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1 Ú ó

°¡£ÅõÊVª£�°¡Ñ�¡��X�
À��Ý���', 
Ì°K�N
TÀ��Ý�
©ÙA�, ù¦�°¡£ÅõÊVA�3°¡º|
iÿ!°L9°¡6|�ü�+�äk2�A^
cµ [1−4]. Cc5, ÃõÆö�é°¡�ÅÑ�|
õÊVA5lnØÚ¢�þmÐ
�þïÄ [5−17].

3©z [9] ¥, Mouche �A^��ÇCq!Ä�¿
ÅCq�o÷¡>^Ñ�nØïÄ
£Å�õÊ
VA5, ¿�Ñ: A^����ÇCq±9Ä�¿
ÅCq�o÷¡>^Ñ�nØ¤���õÊVª
£�4z�ªÃ', 
|^Û�­ÇCqnØ��
� HH 4zÑ�£Å�õÊVª£��u VV 4z
£Å�õÊVª£, � Mouche �<¿�éTy�
�)��Ï?1)º. �C, Zhang[10] Ú Wang[11]

�<KA^����ÇCq�{ïÄ
��5°

¡£Å�õÊVÌA�, ½uy HH 4zÑ�£
Å�õÊVª£�u VV 4z�(J, ¿�Ñù«
y�Ì�´d�ºÝ°L�L¡�ÇÚå�. ,
	, ©z [10,11] ¥, �?Ø
õÊVÌ°�CzA
�, 3Ø�Äñ-�A^�e, �Ñ\��Ý��
�, ��5°¡õÊVÌ°�\��Ý�O�

O�, ,
�\��Ý�u 30◦ �, KÅìªu½
�. Cc5, �XO�>^Æ�uÐ, Toporkov[13],

Johnson[14] 9 Soriano[15] �<A^o÷¡>^Ñ
�ê��{ïÄ
�5Ú��5°¡Ñ�£Å�
õÊVÌA�, �éuCq�{
ó, A^ê�
�{¦)�°¡�ÅÑ�|��°(. Toporkov

Ú Johnson �<3ïÄL§¥½uy HH 4zÑ�
|õÊVª£� VV 4z(J���y�; Ó�,

Toporkov �'�
�5°¡Ú��5°¡£Åõ
ÊVÌ°A�, uy3¥�9�\��«�, ��
5°¡£Å�Ì°Ä��±ØC, 
�5°¡£Å
�Ì°K�\��Ý�O�
~�, � Toporkov �
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<¿�éE¤�5Ú��5°¡£ÅÌ°�É�
�Ï?1�\©Û.

3dI��Ñ�´¦+�'ÆöÄu±þ)
ÛCq�{½ê��{é°¡£ÅõÊVA�?
1
���\�ïÄ, ¿���
¤J, �´A^
ù
�{%ØU©OüÕ�Ä°¡��N�!ñ
-�A9­Ç�A�Ï��K�. �
ïÄ��
N�!ñ-�A9­Ç�A�Ï��K�, Wang

� [16] 3ê��[���ºÝ°LL¡Ó+!�
Ç!$ÄA�9�ºÝ°Lñ-�AÚ­Ç?�
�A��Ä:þ, A^VºÝnØê��[
°¡
£Å�ªÌA�. ,
, du Wang ��ïÄ´��
Äuê��[Ä:þ?1�, ¿��Ñ�Ä��N
�!ñ-�A9­Ç�A��õÊVª£ÚÌ°
úª. Zavorotn �< [17] 3b½°¡÷vpd©Ù
�Ä:þ, A^o÷¡>^Ñ�VºÝnØïÄ

¥�9��Ý\��°¡£Å�õÊVÌA�, 3
ÙïÄL§¥Ó��Ä
�ºÝ°L���N�
9åPÅéõÊVª£�K�. ,
, Zavorotn �<
3ïÄL§¥%��Ä�ºÝ°Lñ-�AÚ­
Ç�A�K�. du�\�� (Ð��) °¡��Ñ
�£ÅÉñ-�A9­Ç�A�K���wÍ, Ï

, �Äùü«Ï�é£ÅõÊVA5�K�´7
��. �©K3o÷¡>^Ñ�VºÝnØÄ:þ,

í��Ñ
°¡�ÅÑ�|õÊVÌª£ÚÌ°
�nØúª, 3TnØúª�í�L§¥Ó��Ä

�ºÝ°L���N�!ñ-�AÚ­Ç?�
�A�Ï��K�.

