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1 Ú ó

ªÇÿ�{´�«��
ªÇ�>^ÿ��
{, Ï~æ^>ó4
-u>^|¿�±Âuå
ØC, ÏL*ÿØÓªÇe>^|CzA�5ïÄ
/�>{Ç3p�þ�©Ù. duäk���t&
�Ý��r�©EUå, ªÇÿ�{3ïÄ/�Ú
þ/¢�Ô�(�, &ÿhí�¶�]
!uX!
/9X±9/eY]
�+�®²¤�Ø�"�
�/¥Ônt&�{�� [1]. XÛl¢Sÿþê
âk��üÑ/�>�Ç9�.¡�Ý´ªÇÿ
�]�?nÚ)º¥�~­��Eâ, ���ü®
²��
�2��ïÄÚA^ [2,3]. AO´ Occam

�ü�{, duÙØ�6uÐ©�.¿�U
k�
/;�õ{�E
��
2��A^ [4−6]. ,
,

�5�õ�nØïÄÚ¢S*ÿ]�þL², g
,.�éõñ5�3X�²w���É5 [7]. ~
X, duYñÚßñ�>{Ç��é�, ßYñ�

�p/�3Y²��ÚR���þ�>{Ç��
ØÓ. d	, /��¿�k5Æ½�ü��¬�)
��>��É5. /���É5éªÇÿ��ÿ
þ(Jk��K� [8−12], 3?1]�?n�XJ
�Ñ��É5�A,   ¬�Ø��(�?n(
J. �CAc5, ��É5/�¥��
�/>^
]�?n��ü¯K�®¤��~­��ïÄ�
K. ~X, � ���É5/����
Ñª�/
>^êâ����ü [13]!��É5/���/>
^êâ����ü [14,15] �þ®��ïÄ. I��
Ñ�´, ��
>^]��ü�9�>^�Aê
��[!Fréchet �êO�9�.ëê?U��¡
�SN, AO´ Fréchet �ê�¯�O(O�´�
��üL§¥�~­��'�Eâ, éuJp�
ü�ÇÚ�ü�þäk­�¿Â. ,
, 38c¤
k�k'���ü�©z¥, þvkïá�k�O
� Fréchet �ê��{, l
¦��
>^]��
ünØ�3"Ã.
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�©òïÄïá�@Y²�Gî�Ó5 (TI)

/ � ¥ ª Ç ÿ � ] � � � ë ê � ü � {, ± B
U
Ó�(½��/��î�Úp�>{Ç9
/�.¡�Ý. Äk|^Y²�G TI /�>^
|¿¥ Green ¼ê3ªÇ�m�¥�)Û) [16],

¿|^�^�� [17] � Lommel È©úª [18] �Ñ
Sommerfeld È © � � )Û� {, ¢ y Y ² � G
TI /�¥ªÇÿ��A�¯��ü. ,�(Ü�
ÄnØ±9 Fourier _C�úªòªÇÿ��A
Fréchet �êL«¤'up�Ú»��I��­È
©, ¿ÏLp�þ�)Û�{Ú»�þ��)Û
�{¯�O� Fréchet �ê. 3dÄ:þ|^5�
z?nÚÛÉ�©)Eâ, �ÑS��üL§ [19].

��, |^ê�(J�	
�ünØ�k�5, ¿
�?�Ú?Ø
ÿþêâ�3 5%Ú 10%�ÅD(
é�ü(J�K�.

2 �ünØ

ªÇÿ��u�
Ú�Â:   u/¡, u
�
æ^Y²>ó4f, ó4Ý� Jx, ó4Ý��
�u�
 � rs Ú�Â: � rr �ë���R
�, ÙÄ��n´�±�Â:�u�
�m�å
l L �½ØCÓ�ÿþØÓu�ªÇ f eü��
p���>| Ex ©þÚ^| Hy ©þ5(½/e
>{Ç��m©Ù. éu N �Y²�G TI /��
. (ã 1), ��/��î�!p�>�ÇÚ/�.
¡�Ý©O^ σhn, σvn Ú dn(n = 1, 2, · · · , N) L
«, ��/�>�Ç�m©Ù´©¡~ê¼ê, �
�±L«� [19]

σ̄(z) =
n−1∑
N=1

σ̄n[H(z − d+
n ) − H(z − d−(n+1))]

+σ̄NH(z − d+
N ), (1)

Ù ¥, σ̄n � / � n ¥ � > � Ç Ü þ,

σ̄n = diag(σhn, σhn, σvn); H(z)� Heaviside ¼ê,

H(z) =

 1 (z > 0),

0 (z < 0);

þIÎÒ “±” ©OéACþ�þe4�.

