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âfÈÅ (particle filter, PF)́ |^�Akâ�ý�{?n4í�O¯K���5ÈÅ�{, ù«�{ØÉ�.

�5Úpdb���å, ´?n��5�pdÄ�XÚG��O�k��{, ·^uX�£Å�ü�íÅ� (RFC)

ùa��5�pd¯K. ©¥©O0�
 PF�Ä�g�ÚäN�{¢yÚ½, ���Ñ PF�ü�{�S�¦)�

ª. ê�Á�(JL², �*Ðk�ùÈÅ (extended kalman filter, EKF)ÚØ¯k�ùÈÅ (unscented kalman filter,

UKF) �', PF�·^u RFCùapÝ��5�ü¯K, �k�Jp�ü(J�­½5Ú°Ý.

'�c: �íÅ�, X�£Å, âfÈÅ

PACS: 93.85.Ly, 41.20.Jb

1 Ú ó

|^X�£Å�ü�íÅ� (refractivity from

clutter, RFC),§áu�¯KïÄ+�¥# ��

K [1], 8c¦)T�¯K��{Ì�´ÚO�

üÚÔn�ü�¡�. {I°�ïÄ)� Gerstoft

�æ^�[ò»/¢D�{��{, |^X�£Å

�üÑ�íÅ�(� [2,3]; Yardim Ú Gerstoft�

3 BayesiannØµeS, ^ MCMC (Markov Chain

Monte Carlo)æ��{lX�£ÅØ=�ü
�í

�ò�Ç(�, 
���O
�ü�°Ý, =Ø(

½5©Û [4]; Vasudevan�|^­�S�5æ��

{lX�£Å¥�OL¡Å�(� [5]; Douvenot�

|^N�¼ê(Ü|±�þÅ��{¢yé°�

�íÅ�(��¯��ü [6]; Yardim Ú Gerstoft�

µ�ØÓ�ü�{3�¥­:°�é�íÅ�(

���ü°Ý [7]; �¾Ú�gÔæ^C©��(Ü

�Kz�{�«�#�Ôn�ü�{éT¯K?

1�üïÄ [8,9], ±Jp�ü�Ý; �¾|^ EKF

Ú UKF ��ü�{¢yé�íÅ��¢��l�

ü [10]. UKF � EKF k�Ð�ÈÅ�J, �Ñ´3

Äu�.�5zÚpdb��^�e. 3?n��

5�pd¯K�, du PF ØÉ��5�pd¯K

���, ¤±3ÅÄ8I�l!7K+��êâ©

Û!G�iÀ��æ�ä!ã�?n��¡��


2��A^. Äud, �©3c¡ó��Ä:þ

Ú\ PF�{5�Ñ±þ�«�ü�{�"�.

2 �íÅ�ëêz�.9âfÈÅ�

§¥*ÿ�§�ïá

2.1 ���íííÅÅÅ���ëëëêêêzzz���...

ØÓål?��íò��êL�ª��¤ (1)

ª, m L«�íò��ê, eI nt L«3�m nt

���íò��ê

xk = (mT
1 , mT

2 , · · · , mT
nt

)T, (1)

�~�O�þ, æ^oëê�.5�O²;�Êë

ê�., ±JpO��Ç. ©¥�´æ^{I\|

4Zæ°�Ôn¢�¿JÑäkÊ·5�oëê
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²��., §^¥þL«

mi = (c1(ti), c2(ti), h1(ti), h2(ti))
T, (2)

Ù¥oëê©O�: Å�.�pÝ h1 (base height),

·Ü���Ç c1 (mixed layer slope),L¡Å��þ

Ý h2 (thickness),±9L¡Å�þÝ h2 ¤éAò�

�ê�Cz c2 (M-deficit).

L¡Å��ò��ê (M ü ) R�©Ù'X

ª��¤ (3) ª

M (z, r) = M0 +



















c1z, z < h1,

c1h1 + c2(z − h1), h1 < z < h2,

c1h1 + c2h2 + 0.118(z − h1 − h2), h2 < z,

(3)

2.2 âââfffÈÈÈÅÅÅ���§§§¥¥¥***ÿÿÿ���fff���ïïïááá —–
>>>^̂̂ÅÅÅDDDÂÂÂ���///...���ÔÔÔ���§§§ (TPEM)

>^ÅDÂ�ÅÄ�§ —–Helmholtz�§�

±^/.�Ô�§?1Cq. ïá±/¡Y²ål

� x �I!±/¡pÝ� z �I�Û/²¡��

�IX, ��>^ÅDÂ��ÔCq�§ [11] �

∂2
zu + 2ik∂xu + k2

(

n2 − 1 +
2z

a e

)

u = 0, (4)

