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1 Ú ó

3E,õC�$��í�¸¥,§�ÝÚíØ
  ¬u):ìCz, 4�/UC�í¥ò�Ç�
R�FÝ. >^Å3�í¥DÂ�L§¥, ¬Ï�
ò�u)ØÓ§Ý��. �ò�Ç�pÝì�~
��, >^Å�¼u�½þÝ��í�S, ;b/
¡3Å�S�cDÂ, /¤�~��íÅ�y�.

$�u)��íÅ�U
wÍK�X�&ÿ5U,

Ïd°þÅ��¸¥X�£Å�ïÄéJ,é1
X�&ÿ5Uk���¿Â [1−4].

��±5, IS	Æöé°þ�íÅ�ïÄ�
©'5. Qk�JÑ
Å��nØ [5]!AÛ1Æ
{ [6] Ú�Ô�§{ [7] �ïÄ�{. Ù¥�Ô�§
{´8cÚ¢SÎÜ�é�Ð��{. �Ô�§{
�`:´3�þ!�íò�Ç¥�±°(/�[
>^Å�DÂL§, ¿´u3O�Åþ¯�¢y,

Ïd��
2��A^. Äu©ÚFp��{�
DÚ�Ô�§�{, É�1wÃ�{|L¡>.^

��Û�, ·^���Ä. Cc5, I	ÆöïÆ$
^lÑ·ÜFp�C��{ (discrete mixed Fourier

transform, DMFT) �òïÄ���*Ð���Cu
¢S�¹�k�{|>.¯K [8−11].

ØÓº�e¥yØÓ�°¡þ��pÝ �,

l��X�£ÅõÇ�k²w�É. 8c, ºL
Ï�é°�Å��¸X�£ÅõÇ��^Ån�
ïÄIS	mÐ�ó����. Zhao �ïÄ
º
LÏ�é°��íÅ��¸>^Å�mDÑ�Ñ
�K� [12], �´¿vk?�Ú?ØºLÏ�éX
�Ñ�Xê (radar cross section, RCS) ÚX�£Å
õÇ�K�. �©Äkæ^3·IC°ó§¥�2
�A^�©¼°LÌ�.£ãC°«��Äå�
¸°¡�o÷A�, $^°LÌnØ��º�Úþ
��Åp ��'X. Ó�æ^?�� DMFT �{
O�>^Å��mDÑ�Ñ. ¿(ÜU?� georgia

institute of technology (GIT) �. [13] O�X�Ñ�
Xê, ��X�£ÅõÇ�. ��, ê�©Û
ØÓ
ºLÏ�é°�Å��¸X�£ÅõÇ���^
Ån.

* I[pEâïÄuÐOy (1OÒ: 2008AA093001) ¥
p�Ä��ï�Ö¤;�]7 (1OÒ: 201113036) ]Ï��K.

† E-mail: xlchu@ouc.edu.cn

c© 2012 ¥¥¥IIIÔÔÔnnnÆÆÆ¬¬¬ Chinese Physical Society http://wulixb.iphy.ac.cn

159203-1



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 15 (2012) 159203

2 �Åo÷°¡�°LÌnØ

°¡�o÷§Ý´°þ>^ÅDÂ�{�Ä
��Ä¯K. �©$^°LÌnØ��°¡º| U

Ú°¡þ��pÝ � h �'X. b½�Åo÷
°¡�pÝ¼ê Z(x, y) ´°²�ÅL§, b
½°¡?¿:pÝ�þ� Z(x, y) þ�", �'¼
ê K(x, y) =�ål¥þ (x2−x1, y2−y1) Cz. 
°¡þ��pÝ � h �d°¡��°Ì S(ω, θ)

O��� [10], úªXe:

h =
√

K(0, 0)

=
{ ∫ +∞

0

∫ +π

−π

S(ω, θ)dθdω

}1/2

. (1)

dþª�±wÑþ��pÝ � h �ûu°
LÌ�/ª, °LÌNy
°¡éuº|��A.

�Ä�©¼Ì�.�·IC°«�¢S*ÿ]�
ÎÜ�Ð, ùpæ^©¼Ì�.5��°¡º�Ú
°LÅp ��'X.©z [14] �Ñ
©¼°LÌ
�äN/ª, ¿�â©¼°LÌí�Ñ
þ��p
Ý ��O�úª

h =

√
1.3748 × 10−3

U2

g

(
gX

U2

)0.35

, (2)

Ù¥, g L«å\�Ý, ��� 9.8 m/s2, U �°
þ 10 m pÝ?�º�, X �º«��.