ã 1 /��.

ªÇÿ��ü�AI�¦)Xe� Maxwell

�§:

∇ × E(r, rs) = iωµH(r, rs),

∇ × H(r, rs) = σ̄∗(r)E(r, rs) + Jxδ(r − rs),
(2)

Ù¥, σ̄∗ = σ̄ − iωε �E>�ÇÜþ, µ Ú ε ©
O�/��^�ÇÚ0>~ê (b½�~ê). À
�ó4f¥%��I�:, ó4Ý��� x ��,

K Jx = Jx(1, 0, 0)T. é (2) ª¥ x CþÚ y C
þ?1�� Fourier C�, |^©z [13] ¥�G�
�É5/�¥>6
¿¥ Green ¼ê ḠJE(r, r′)

Ú ḠJH(r, r′) �½Â9Ù3ªÇÅê�¥�)Û
) (N¹ A), N´���§ (2) 3ªÇÅê�¥�
), =

Ẽ(kx, ky, z; rs) = Jx

(
− 1

k2
ρ

(k2
xV e

i + k2
yV h

i )
kxky

k2
ρ

(−V e
i + V h

i )
ikxV e

v

σ∗
v(zs)

)T

,

H̃(kx, ky, z; rs) = Jx

(
kxky

k2
ρ

(Ie
i − Ih

i )
1
k2

ρ

(k2
yIe

i + k2
xIh

i ) − ikyIe
v

σ∗
v(zs)

)T

,

(3)

Ù¥, kx Ú ky ©O� x ��Ú y ���Åê,

kρ =
√

k2
x + k2

y, V q
i (z, zs) Ú Iq

i (z, zs) (½ V q
v (z, zs)

Ú Iq
v (z, zs)) ©OL« u zs � 1 A ¿éóÀ>6


 (½ 1 V GéóÀ>Ø
) 3�Ý z ?�>ØÚ
>6, þI q = e, h ©OL«î^Å½î>Å.

é (3) ª?1 Fourier _C�¿|^ Bessel ¼
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êÈ©úª (N¹ B), ªÇ�m�¥�>|Y²©
þ Ex Ú^|Y²©þ Hy �)��n�Xe/ª
� Sommerfeld .È©:

Ex(r, rs) = − Jx

2π

∫ +∞

0

V e
i (z, zs)[J0(kρρ) cos2 θ

−cos 2θ

kρρ
J1(kρρ)]kρdkρ

−Jx

2π

∫ +∞

0

V h
i (z, zs)[J0(kρρ) sin2 θ

+
cos 2θ

kρρ
J1(kρρ)]kρdkρ, (4)

Hy(r, rs) = −Jx

2π

∫ +∞

0

Ie
i (z, zs)[J0(kρρ) cos2 θ

−cos 2θ

kρρ
J1(kρρ)]kρdkρ

−Jx

2π

∫ +∞

0

Ih
i (z, zs)[J0(kρρ) sin2 θ

+
cos 2θ

kρρ
J1(kρρ)]kρdkρ, (5)

Ù¥,

ρ =
√

(x − xs)2 + (y − ys)2,

cos θ = (x − xs)/ρ.

|^�^��Ú Lommel È©úªU
¯�O
� (4) Ú (5) ª�È© (N¹ C), ÿþ/��À>{
Ç ρa Ú� � φa �©OL«�

ρa =
1

ωµ

|Ex|2

|Hy|2
,

φa = Im(ln
Ex

Hy
).