þª¥, k �gd�mÅê, n ��íò��ê, a e

�/¥�», z, x ©O�>^ÅDÂ�ål�IX

�:�pÝÚål, u �>^|�|þrÝ. �Ô�

§ (4) ª�>.^�, ë�©z [11]. é���Ð©

���Ô�§, �±¦^ “Ú?a.” �ê�){,

=3,��ål x0 þ�½��k��), |^ “Ú

?” �Fp��{4í)Ñ¤k x > x0 ?�), l


��Ñe¡ (5) ª, =�ü�¤æ^�*ÿ�f

h(xk) = −2L(xk) + 10 log10(r) + C, (5)

L �LX�>^Å�ü§DÂ�Ñ, C �L3 (5)

ª¤^�¤k~þ, (5) ªÒ´X��Â�°,

Å£ÅõÇ�Ý h(xk) �>^Å�ü§DÂ�

Ñ L(xk) �'Xª, 3®� h(xk) ÚX��'ëê

��¹e, �O�Ñ>^Å�ü§DÂ�Ñ L(xk).

3 PF�{�êÆ£ãÚ¢y

PF´ÏL�ëêz��AkÛ�[�{5¢

y4í��dÈÅ, ·^u?ÛXÚ�§���5

ÚD(��pd��¹, °Ý�±%C�`�O.

ÙÄ�g�´, |^�|�k�'����Å��,

±9Äuù
�����5L«��VÇ�Ý. e

¡©Oé PF�êÆ�nÚ¢yL§0�Xe [12].

3.1 PF���{{{���êêêÆÆÆ£££ããã

Äk�Ä (6) ª���5�., Ù¥ fk �L

�íò��ê xk �G��§, hk �X��Â�

°,Å£ÅõÇ�Ý zk �>^Å�ü§DÂ�

Ñ L(xk) �*ÿ�§.

xk = fk(xk−1, uk−1, wk−1),

zk = hk(xk, v), (6)

ª¥, xk ∈ Rn �XÚG�, fk � n ��þ¼ê,

hk � m ��þ¼ê, wk � n ��ÅL§D(, vk

� m ��ÅþÿD(. 3?1ÈÅck�Xeb

�: L§D( wk äk���
 Qk, þÿD( vk ä

k���
 Rk, Ð©G� x0 �¤kD(Õá, Ù

k�þ�Ú���
�

E(x0) = x0 = x̂0|0, cov(x0) = P0, (7)

� x0:k = {x0, x1, · · · , xk}, z0:k = {z0, z1, · · · , zk},

K��dÈÅ�Ú½Xe.

1) b ½ 3 k − 1 � � ® ² ¼ �


 p(xk−1|z1:k−1), @oG��Úýÿ�VÇ �

Ý¼ê

p(xk|z1:k−1)

=

∫

p(xk|xk−1)p(xk−1|z1:k−1)dxk−1; (8)

2) 3®²¼� p(xk|z1:k−1) �Ä:þ, O��

�þÿ�Úýÿ�VÇ�Ý¼ê

p(zk|z1:k−1) =

∫

p(xk|xk)p(xk|z1:k−1)dxk; (9)

3) 3 k ��®²¼�#�þÿêâ zk �|^

��dúªO�����VÇ�Ý¼ê

p(xk|z1:k) =p(xk|z1:k−1, zk)

=
p(zk|xk, z1:k−1)p(xk|z1:k−1)

p(zk|z1:k−1)
. (10)
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ùÒ�¤
��dÈÅO�. �´, ù��{

���(J3uVÇ�Ý¼ê�O�, =¦3D(

�pd©Ù�b�e, O�ÙCþ�©Ù�Ñ´�

~E,�. Äud, e¡0��âfÈÅ�{.

� {x
(i)
0:k, i = 1, 2, · · · , N} ´l��ïÆ�N

´æ��VÇ�Ý¼ê q(x0:k|z1:k) ?1æ�


�) N ���, ¡�æ�âf (sampling particle),


 q(x0:k|z1:k−1) ¡�­�5�Ý¼ê (importance

density function),KéVÇ�Ý¼ê p(x0:k|z1:k) �

\�CqÒ�L«�

p̂(x0:k|z1:k) =

N
∑

i=1

wi
kδ(x0:k − x

(i)
0:k),

wi
k = wi

k

/

N
∑

j=1

w
(j)
k , (11)

ª¥

wi
k(x0:k) =

p(z1:k|x0:k)p(x0:k)

q(x0:k|z1:k)

¡�­�5��.