3 DMFT �{ÚX�£ÅõÇ

3.1 kkk���{{{|||ooo÷÷÷°°°¡¡¡>>>...^̂̂���

3éõ¢SA^¥, ò°¡>.w�n��N
1wL¡´ØÜ·�. �©?Øk�{|o÷°¡
>.�Å�¯K. Äk, �Ä>.�k�{|1w
°¡. >.^�êÆL�ªXe:

∂u(x, z)
∂z

∣∣∣∣
z=0

+ αu(x, z)|z=0 = 0, (3)

α = ik sin θ

(
1 − R0

1 + R 0

)
, (4)

Ù¥ α ´{|Xê, η ´°YL¡{|, µ0 ´g
d�m^�Ç, ω ´>^Å�ªÇ, R0 ´1w°
¡ Fresnel ��Xê, θ ´°¡?>^Å��/Ð
��.

�Nyo÷°¡�E,Ñ��Aé>^Å�
DÂK�, Ú\ Miller-Brown �.é Fresnel ��X

ê?1?�. o÷°¡?���XêXe [15]:

Rr = RS exp(−ξ)J0(iξ), (5)

ξ = 8
(

πh

λ
sin θ

)2

, (6)

Ù¥, Rs ´1w°¡ Fresnel ��Xê, J0 ´"�
1�a Bessel ¼ê, ξ ´o÷Ïf, h ´°¡þ��
pÝ �, λ ´>^ÅÅ�. DÂålS�°¡Ð
�� θ �±ÏLÌ�OEâ½öAÛ1Æ�{O
���. �Ä�Ì�OEâO��°(5Ú
½5�é�Ð [6], �©òæ^y�Ì�OnØ¥
� Burg �{ [16] 5O�Ð��. Ì�O�{©�±
eüÚ: Äk, $^ Dirichlet >.^�dþ�Ú�
�|�O�DÂ�e�Ú�?�|�; ,�, A^
Ì�OEâée�Ú�?°¡NC�|�?1©
Û¦���õÇÌ�¤éA�ªÇ, =Ì��mª
Ç k, Ð�� θ =�dúª θ = π/2-arccos(k/k0)

O���.

3.2 ···ÜÜÜFFFppp���CCC������{{{

Äk�ÑëY/ª�·ÜFp�C�é, /ª
Xe [9]:

U(p) =
∫ ∞

0

u(z)[α sin(pz) − p cos(pz)]dz, (7)

u(z) =K e−αz +
2
π

∫ ∞

0

U(p)

× α sin(pz) − p cos(pz)
α2 + p2

dp, (8)

Ù¥, _C�¥ K L«Xe:

K =


2α

∫ ∞

0

u(z) e−αz, Re(α) > 0,

0, Re(α) 6 0.

(9)

>^Å�Ô�§ëY DMFT �{�ê�)d
eª�Ñ:

u(x0 + ∆x, z) = exp
(

ik0∆x(n2 − 1)
2

)
×

{
exp

(
iα2∆x

2k0

)
× exp(−αz)K(x0)

+
2
π

∫ ∞

0

α sin(pz) − p cos(pz)
α2 + p2

× exp
(
− ip2∆x

2k0

)
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×
∫ ∞

0

u(x0, z
′)[α sin(pz′)

− p cos(pz′)]dz′dp

}
. (10)

.

|� u ¦±��Ïf e−iωt =����mÚ
�mþCz�Å¼ê Ψ(x, z, t). Y²4z�, >|
©þ¥�k Ey �", Å¼ê Ψ(x, z) = Ey(x, z);

R � 4 z �, ^ | © þ ¥ � k Hy � ", Å ¼
ê Ψ(x, z) = Hy(x, z). d	, 3ê�¢yL§¥
e´��éþã·ÜFp�C�æ^¥%�©l
Ñz?n, ¬du Re(α) ªu 0 �5ê�(J�
Ø½5 [9]. æ^���©�{, K¬k�~
� α _:¯K�Ñy. �d, �©æ^9Ï¼ê�
���©�{3O�Åþ¢yþãL§. 3ê�O
�¥, pÝ��À�� 0—200 m, O��DÂål
� 100 km. |^|� u �±O����mDÑ�
Ñ L, úª� [17]

L = 20lg
(

4π

λ
r

)
− 20lg(

√
x|u(x, z)|), (11)

Ù ¥, d > Å n Ø � �, r �� Â Å � u � Å
�ål.

3.3 XXX���£££ÅÅÅõõõÇÇÇ

X�£ÅõÇO�úª� (12) ª [18]. d (12)

ª´�£ÅõÇdo�|¤: DÑ�Ñ�, RCS �,

ål�ÚX�ëê�. ºLÏ�Ì�ÏLDÑ�
Ñ�Ú RCS �éX�£ÅõÇ��)K�.

Pc = −2L + σ0 + 10log10(R) + C, (12)

Ù¥ L �L°¡?�DÑ�Ñ, σ0 �L RCS, R �
LDÂål, C ´ÚX�äNëêk'�Ônþ.