2 EÜ°¡�.9�'ëþéÜVÇ
�Ý¼ê

A^>^Ñ�VºÝ{¦)°¡Ñ�£Å�
L§¥, °¡Ï~�@�´�ºÝ°LÚ�ºÝÅ
L��5U\, ù�, °¡�L«� [17]

Z(x, t) = Zl(x, t) + Zs(x, t), (1)

ùp Zl(x, t) Ú Zs(x, t) ©OL«�ºÝ°LÚ�
ºÝÅL. �
¦�VºÝ�.¥¤A^��o÷
¡>^Ñ��6{¤á, �ºÝÅL Zs(x, t) I÷
vXe^�:

2ki cos θiZs(x, t) ¿ 1.0, (2)

ª¥, ki Ú θi ©OL«\�ÅÅêÚ\��. b

½ Zl(x, t) Ú Zs(x, t) Ø�', K°LÅpÌ W (K)
�L«�

W (K) = Wl(K) + Ws(K), (3)

ùp Wl(K) Ú Ws(K) ©O��ºÝ°LÚ�ºÝ
ÅL�ÅpÌ, k

Wl(K) =

 W (K), K 6 KC,

0, K > KC,

Ws(K) =

 0, K 6 KC,

W (K), K > KC,
(4)

ª ¥ � � � Å ê KC Ï ~ � � � � �
� [KBragg/6,KBragg/3], ù p KBragg(θi) =
2ki sin θi ´ Bragg ��Åê [18].

�â�5°LnØ, �ºÝ°L�±L«��
ÌÚ� ���ÅCþ��uÅU\. d�, �º
Ý°L�A^eª£ã [13]:

Zl(x, t) =
1
L

∑
n

ξ(Kn, t) exp(jKnx), (5)

ùp j =
√
−1 �XJê,L ´°¡�Ý,ξ(Kn, t) �

L t ���ºÝ°L�Fá�C�, ¿k

ξ(Kn, t) =
2π√
2∆K

{
γn

√
Wl(Kn)

× exp[−jω(Kn)t] + γ∗
−n

√
Wl(−Kn)

× exp[jω(−Kn)t]
}

, (6)

ª¥ γn ´÷vpd©Ù��Åê, Ù��� 1. °
L�ªÇ¤÷v�ÚÑ'X� ω(Kn) =

√
g|Kn|.

3d, �ºÝ°L�ÅpÌ Wl(K) � P-M Ì [13],

Wl(K) =


0.0081
4K3

exp
{
− 0.74g2

K2U4
19.5

}
, K 6 KC,

0, K > KC,

(7)

ª ¥, U19.5 � L ° ¡ þ � 19.5 m ? º � � �.

aq, Äu�5°LnØ, �ºÝ°L�L¡�
Ç Sl(x, t)!L¡���ê Dl(x, t)!�ºÝ°L;
��Ý�Y²©þ Vxl(x, t) 9ç�©þ Vzl(x, t) �
©OA^±eoª?1�[, =

Sl(x, t) =
1
L

∑
n

jKnξ(Kn, t) exp(jKnx), (8)

Dl(x, t) =
1
L

∑
n

K2
nξ(Kn, t) exp(jKnx), (9)

Vxl(x, t) =
1
L

∑
n

ωnξ(Kn, t) exp(jKnx), (10)
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Vzl(x, t) = − 1
L

∑
n

jωnξ(Kn, t) exp(jKnx). (11)

- P (Zl, Sl, Dl) Ú P (Zl, Sl, Dl, Vxl, Vzl) ©
O � L n � � Å C þ (Zl, Sl, Dl) Ú Ê � �

Å C þ (Zl, Sl, Dl, Vxl, Vzl) � é Ü V Ç � Ý
© Ù ¼ ê. d u Zl, Sl, Dl,Vxl Ú Vzl � �
p d L §, Ï 
 � � � ' é Ü V Ç � Ý ¼
ê�

P (Zl, Sl, Dl) =
1

(2π)3/2
√
|N |

exp
[
− 1

2
UTN−1U

]
=

1
(2π)3/2

√
|N |

exp
[
− A11Z

2
l + 2A13DlZl + A22S

2
l + A33D

2
l

2|N |

]
, (12)