� 
 ¢ y 4 í O �, À � ­ � 5 � Ý ¼ ê

� q(x0:k|z1:k) = q(x0:k−1|z1:k−1)q(xk|x0:k−1, z1:k),

l q(xk|x
(i)
0:k−1, z1:k) ¥Ä��� x

(i)
k , ­�5��

�#�

w
(i)
k =

w
(i)
k−1p(zk|x

(i)
k )p(x

(i)
k |x

(i)
k−1)

q(x
(i)
k |x

(i)
0:k−1, z1:k)

,

¡�S0­�5æ� (SIS). �´� SIS ÈÅk'

���ÊH¯K´òzy�, =²LAgS��

�, �Øõ¤k�âfÑäkK���. ®²y

², ­�5������X�m4O
O�. �

´­æ�´)ûòz¯K���k��{, T�

{�Ì�g�´: ��òzy�²wu), 3­

�5æ��Ä:þ, \\­æ�, ±=���$

�â, 
8¥u��p�lf, l
��òzy

�. äN�{´éz�âf x
(i)
k UÙ��)¤ Ni

�B��, ¿¦�
∑

Ni = N , e Ni = 0, K`

²Tâf�=�. ÏL­æ��)��#��

�8Ü {x̂
(i)
k , i = 1, 2, · · · , N}, �z�âf��

� w
(i)
k = 1/N .

3.2 PF���{{{���¢¢¢yyy

1) Ð©z: k = 0, �â p(x0) �©Ùæ��

� {x
(i)
0 , i = 1, 2, · · · , N}, - k = 1.

2) ��O�, æ� {x
(i)
k , i = 1, 2, · · · , N} ∼

q(xk|x
i
0:k−1, z0:k), O���

w
(i)
k =

w
(i)
k−1p(zk|x

(i)
k )p(x

(i)
k |x

(i)
k−1)

q(x
(i)
k |x

(i)
0:k−1, z1:k)

,

��8�z�:

wi
k = wi

k

/

N
∑

j=1

w
(j)
k .

3) ­æ�, l {x̂
(i)
k , i = 1, 2, · · · , N} ¥�â­

�5�� wi
k ­#æ���#� N �âf�8Ü,

¿­#©�âf���:

w
(i)
k = wi

k =
1

N
.

4) ÑÑG��O, - k → k + 1, |^ xk =

fk(xk−1, uk−1, wk−1) O� xk, �£1�Ú?14

íO�.

5) ­EÚ½ (2)—(4), ������G�þ�

O�þ�� x̂k =
N
∑

j=1

w
(j)
k x

(j)
k .

4 ê�Á��(J©Û

�
�y PF �{¢��l�ü�íÅ�ë

ê��159Ù°Ý, �O
±e�ü�ê�

¢�. Á�L§�OXe: 1) ÀJX�ëê: X

�ªÇ 3 GHz; �,� 0◦; X�U�pÝ 15 m;

2) �âÚO(J, �½ÈÅ�{�Ø����

Ý
�: P0 = diag{(10M − units/km)2}, Qk =

diag{(10M − units/km)2}, Rk = diag{(5 dB2}; 3)

���ü�{L§¥�Åæ�:��ê� 100,

ÈÅ�{��1gê� 30, zgm� 1 min; 4)

d � ¹ e � í ò � � ê � � m ´ C z �, 4 �

ëê¥du c1, h2 Cz��E,, ¥y��5

C z � A � � � ² w, c2, h1 C z � é 5 ù �

5A�²w:, �©O�Ä 2 �ëê��5C

z, 2 �ëê���5Cz, �½ý�� c1(t) =

0.2 − 0.0005t2, c2 = −0.6 + 0.01t, h1 = 40 − 0.5t,

h2 = 100− 0.1 × (t − 15)2, t �ü � min. �é'

`² EKF, UKF Ú PF ��ü°Ý, ©O|^ EKF,

UKF Ú PFé�íò��ê?1�ü, 100�Ð©

æ�:���ÅÀ�. 3æ�L§¥, 100�æ�:

Ó�?1, ������ü(J´ 100�æ�:�

{ü²þ�. ²L 30 min,= 30gÈÅ�O�, EKF

Ú PFé��ëê��ü(J�ã 1, UKF Ú PFé

��ëê��ü(J�ã 2.
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ã 1 EKFÚ PFé��ëê��ü(J

ã 2 UKF Ú PFé��ëê��ü(J
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L 1 UKF Ú PFü«�{��ü(JØ�ÚO

