢ÿX�êâ?
1©Û��y, Ù¥ X ÅãX�êâ5gu “Os-

born Head Database”, ´d\<� McMaster �Æ|
^ X Åã� IPIX X�mÐé°&ÿ¢�æ8�
��, êâæ8�X�U�ó�373�ª, é,
�� °¡��mì�, *	8I��¤2u°¡
þ�KX7á����¥N, ��[��¹��©
z [15], êâ�¹ HH, VV Ó4zÚ HV, VH ��
4zo«�¹, du��4zêâ�,D' (CNR)

�$, Ïd�!=æ^ CNR �é�p� HH, VV Ó
4zêâ?1©Û, Ù&,' (SCR) �� 0 ¨ 6dB,

óÀ­ª (PRF) � 1000 Hz. ,	�|°,Åêâ
´, S ÅãX�é°ì�æ8���, æ8êâ�
U�ó�373�ª, 4z�ª� VV 4z, *	
8I���X��ú$Ä���E, d|êâ SCR

�� 0—3 dB, X� PRF � 650 Hz. ã 1 �Ñ
 3 |
°,Åêâ�8�z��Å/ã. dã 1 ¤«� X

Åã� S Åãêâé'��, ü«Åãe�°,Å
åÏ�ª²wØÓ, ù�X�Åã!u�õÇ!Å
å°Ý!ål©EÇ±9°�Ú°¡Ñ�UåØ
Ók'. °¡Ñ�Ø
 Bragg Ñ�, ��)�&�
�âfÑ�, Úå Bragg Ñ��Ì�´�
äkX
��Å��ëì, �âfÑ�K�Å�og�¤�
'. X ÅãX�Å��� 3 cm, Úå Bragg Ñ��
Ì�´�» 1.5 cm �m�Ls�&, ��âfÑ�
3 X Åãe�r, l
 X Åã°¡£ÅåÏ��Í
�, °k¸�õ, ,	 X ÅãX�©Eü���±
9*	°¡åX��C (� 2.8 km) �´�)°k
¸���­��Ï; 
 S ÅãX�Å��� 10 cm,

Úå Bragg Ñ�Ì�´�» 5 cm �m��Ls, �
âfÑ���é�f, � S ÅãeX�©Eü��
�, *	�°¡åX��� (� 37 km), Ïd, S Å
ã°,Å�åÏ§ÝØX X Åã°,Åì�.

�u PFBM ´3ª�éïÄé��ªÌ?1
©ãï�, e©Äk�Ñ 3 |°,Åêâ�õÊV
ªÌã/, Xã 2 ¤«. n*ã 2 �Ñ� 3 |°,Å
êâ�õÊVÌã/�±wÑ, ü«Åã°,Å�
õÊVÌþäk�½ªÇ £, ��3 −100 Hz—

100 Hz ���S, ùÌ�´d°¡[ØÊE�$Ä
Úå�, � Bragg °L�X�$Ä�, °,ÅõÊ

VÌ�¥%ªÇ �����; � Bragg °L�l
X�$Ä�, °,ÅõÊVÌ�¥%ªÇK �K
���. d?I`²�´, º��X�Å���'
[�°L¡� Bragg °L. ,	, dã 2 ��*	�
°,Å�õÊVÌ3¥%ªÇNCäk�½�Ð
°, ùÌ�´d�ºÝ°L��Ä�AÚå�. ã 2

¤«� 3 |êâ�õÊVÌ¥þ©OI²
°,
Å�D(, 3��ª�¥, =k"ªNC ±100 Hz

��S�¹°,Å, �ó�, °,ÅUþý�Ü©
8¥3 ±100 Hz ªÇ��S, Ù{�ªÇ��SÌ
��D(, Ïd, ��°,Åêâ�ªÌ�y©�
üÜ©, °,ÅõÊVÌ�D(õÊVÌ, ù�æ
^ PFBM ï�°,ÅJø
�½�¢��â.

ã 1 °,Å8�z��Å/ã (a) X Åã HH 4z; (b)

X Åã VV 4z; (c) S Åã VV 4z
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ã 2 °,Åêâ�õÊVªÌã/ (a) X Åã HH 4
z; (b) X Åã VV 4z; (c) S Åã VV 4z

� â þ ã © Û, e ¡ æ ^ PFBM l ª � �
Ý ï � ° , Å, - PFBM � . ¥ � � � ª Ç γ

� 200πrad/s (éA 100 Hz), K�â1 2 !¥��
�(Ø, ?u�$ªã�°,ÅõÊVÌAK�o
ÑºÝe�°¡£ÅS�, ?u�pªã�D(õ
ÊVÌAK�°[ºÝe�°¡£ÅS�. ùpI
`²�´, du°,ÅõÊVÌ�D(õÊVÌ�
m¿vk²(
î��.�, Ïd, �â PFBM �
.éA����oÑºÝÚ°[ºÝe���ü
«g�q5Æ�Òvk²(�.�. ��yù�(
Ø, �©æ^DÚ�©/©ÛÃã —–“�Åir”

�. [16] é��°,ÅS�?1©Û, Xã 3 ¤«.