P (Zl, Sl, Dl, Vxl, Vzl) =
1

(2π)5/2
√
|M |

exp
[
− 1

2
XTM−1X

]
=

1
(2π)5/2

√
|M |

exp{−[B11Z
2
l + B22S

2
l + 2B13ZlDl + B33D

2
l + 2B14ZlVxl

+ 2B34DlVxl + B44V
2
xl + 2B25SlVzl + B55V

2
zl]/(2|M |)}, (13)

Ù¥, �þ UT, XT 9�A���Ý
 N , M ©
O�L«�

UT = [Zl, Sl, Dl], (14)

N =


σ2

Zl
0 σ2

ZlDl

0 σ2
Sl

0

σ2
ZlDl

0 σ2
Dl

 , (15)

XT = [Zl, Sl, Dl, Vxl, Vzl], (16)

M =



σ2
Zl

0 σ2
ZlDl

σ2
ZlVxl

0

0 σ2
Sl

0 0 σ2
SlVzl

σ2
ZlDl

0 σ2
Dl

σ2
DlVxl

0

σ2
ZlVxl

0 σ2
DlVxl

σ2
V xl 0

0 σ2
SlVzl

0 0 σ2
V zl


,

(17)

ùp UT Ú XT ©OL«�þ U Ú X �=�,

N−1 Ú M−1 ©OL«���Ý
 N Ú M �
_Ý
. (12) ª¥ëþ Aij �1�ª |N | ¥�
� nij ��ê{fª; 
 (13) ª¥ëþ Bij K�1

�ª |M | ¥�� mij ��ê{fª.

3 X�°¡Ñ�Xê

éu��°¡
ó, ÄuVºÝ�.�°¡Ñ
�Xê��� [19]

σpp(θi) =
∫ ∞

−∞
σpp(θ′i)P (Sl)dSl, (18)

ùp θ′i �Û��IX¥�\��. P (Sl) �L�º
Ý°L�Ç�VÇ�Ý¼ê. ,
, XJ3Ñ�X
ê�¦)L§¥�Ä�ºÝ°Lñ-�A9­Ç
?��A�K�, (18) ªAL«�

σpp(θi) =
∫ ∞

−∞
σ0

pp(θ
′
i)Cpp · Sh

× P (Zl, Sl, Dl)dZldSldDl, (19)

ùp, σ0
pp(θ

′
i) ��ºÝ°Lþ��Û�Ñ�¡��

Ñ�Xê, Sh L«�ºÝ°L�ñ-¼ê, Cpp K
��ºÝ°L�­Ç?�Ïf, σ0

pp(θ
′
i) Ú Cpp �

L«� [18]

σ0
pp(θ

′
i) = 4k3

i cos4 θ′i |αpp|Ws(2ki sin θ′i), (20)

Cpp(θi , rx) =



|
√

ε2 − ε1 sin2 θi +
√

ε1 cos θi |4

|
√

ε2 − ε1 sin2 θia∗ +
√

ε1 cos θib∗|4
, HH-Pol,

|ε1

√
ε2 − ε1 sin2 θi + ε2

√
ε1 cos θi |4

|ε1

√
ε2 − ε1 sin2 θia∗ + ε2

√
ε1 cos θib∗|4

, VV-Pol.

(21)

124213-3



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 12 (2012) 124213

(20) Ú (21) ª¥�ëê�L«�

αpp =


εr − 1

[cos θ′i +
√

εr − sin θ′]2
, HH-pol,

(εr − 1)[εr(1 + sin2 θ′i) − sin2 θ′i ]

[εr cos θ′i +
√

εr − sin θ′]2
, VV-pol,

a =
√

πτ

2
H

(1)
1/3(τ) exp(−jτ + j

5π

12

)
,

b = − j
3 sin2 θi

√
π

2τ
[(1 − 3jτ cos2 θi)H

(1)′

1/3 (τ) + 3tH
(1)′

1/3 (τ)] exp
(
− jτ + j

5π

12

)
,

τ =
1
3
ki
√

ε1rx

cos3 θi

sin2 θi

, rx =
(1 + S2

l )3/2

|Dl|
,

H
(1)
1/3(τ) K� 1/3 �1�aÇ�¼ê, ε1 ��í

0>~ê, 
°Y0>~ê ε2 d Debye úª(
½ [20]. ,	, (19) ª¥�ñ-¼ê Sh �L«� [21]

Sh = h(cot(θi) − Sl)
[
1 − 1

2
erfc

( Zl√
2σZl

)]Λ

, (22)

ùp

h[cot(θi) − Sl] =

 0, Sl > cot(θi),

1, Sl < cot(θi),

Λ =
exp(−v2) − v

√
πerfc(v)

2v
√

π
,

v =
cot |θi |√

2σSl

, σ2
Zl

Ú σ2
Sl

��ºÝ°LpÝåÏ9

Ù�Ç���. ò (12) ª�\ (19) ª=�¦�°¡

£ÅÑ�Xê.