4 ê��[�©Û

e¡ÏLê�O�ïÄºLÏ�éL¡Å�
�¸X�£ÅõÇ��K�. X��pd.U�,

U�p 20 m, Y²4z.

4.1 þþþ������pppÝÝÝ   ���ÚÚÚÐÐÐ���������OOO���

{|Xê α Ny
°Y�0>A5Ú°¡o
÷§Ýé>^Å°¡Ñ��K�, >^ÅDÑ�Ñ

É� α ��K�. dc¡�, α �����6uþ
��pÝ � h ÚÐ�� θ.

ã 1 ´ÏL©¼Ì�.���º�Úþ��
pÝ ��'X�, Ù¥�½ºL¿©¤�, º
«�� X = 500 km. �±wÑ, þ��pÝ �
'uº�A�¤�5O�'X. ã 2 O�
ØÓº
�eº«��éþ��pÝ ��K�. l¥��,

º��½�º«��éþ��pÝ �K�é�.

Ïdº�éþ��pÝ ��K�ÓÌ�/ .

ã 1 º� U Úþ��pÝ � h 'X�

ã 2 º��½�º«�� X éþ��pÝ � h �K�

ã 3 �Ñ
º�©O´ 5 m/s Ú 10 m/s �Ð�
�3DÂål R S�Cz�¹, Ù¥X�ó�ªÇ
� 10 GHz, L¡Å�pÝ� 50 m. Xã¤«, lÐ
© �� 10 km ?, Ð��×�~�, 10 km ±�Ä
�½3 0.19◦ �m; duL¡Å�Ð¼Uår�,

>^Å3Å��Sþeì�a�Úå�Ð��
���¬é²w; é'ØÓº�e�Ð���u
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yÐ���Czª³A���, luyºLÏ�
éÐ���K�é�.

4.2 ºººLLLÏÏÏ���éééDDDÑÑÑ���ÑÑÑ���KKK���

ã 4�L¡Å��Vò�.?�ò�Ç(�.

lã 4 ��, 3R���þ°¡pÝ 50 m S��
íò�Ç�pÝO\¥4~ª³, /¤Ð¼>^Å
��íÅ��, >^Å¬3ù���S;b°¡�
�cDÂ.

ã 3 ØÓº�e�Ð��'�

ã 4 L¡Å��Vò�.ò�Ç

ã 5 �ã 8 ©O�Ñ
ØÓX�ªÇÚÅ
�pÝ�¸eº���� 2.5 m/s, 5 m/s, 7.5 m/s

Ú 10 m/s �DÑ�Ñ��'�, Ù¥zÌã
� (a), (b), (c) Ú (d) � * ÿ p Ý © O� 30 m,

20 m, 10 m Ú 0.1 m, R�DÂål, X�ó�ªÇ
� 9 GHz Ú 6 GHz, L¡Å�pÝ� 50 m Ú 60 m.

dã��, L¡Å�>^ÅDÂL§¥, &Ò�P

~L§��²�, >^Å�;b°¡�cDÂþz
úp, �U�pÝ �UþP~�é�f, °¡N
CUþP~�é�wÍ; ºLÏ�éØÓ*ÿpÝ
þDÑ�Ñ�K�Ø�.

4.3 ºººLLLÏÏÏ���éééXXX���£££ÅÅÅõõõÇÇÇ������KKK���

æ^�é�íÅ�U?� GIT �.O�
Ø
Óº�eDÂål��SX� RCS �. Äk�Ñ
3DÂål��S RCS ²þ�Ú²þ��ÌÝ�
º��Cz�¹, Xã 9 Úã 10 ¤«, Ù¥X�ª
Ç� 9 GHz, L¡Å�pÝ� 50 m. lã 9 �±w
Ñº�3 0—3 m/s ��S, RCS ²þ��º�C
zì�, º��u 3 m/s �, RCS ²þ��º�
�úCz. lã 10 �±wÑ RCS ²þ��ÌÝ�
�º�O�A�¥�54~ª³. ã 11 �Ñ
Ø
Óº�eDÂålS RCS �Cz�¹, º�Cz
��� 1 m/s � 9 m/s, m�� 2 m/s, Ù¥X�ªÇ
� 9 GHz, L¡Å�pÝ� 50 m. dã 11 �±w�
ºLÏ�é RCS K��~wÍ, º��� RCS �
��, ùL²º���°¡��>^Å�Uå�r.

Ó���±wÑº���, RCS 3ål��S�
���.

dã 5(d) Úã 11 '�uy, 3°¡º�Ø�
ålCz��¹e RCS ��²þ��ÌÝ�k
A� dB, DÑ�Ñ�����������
A� dB, Ïd, �N3X�£ÅõÇ¥DÑ�Ñ�
���ÌÝ´ RCS �� 6 ��m. ù� Gerstoft �
3©z [15] ¤ã� “RCS ���ÌÝ�V�kA
� dB, DÑ�Ñ���ÌÝ3 30 � dB �m” �
*:�ÎÜ. Ïd, �±�½, Ó�°¡º�eX�
£Å¥�DÑ�Ñ�é£Åõ��ÌÝ�z²w
�u RCS �.