(6)

3 Fréchet �ê�¯�O�

XJ/� n �>�Ç σ̄n Ú/�.¡ dn ©O
�3���Ä δσ̄n Ú δdn, KÏLé (1) ª�©�
�/e>�Ç�Cz� [19]

δσ̄(z) =
N−1∑
n=1

δσ̄n[H(z − d+
n ) − H(z − d−n+1)]

+δσ̄NH(z − d+
N ) +

N∑
n=2

(σ̄n−1δ(z − d−n )

−σ̄nδ(z − d+
n ))δdn. (7)

ù�, ÏLé (2) ªC©���.ëê�Ä���
>^|��Cz�

∇ × δE(r, rs) = iωµδH(r, rs),

∇ × δH(r, rs) = σ̄∗δE(r, rs) + δσ̄E(r, rs).

(8)

òN¹ A ¥ (A1) ªÚ (8) ª�\� Green ¼ê1
�úª��

δE(rr, rs) =
∫

Ω

[G
JE

(r, rr)]T

×δσ̄(r)E(r, rs)dr,

δH(rr, rs) =
∫

Ω

[G
JH

(r, rr)]T

×δσ̄(r)E(r, rs)dr.

(9)

>|Y²©þ Ex Ú^|Y²©þ Hy �Cz�

δEx(rr, rs) =
∫

Ω

(
GJE

11 (r, rr) GJE
21 (r, rr) GJE

31 (r, rr)
)

δσ̄(r)E(r, rs)dr,

δHy(rr, rs) =
∫

Ω

(
GJH

12 (r, rr) GJH
22 (r, rr) GJH

32 (r, rr)
)

δσ̄(r)E(r, rs)dr.

(10)

(10) ª¥��Òmà�È¼ê¥>|rÝ� Green

¼ê��©þI�ÏL Sommerfeld È©(½, 2
\þNÈ©, �9���Ê­È©, XJ��O�
ó�þ  ��. �{zO�L§¿Jp�Ç, ò
>|rÝ!Green ¼ê��©þ��� Fourier _
C�Ú (7) ª�\ (10) ª, ¿|^È©úª∫ +∞

−∞

∫ +∞

−∞
exp{i[(kx − k′

x)x

+(ky − k′
y)y]}dxdy

= 4π2δ(kx − k′
x)δ(ky − k′

y) (11)

±9/�>.þ>|�ëY5^�, (10) ª�±{
z�Xe�5z�§:

δEx = Jx

N∑
n=1

(Aσhn
δσhn + Aσvnδσvn)

+Jx

N∑
n=2

Adnδdn, (12)

δHy = Jx

N∑
n=1

(Bσhn
δσhn + Bσvnδσvn)
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+Jx

N∑
n=2

Bdnδdn,

Ù ¥ � � X ê ´ > | Ú ^ | � é u � . ë ê
� Fréchet �ê, ��L«¤Xe��­È©/ª:

Aσhn
=

1
2π

{∫ +∞

0

∫ dn+1

dn

[
V e

i (z, zr)V e
i (z, zs) cos2 θ

+V h
i (z, zr)V h

i (z, zs) sin2 θ
]

×J0(kρρ)kρdzdkρ

−cos 2θ

ρ

∫ +∞

0

∫ dn+1

dn

× [V e
i (z, zr)V e

i (z, zs)

−V h
i (z, zr)V h

i (z, zs)
]

×J1(kρρ)dzdkρ} , (13a)

Aσvn =
1

2πω2ε2
z(z)

{
− cos2 θ

∫ +∞

0

∫ dn+1

dn

Ie
i (z, zr)

×Ie
i (z, zs)J0(kρρ)k3

ρdzdkρ

+
cos 2θ

ρ

∫ +∞

0

∫ dn+1

dn

Ie
i (z, zr)

×Ie
i (z, zs)J1(kρρ)k2

ρdzdkρ

}
, (13b)

Bσhn
= − 1

2π

∫ +∞

0

∫ dn+1

dn

[Ih
i (z, zr)V e

i (z, zs) cos2 θ

+ Ie
i (z, zr)V h

i (z, zs) sin2 θ]J0(kρρ)kρdzdkρ

+
cos 2θ

2πρ

∫ +∞

0

∫ dn+1

dn

[Ih
i (z, zr)V e

i (z, zs)