4 õÊVª£ÚÌ°

b�õÊVª£ fDpp ÚÌ° δfpq ©O´°¡
Ñ�£ÅõÊVÌ���ÝÚ��Ý, @o, fDpp

Ú δfpq �©O½Â� [22]

f ′
Dpp =

〈fσ′
pq〉

〈σ′
pq〉

, (23)

δf2
pp =

〈f2σ′
pq〉

〈σ′
pq〉

− [f ′
Dpp]

2, (24)

ùp, ÎÒ 〈•〉 �LXn²þ, õÊVªÇ f =
ki

π
(Vzl cos θi + Vxl sin θi), ¡ � Ñ � X ê σ′

pq =
σ0

ppCppSh.

ò (23) ªÚ (24) ª=z�È©�/ª��

f ′
Dpp =

∫ ∞
−∞ fσ0

pp(θ
′
i)CppSh · P (Zl, Sl, Dl, Vxl, Vzl)dZldSldDldVzldVxl

σpp
, (25)

δf2
pp =

∫ ∞
−∞ f2σ0

pp(θ
′
i)CppSh · P (Zl, Sl, Dl, Vxl, Vzl)dZldSldDldVzldVxl

σpp
− [f ′

Dpp]
2. (26)

ò (13) ª�\ (25) ªÚ (26) ª, ¿é Vxl, Vzl ?1È©, ��

f ′
Dpp = − 4|M |π

λσpp

√
B44B55

∫ ∞

−∞
σ0

pp(θ
′
i) · Cpp · Sh · Ψ · α · βdZldSldDl, (27)

δf2
pp =

8|M |π
λ2σpp

√
B44B55

∫∫∫
σ0

pp(θ
′
i) · Cpp · Sh · Ψ · α · γdZldSldDl, (28)

Ù¥

α = exp
[
(B14Zl + B34Dl)2

2|M |B44
+

(B25Sl)2

2|M |B55

]
, (29)

β =
[

sin θi
B14Zl + B34Dl

B44
+ cos θi

B25Sl

B55

]
, (30)

γ = sin2 θi

[
|M |
B44

+
(B14Zl + B34Dl)2

B2
44

]
+ cos2 θi

[
|M |
B55

+
(B52Sl)2

B2
55

]
+ 2 cos θi sin θi

B52Sl(B14Zl + B34Dl)
B55B44

, (31)

124213-4



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 12 (2012) 124213

Ψ =
1

(2π)5/2
√
|M |

exp
[
− B11Z

2
l + B22S

2
l + 2B13ZlDl + B33D

2
l

2|M |

]
. (32)

�Ä� Bragg ª£�K�, o�£ÅõÊVÌ
ª£A��

fDpp = f ′
Dpp + fBragg, (33)

ùp Bragg ª£ [13] fBragg =
1
2π

√
gKBragg(θi).

5 ê�(J9?Ø

ã 1 ¥ � Ñ 
 � © � { ¤ � õ Ê V ª £
� Toportov[13] � é � 5 ° ¡ æ ^ MOMI ê �
�{¤�(J�'�, Ù¥\�ÅªÇ� L Å
ã (1.3 GHz). d ã 1 � �, 3 \ � � Ý � �
� (θi 6 25◦), �©�{¤�õÊVª£�ê�
�{(J�O��, ùÌ�´Ï�: �©¤�úª
´3o÷¡>^Ñ�VºÝ {�Ä :þí�� Ñ

ã 1 £ÅõÊVª£�°(ê�(J�'� (a) U19.5 =

5 m/s; (b) U19.5 = 7 m/s

�, ¤±Ï~�\����� (θi 6 25◦) Ø2·^.

,
, �\�� θi > 25◦ �, dã 1 ��éuØÓ
º�^�eü«�{¤�(J¬Ü��Ð, l
�
y
�©¤�úª�k�5.