“�Åir” �.æ^�©¼ê F (r) �ºÝ r �m

3Véê�Ie´Ä÷v�5'X?1©/A5
��½, Xeª¤«:

log2 F (r) = log2

{
E[|xn+r − xn|2]

}1/2

=H · log2 r + c, (6)

Ù¥, xn L«°,ÅS�1 n �æ�:; H � Hurst

�ê; c �~ê.

ã 3 ��°,ÅS�©/©Û(J (a) X Åã HH 4
z; (b) X Åã VV 4z; (c) S Åã VV 4z

dã 3 �**	��, 3 |°,Åêâ��©
¼ê3 [20, 22] Ú [23.5, 210] ü�ºÝ«mSþC
q¥y�5, �3ºÝ 23 NCk�²w�=ò, ù
L² 3 |êâ3c�ü�ºÝ«mS¥y²wØ
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Ó�g�q5Æ. d?, �u 23.5 �ºÝ�@�´
oÑºÝ, �u 22 �ºÝ�@�´°[ºÝ. (Ü
þ!¥ PFBM �(Ø��, �©¼ê�©ãCq�
5A5��ã 2 ¤«�ªÌ©ãy�´�éA�,

=õÊVÌ ±100 Hz ±S�$ªã�oÑºÝe
���S�©/A5�éA, õÊVÌ ±100 Hz ±
	�pªã�°[ºÝe��S��©/A5�
éA. �?�Ú½þ*	ã 3 ¤«�©¼ê­��
CzA5, 3z��ºÝ:þO��©¼ê���
�Ç, Ù(JXã 4 ¤«. �±uy, ��ºÝ:?

ã 4 ã 3 ¤«êâ��©¼ê3�ºÝ:?���
�Ç (a) X Åã HH 4z; (b) X Åã VV 4z; (c) S Å
ã VV 4z

����Ç�±l�Nþ©¤nÜ©, ��ý«
� (°[ºÝ«�) Ì��ND(�g�q5Æ, �
mý«� (oÑºÝ«�) Ì��N°,Å�g�
q5Æ, 
¥m [22, 23.5] ºÝ«mS·Ü«�K�
N�´°,Å�D(�Ó�^�g�q5Æ. ¢S
þ, ù«y���±�â (6) ª¿(Ü°,Å��
m�'5?1)º: 3°[ºÝe, (6) ª¥� xn+r

� xn �mm� (r/PRF ¦) ��, 3d�mm�e
°,Å��'5�é�r, 
D(�'5�é�f,

²L (6) ª¥�~{$��°,ÅUþ�Ø�õ,

l
D(UþÓÌ�/ , Ïd°[ºÝeÌ��
N�´D(�g�q5Æ; 3oÑºÝe (6) ª¥
� xn+r � xn �mm��é��, °,Å�'5C
��f, �D(�'5Ä�?uÓ�Y², �¤À
^�X�êâ CNR �p, l
²L (6) ª¥�~{
$��°,ÅUþ�3�é�õ, ÏdoÑºÝe
Ì��N�´°,Å�g�q5Æ; 
·Ü«�K
�N�´�ºÝÅìO�°,ÅUþÅìÓâÌ
�/ �L§.

4 $Ä8IéØÓºÝe°,Å�
K�

�!Ì�ïÄäkØÓõÊVª£ (éAuØ
Ó�$Ä�Ý) �$Ä8Ié°,Å PFBM �.
�K�, =äkØÓõÊVª£�$Ä8IéoÑ
ºÝÚ°[ºÝe°,ÅS��K�. �Bu��
$Ä8I�õÊVª£, �!Äkæ^�ý�{�
)3X�»�!�$Ä�:8I£Å?1ïÄ, ,
�©Û¢ÿêâ¥�8I£ÅéoÑºÝÚ°[
ºÝe°,Å�K�. ã 5 Úã 6 �Ñ
$Ä8I
õÊVªÇ©O� 30 Hz Ú 300 Hz �éêªÌÚ
�©¼ê. dã 5 ��, �$Ä8I�õÊVªÇ
3 ±100 Hz ±S�, Ù3��é°,Åêâ�K�
Ì�Ny3oÑºÝ«m [23.5, 210] þ, 3°[º
Ý«m [20, 22] þKCzé�; �$Ä8I�õÊ
VªÇ3 ±100‘Hz ±	�, Ù3��é°,Åêâ
�K�Ì�Ny3°[ºÝ«m [20, 22] þ, �é

ó3oÑºÝ«m [23.5, 210] þKCzé�. ù
�(Ø�y
æ^ PFBM ï�°,Å�Ün5.