�©UY&?°¡º��ålUC��¹. d
í�êâ��3°¡ 100 km ��Sº��±Ñ
y 2 m/s �m���ÌÝ. 3ù«¢Sº|e, RCS

����ÌÝ�O��A� dB, 3$º�e$
��O�A�� dB, DÑ�Ñ������
ÌÝA�ØÉºLÏ�K�, Ïd, �N3X�£
ÅõÇ¥ RCS ����ÌÝ²wO�, DÑ�Ñ
����ÌÝ=� RCS �� 2 � 3 ��m. Ïd
3¢Sº|¥, RCS é£Åõ��ÌÝ�zò²w
Or.
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ã 8 X�ªÇ 6 GHz, Å�pÝ� 60 m (a) 30 m; (b) 20 m; (c) 10 m; (d) 0.1 m
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ã 9 RCS ²þ��º��Cz

ã 10 RCS ²þ��ÌÝ�º��Cz

ã 11 ØÓº�e� RCS '�

Gerstoft �3©z [15] ¥O�X�£ÅõÇ�
�ò RCS �w�~ê?n, �©3O�X�£Å
õÇ�L§¥|^?�� GIT �.äNO�
X
�£ÅõÇ¥� RCS �. ã 12 O�
ØÓº�e
Å�u)��X�£ÅõÇ�, º�©O� 1 m/s,

3 m/s, 5 m/s, 7 m/s Ú 9 m/s, X�ªÇ� 9 GHz, L
¡Å�pÝ� 50 m. �
��5�`²¯K, X�
ëê��� 0. dã��, �º�O\, ��ü^
�3DÂålS�²þ��OÚz^��²þ
��ÌÝÅìC�.

ã 12 ØÓº�e�X�£ÅõÇ'�

�Ø���5, ±º�� 3 m/s Ú 7 m/s �ü
^�?1©Û. ü^�3��DÂålS²þ
��� 21.3 dB, z^����ÌÝ� 20 dB �
m, ü^���wÍ; ,	, DÑ�Ñ�é£Åõ
ÇCz��zÝ� 5%, RCS �é£ÅõÇCz�
�zÝ� 95%. éXã 9 ´�, RCS �é£ÅõÇ
Cz��zÝ¬�Xº��ü$�\²w. ùL
²ºLÏ�éX�£ÅõÇ��K�é²w, ØÓ
º�e�°¡Ì�ÏL RCS �éX�£ÅõÇE
¤K�, ÏLDÑ�Ñ�éX�£ÅõÇ��)
�½�UC, ¿�ºLÏ�éX�£ÅõÇ��K
�§Ý�º���;��'.

5 (Ø�Ð"

ØÓº�e°¡�AØ¦�Ó. ºLÏ�é°
�Å��¸X�£ÅõÇ�^Ån�ïÄ, 8cI
S	�Æö�mÐ�ó��'��. �©æ^©¼
°LÌ�.£ãC°«��°¡�o÷A�, ¿$
^y�õÇÌ�OEâ��DÂålS°¡Ð�
��Cz. 3dÄ:þ, |^?�� DMFT �{, O
�>^Å��mDÑ�Ñ. ¿(ÜU?� GIT �.
O�X�Ñ�Xê, ê�©Û
ØÓºLÏ�é°
�Å��¸X�£ÅõÇ���^Ån. (JL²
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ºLÏ�éØÓ*ÿpÝ?�DÑ�Ñ�K�þ
Ø�; ºLÏ�éX�£ÅõÇkwÍK�, ¿�
Ù¥ RCS �éX�£ÅõÇ�Cz�K��uD
Ñ�Ñ�; 3O� RCS �7L��Ä���ºL

Ï�. Ï, 3©Û?n�íÅ��¸e�é1X
�êâ�k7��ÄºLÏ���^. �©�(J
éu�íÅ��¸é1X�ó�5U�ïÄk�
½ë�d�.
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Abstract

The Wen’s wave spectrum model is adopted to describe the rough sea surface, and the relation between wind and ocean waves

using sea wave spectrum theory is derived. The improved discrete mixed Fourier transform algorithm and the modified rader scattering

coefficient model are used to calculate radio propagation loss and radar cross section respectively. On this basis, the influence of wind

waves on radar echoes in the environment of atmosphere ducts is analysed by using numerical calculations. The results show that the

influences of wind on propagation loss at different heights are different; wich respect to the propagation loss, rader scattering coefficient

influenced by waves of factors is large, which results in large change in the radar echo power.
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