ëê
10 g�ýê�Á� 50 g�ýê�Á�

c1/% c2/% h1/% h2/% c1/% c2/% h1/% h2/%

EKF 32.7 11.8 4.2 10.4 33.2 11.7 4.2 10.8

UKF 12.6 5.1 3.3 6.5 12.8 5.0 3.4 6.6

PF 10.2 5.1 3.5 4.6 10.1 5.1 3.4 4.5

lã 1(b) Ú (c) ¥�wÑ, 3�íò��ê�

�m��5Cz, =��üëê¥y�5Cz�,

EKF Ú PFþU�üÑò��êëê, éëê��

5CzA�þU¢��l�ü, EKF Ú PF��ü

°Ý���C. lã 1(a)Ú (d) ¥�wÑ, 3�íò

��ê��m�­�Cz, =��üëê���5

�r�, EKF ØUéÐ/�üù
ëê, þÑyu

Ñy�, =�l�ü�}. lã 2(b) Ú (c) ¥�w

Ñ, 3�íò��ê��m��5Cz, UKF Ú PF

þU�üÑò��êëê, �ü«�{��ü°Ý

���C. lã 2(a)Ú (d) ¥�wÑ, 3�íò��

ê��m�­�Cz, =��üëê���5�r

�, UKF d��U£±Ñëê�Cz�¹, �´�

'ëê�5Cz�¹e, �ü°Ý²wü$, 
 PF

d����5�ü`³NyÑ5, é­�Cz�ë

êþ¢y¤õ�l�ü, ��ü°Ý�éuëê�

5Cz�¹evk²wü$.

3L 1 ¥�Ñ EKF, UKF Ú PFn«�{3�

Äò��ê��mCz^�e��ü(JØ�Ú

O, duc¡Ag�ü�(JØ´é­½, ��ü

(JÑ´3�ü­½±�2ÚO'��ü(J�,

3ùp��1 5 gÈÅ±���ü(J, L¥�z

©'L«�ü(J��éØ�, �Jp(Ø��&

Ý, L¥©O�Ñ 10 g�ýê�Á�Ú 50 g�ý

ê�Á��ÚO(J.

lL 1 ¿(Üã 1 Úã 2, �wÑ3ëê�

�m��5Cz�¹e, EKF, UKF Ú PF þU

�(�üÑëêCz�¹, EKF �ü°Ý�Ñ

$u UKF Ú PF. ëê��m���5Cz�¹

e, EKF d�éëê��üÄ��}, �üL§

¥ÑyuÑ�¹. UKF Ú PF d�é��5Cz

ëê��ü`³NyÑ5
, éëê���5C

z¢y¤õ�l�ü, �d�� UKF �ü°Ý

�Ñ$u PF ��ü°Ý, `² PF ÏL�ëê

z��AkÛ�[�{5¢y4í��dÈÅ,

·^u��5ÚD(��pd��¹, °Ý`

u UKF, �±%C�`�O.

5 ( Ø

�©3c¡JÑ|^ EKF Ú UKF ¢yé�í

Å�(��õ� �¢��l�ü�Ä:þ, �é

|^ EKF Ú UKF 3?n��5�pd¯K��"

�, JÑ|^ PF �{5�Ñ±þ�«�ü�{�

"�, ¢yé RFC ùapÝ��5¯K�¤õ�

ü. Ó�ò PF �{� EFK, UKF �{?1
ê�

Á�'�, ê�Á�(Jy²
 PF�{�k�5.

�, PF�{�±��)û��5�ü¯K�k�

Ãã, �´T�{E,�3X�
¯K. Ù¥�Ì

��¯K´I�^�þ���êþâUéÐ/C

qXÚ���VÇ�Ý. £ã��VÇ©Ù¤I�

���êþÒ�õ, �{�E,ÝÒ�p. Ïd, U


k�/~���êþ�g·Aæ�üÑ´T�

{�­:. ,	, ­æ��ã¬E¤��k�5Ú

õ�5���, ����«zy�, XÛ�±âf

�k�5Úõ�5, �Ñ��«z, �´T�{ï

Ä­:.
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Abstract

Particle filter(PF) is an effective algorithm for the state recursive estimation in nonlinear and non-Gaussian dynamicsystems

by utilizing the Monte Carlo simulation, and it is applicable for solving the nonlinear and non-Gaussian RFC(refractivity from radar

clutter) problems. The basic idea and the specific algorithmof PF are introduced; the implementation of the iterative inversion algorithm

is derived finally. The experimental result indicates that the particle filter is suited to solve the nonlinear inversionproblem and can

effectively increase the stability and the accuracy of inversion results compared with the extended Kalman filter (EKF)and the unscented

kalman filter (UKF).

Keywords: atmospheric ducts, radar clutter, particle filter (PF)
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