ã 2 ¥�Ñ
°¡º� 7 m/s �£ÅõÊV
ª£�\��Ý�Cz, Ù¥, (a) Ú (b) ©OéA
Y²4zÚR�4z��¹, \�ÅªÇ� L Å
ã (1.3 GHz). ã 2 ¥�­�I5: “Total” L«O�
¥Ó��Ä
�ºÝ°L��N�!ñ-�AÚ
­Ç?��Ï��K�; “Tilt” L«O�¥��Ä

�ºÝ°L��N��K�; “Cur+shadow” L«
O�¥�Ä
ñ-�AÚ­Ç?��K�; “Cur”

L«O�¥=�Ä
­Ç?��K�; “None” L«
O�¥�ºÝ°L��N�!ñ-�AÚ­Ç?
��Ï��K����Ä; “Bragg” L« Bragg ª
£; “Numerical” L«æ^©z [16] ¥Äu°¡Ó
+�VºÝ�{��O�(J. dã 2 ��, Ó�
�Ä
�ºÝ°L��N�!ñ-�AÚ­Ç?
��Ï��K��©z [16] �{��O�(J�
�©úª¤�(J����, ù?�Úy²�©¤
�úª��(5. ,	, dã 2 ��wÑ, éu HH

4z
ó, �Ä��N��£ÅõÊVª£wÍO
�; ,
, ��N�é VV 4z£ÅõÊVª£�
K��é��. ùÌ�´Ï��ÅõÊV¥%ª
£É�Ñ�Xê����­, 
 HH 4zÑ�£Å
��é��N���¯a. ù�ÒéÐ/)º

©z [9—11] ¥����ÇCq!Û�­ÇCq
��{¤� HH Ú VV ü«4z£ÅõÊVª£
ØÓ, 
du����ÇCq9 Kirchhoff Cq�
�{¥vk�Ä�ºÝ°L���N��K�, �
¤�(JØUNyùü«4z£ÅõÊVÌ��
É. ,	, dã 2 ��, ­Ç?�éÑ�£ÅõÊV
ª£�K���, 
3�\��Ý«�, ñ-�A
éTª£K¬�)wÍK�. w,, ã 2 ¥�\�
� θi > 80◦ �, �Äñ-�A��õÊVª£�\
��Ý�O�
×�O�. E¤ù«y���Ï´:

1) �k\�����, °¡ñ-�A��²w; 2)

Ð��, ñ-�A��3¦�°LÅ¸NC�Ñ�
«�U�\�Åì��, 
d°L�5nØ, Å¸
NC«��ºÝ°L;��Ý�Y²©þ��, l
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��£ÅõÊVª£O�. ÏL� Bragg ª£(
J�'���, ��ºÝ°L��N�!ñ-�A
Ú­Ç?��Ï��K��Ø�Ä�, ¤�(Jò
z� Bragg ª£�(J.

ã 2 £ÅõÊVª£�\��Ý�Cz (a) HH-pol; (b)
VV-pol

ã 3 �Ñ
£ÅõÊVÌ°�\��Ý�C
z, �'O�ëê9ã¥­�I5Óã 2. ã 3 ¥
½�Ñ
�Ä�ºÝ°L��N�!ñ-�A
Ú­Ç?��Ï��K��©z [16] �{��
O�(J��©úª¤�(J�'�, �ö��
��. dã 3 ��, 3�©¤�úª�·^��
S, ��N�éÌ°�K��k3\��ÝØ�
� (25◦ < θi < 45◦) ��wÍ, ,
3�\��
Ý«�, ��N�éÌ°K�¿Ø²w. 3Ð\�
�, ­Ç?��AéÌ°�K�¦� HH 4z£
ÅÌ°ÑkÐ°, ��K¦� VV 4z£ÅÌ°
k¤CÄ, ùÌ�´du­Ç?�é HH 4z£Å
Ú VV 4z£Å�K�k¤ØÓ��ÏE¤� (X
ã 4 ¤«). ,
, 3Ð\��, ñ-�A�K�K¦

� HH Ú VV ü«4z£Å�Ì°CÄ, ùÌ�´
Ï�ñ-�A��3¦�°¡ÅLÉì��«�
~� (Xã 5 ¤«), l
, �Ñ�¡�$Ä�Ý�l
ÑÝ~�.