�â±þ�ý©Û�(J, e©�â PFBM �
.é¢ÿX�êâ�°,Åü��8Iü��ª
ÌÚ�©¼ê?1'�©Û, Xã 7 ¤«, du X
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ÅãX�*	8I��·�8I, ��X°L$Ä
¬k�ú$Ä, ÏdÙõÊVªÇ�©�C 0, 
 S

ÅãX�*	8I���X��ú$Ä���E,

Ù»��Ý�$, éA�õÊVªÇ�k 10 Hz �
m. dã 7 ��, 3°[ºÝ«m [20, 22] S, ÃØ X

Åãêâ�´ S Åãêâ, eé�©¼êæ^��
[Ü, Ù[Ü���ÇÄ��±ØC, 
3oÑº
Ý«m [23.5, 210] S, [Ü����ÇKu)�é
�²w�Cz, cÙ´ X Åã� HH � VV 4zê
â, ù��üÜX�¤*	�$Ä8I�õÊVª

Ç?u ±100 Hz ±S�$ª��S�éA. S Åã
X�êâ3oÑºÝ«mS,Åü��8Iü�
«OØX X Åãe²w, ùÌ�´Ï� S ÅãX�
êâ� SCR ' X ÅãX�êâ$. ,	, '�ã 7

�ã 5!ã 6 �±uy, �ý8I£Å¦�°,Å
�©¼ê3oÑºÝ«m�[Ü�ÇÑ�ü$, 

¢S8I£Å¦�°,Å�©¼ê3oÑºÝ«
m�[Ü�Çk¤,p, ùÌ�´d�ý8I£Å
�¢S8I£ÅA5ØÓÚå�. �ý8I�b�
�:8I, �8I£Å�°,ÅÜ¤´ÏL3"¥

ã 5 $Ä8I (õÊVªÇ 30 Hz) éØÓºÝe°,Å�K� (a) X Åã HH 4z; (b) X Åã VV 4z; (c) S Å
ã VV 4z
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ã 6 $Ä8I (õÊVªÇ 300 Hz) éØÓºÝe°,Å�K� (a) X Åã HH 4z; (b) X Åã VV 4z; (c) S

Åã VV 4z

ª�5U\¢y�, ù«Ü¤�ª¬ÚåX°,Å
S�o÷Ý,p, l
¦�°,Å�©¼ê3oÑ
ºÝ«m�[Ü�ÇÑ�ü$; 
¢S8I£Å=
´Ù¤3ålü��N£Å (Ì��)°,Å!D
(Ú8I£Å) ��Ü©, �8I£Å�°,Å�
Ü¤�ª�Ø´{ü��5U\
´E,�!�
����5Ü¤, d	<E8I¿�:8I�Ñä
k�é�5K�AÛ	/, ù
�Ï��X°,Å
�o÷Ýeü, l
°,Å�©¼ê3oÑºÝ«
m�[Ü�Çk¤,p.

nþ¤ã��, ²;�ü�©/nØæ^��
ºÝ«m���f«m (��éAuoÑºÝ«
m) 5©Û°,Å�g�qA5äk�½�Ün5,

�ù«Ün5´±X�¤*	8I�õÊVªÇ
?u°,ÅõÊVÌS (��� ±100 Hz S) �c
J�, e$Ä8I�Ý�¯, ÙõÊVªÇ?uõ
ÊVÌ�D(«�, l
°,Å�8I�²w«O
�N3°[ºÝ«mS, d�eæ^ü�©/nØ
=*	oÑºÝ«m, K°,Åü��8Iü��
«OØ²w, $�J±«©.
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ã 7 X�¢ÿ8IéØÓºÝe°,Å�K� (a) X Åã HH 4z;(b) X Åã VV 4z;(c) S Åã VV 4z

5 ( Ø

�©Ì�ïÄ
©ã©êÙK$Ä (PFBM) �
.3°,Å©/ï�¥�A^, ¿æ^ PFBM �
.é�©¼ê3°[ºÝÚoÑºÝe¤¥y�
²w=ò?1
Ån5�)º, =oÑºÝe°,
Å�mS��©¼ê�CzÌ�´d°,Å��,


°[ºÝe°,Å�mS��©¼ê�CzÌ

�´dD(��, Ó�ù«y���°,ÅÚD(
�m�'5ØÓ���. �©Äk{ü0�
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Abstract

In this paper we mainly study the application of piecewise fractional Brownian motion (PFBM) to modeling radar sea clutter.

Because the research objects in nature and man-made systems are usually not perfectly fractal in mathematics, the fractal properties of

these researched objects cannot hold in the whole scale interval. Traditionally, the mono-fractal model of sea clutter only makes use of

the self-similarity of sea clutter within the scale-invariant interval for parameter estimation but ignores the information contained in the

scales outside the scale-invariant interval. The PFBM describes the sea clutter piecewisely in frequency domain, which corresponds to

describing the sea clutter in time domain respectively on the large scale and on the fine scale. Combining the physical background, the

PFBM model can explain the mechanism of the different roughnesses of a sea clutter time sequence respectively on the large scale and

on the fine scale. Subsequently, in the paper, we study the effects of moving targets with different Doppler frequencies on sea clutter.

The results show that moving targets can cause different effects on sea clutter respectively on the large scale and on the fine scale.

Keywords: sea clutter, piecewise fractional Brownian motion, fractal, moving target
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