ã 3 £ÅõÊVÌ°�\��Ý�Cz (a) HH-pol; (b)
VV-pol

ã 4 �ºÝ°L�­Ç?��A

ã 6 �Ñ
ØÓº�^�e°¡Ñ�£Åõ
ÊVª£�Cz, \�ÅªÇ� L Åã (1.3 GHz).

dã 6 �� HH 4zÑ �£ÅõÊV ª£ �º �
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ã 5 �ºÝ°L�ñ-�A

ã 6 ØÓº�^�e, £ÅõÊVª£�\��Ý�Cz
(a) HH-pol; (b) VV-pol

�O�
O�, ùÌ�´Ï�º����ºÝ°L
���N��wÍ��Ï; duº���ñ-�
A�²w, l
��º���Ð��õÊVª£�
O�Ç��. ,��¡, éu VV 4zÑ�£Å�
õÊVÌ, �k3\��Ý��½Ð��, Ù£Å
ª£�º��O�
k¤O�, ùÌ�´Ï��\
��Ý���, VV 4zÑ�£Å½É���N�
�²wK�; 
3Ð\��, º�����ñ-�
A�²w, l
£Åª£��. �´, �\��Ý0

u 40◦ < θi < 75◦ �m�, du��N�!ñ-�
A�Ï�é VV 4zÑ�|�K��Ø²w, l

3T�Ý��S£Åª£�º��Cz¿ØwÍ.

ã 7 �Ñ
Ì°�º��Cz, ã¥ç�Úù
�©OéAu HH 4zÚ VV 4z(J, Ù¦ëþ
Óã 6. dã 7 ��, HH Ú VV ü«4z£ÅõÊ
VÌ�Ì°��Ø�, ¿�º��O�, £ÅÌw
ÍÐ°, ùÌ�´Ï��º��O�, �ºÝ°L
;��Ý�lÑÝ (��) O�. ,	, 3�\��
Ý«�, º���, õÊVÌ°�~�Ç��, ùÌ
�´Ï�º���ñ-�A�wÍ��Ï.

3dI��Ñ�´�u©Ù�Ì, ±þ=± L

Åã>^Å�~?Ø
£ÅõÊVª£ÚÌ°�
A�, éAÙ¦Åã>^Å
ó���aq�(Ø,

�3dØ3Kã.

ã 7 ØÓº�^�e, £ÅõÊVÌ°�\��Ý�Cz

6 ( Ø

�©3>^Ñ�VºÝ{�Ä:þ, Äg�Ñ

�Ä�ºÝ°L��N�!ñ-�AÚ­Ç?
��A�Ï�K�e�õÊVª£ÚÌ°�nØ
O�úª, ¿òO�(J�ê�(J?1
'�,

�y
�©¤�úª��(5. ©¥± L Åã>^
Å�~, ?Ø
�ºÝ°L��N�!ñ-�A!
­Ç?��A9°¡º��Ï�éª£ÚÌ°�
K�, uy: Ù�, ��N�¦�õÊVª£k¤O
�, ¿���N�é HH 4zõÊVª£�K�²
w�ué VV 4z�K�; Ù�, 3�\��«�,

ñ-�A�K�¦�£Åª£×�O�
£ÅÌ
°wÍCÄ; Ùn, 3�\��«�, ­Ç�Aé£

124213-7
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Åª£�K�Ø�, 
¦� HH 4z£ÅÌ°k¤
C°, ��, VV 4z£ÅÌ°Kk¤CÄ; Ùo, �
º��O�, õÊVª£k¤O�, 
�º�é HH

4z£Åª£�K�'é VV 4z�K���w

Í, HH Ú VV ü«4z£Å�õÊVÌ°�OØ
�, ���º��O�
O�. ¦+�©=Ò��
°¡?1
?Ø, �¤�nØ(Jé?�Ún)Ä
�°¡£ÅªÌA5k�½nØ¿Â.
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Abstract

Based on the composite surface scattering model, the analytical formulas for Doppler shift and bandwidth of radar echoes return

from time-varying sea surface are derived. In our derivations, the influences of the tilt modulation, the shadow and the curvature of

large-scale undulating waves are all taken into account for achieving more reasonable results. Comparisons between the theoretical

results and direct numerical simulations demonstrate that the analytical formulas can significantly improve the simulated results. And

the effects of the tilt modulation, the shadow and the curvature on Doppler spectral properties are discussed in detail. From the

simulated results, it is found that the predicted Doppler shifts are always larger in HH-polarization than in VV-polarization due to the

tilt modulation of large-scale waves. In addition, at low-grazing angles, the shadow of large-scale waves results in a rapid increase of

the predicted Doppler shift, and on the contrary maks the bandwidth narrower.
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