− Ie
i (z, zr)V h

i (z, zs)]J1(kρρ)dzdkρ, (13c)

Bσvn = − i cos2 θ

2πωµσ∗
v(z)

∫ +∞

0

∫ dn+1

dn

V h
i (z, zr)

× Ie
i (z, zs)J0(kρρ)k3

ρdzdkρ

+
i cos 2θ

2πωµσ∗
v(z)ρ

∫ +∞

0

∫ dn+1

dn

V h
i (z, zr)

× Ie
i (z, zs)J1(kρρ)k2

ρdzdkρ, (13d)




Adn = (σh(n−1) − σhn)Ih(d+
n , zr, zs)

+σvn(σvn/σv(n−1) − 1)Iv(d+
n , zr, zs),

Bdn = (σh(n−1) − σhn)Jh(d+
n , zr, zs)

+σvn(σvn/σv(n−1) − 1)Jv(d+
n , zr, zs).

(14)

ùp,

Ih(z, zr, zs) =
1
2π

{∫ +∞

0

[V e
i (z, zr)V e

i (z, zs) cos2 θ

+ V h
i (z, zr)V h

i (z, zs) sin2 θ]

× J0(kρρ)kρdkρ

− cos 2θ

ρ

∫ +∞

0

× [V e
i (z, zr)V e

i (z, zs)

− V h
i (z, zr)V h

i (z, zs)]J1(kρρ)dkρ

}
,

(15a)

Iv(z, zr, zs) =
1

2πω2ε2
z(z)

{
− cos2 θ

∫ +∞

0

Ie
i (z, zr)

× Ie
i (z, zs)J0(kρρ)k3

ρdzdkρ

+
cos 2θ

ρ

∫ +∞

0

Ie
i (z, zr)Ie

i (z, zs)

× J1(kρρ)k2
ρdkρ

}
, (15b)

Jh(z, zr, zs) = − 1
2π

∫ +∞

0

[Ih
i (z, zr)V e

i (z, zs) cos2 θ

+ Ie
i (z, zr)V h

i (z, zs) sin2 θ]

× J0(kρρ)kρdkρ +
cos 2θ

2πρ

∫ +∞

0

× [Ih
i (z, zr)V e

i (z, zs)

− Ie
i (z, zr)V h

i (z, zs)]

× J1(kρρ)dkρ, (15c)

Jv(z, zr, zs) = − i cos2 θ

2πωµσ∗
v(z)

∫ +∞

0

V h
i (z, zr)

× Ie
i (z, zs)J0(kρρ)k3

ρdkρ

+
i cos 2θ

2πωµσ∗
v(z)ρ

∫ +∞

0

V h
i (z, zr)

× Ie
i (z, zs)J1(kρρ)k2

ρdkρ. (15d)

du V q
i (z, zs) Ú Iq

i (z, zs) (½ V q
v (z, zs) Ú Iq

v (z, zs))

þ´Cþ z �)Û¼ê, ¤± (13) ª¥'uCþ z

�È©�±)Û¦), 
 (13) Ú (15) ª¥'u kρ

�È©��ü(Jaq, ÏLN¹ C ¥��^�
�Ú Lommel È©úª, �¯�O�Ñ Fréchet �
ê. é (6) ª�©, ��À>{ÇÚ� �Cz�>
|!^|�Äm�'X�

δ ln ρa = 2Re(δ ln
Ex

Hy
)

= 2Re(
δEx

Ex
− δHy

Hy
), (16)
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δφa = −Im
[
δEx

Ex
− δHy

Hy

]
. (17)

ò (12) ª�\ (16) Ú (17) ª, ²�n�±òÀ>
{ÇÚ� �Cz��.ëê�Äm�'XL«
¤XeÝ
¦È�/ª:

δy = F δq, (18)

Ù¥ δy ´dÀ>{ÇÚ� �Cz|¤���þ,

δy = (δ ln ρa, δφa)T;

δq ´�.ëê��Ä,

δq = (δ lnσh1, δ lnσh2, · · · , δ lnσhN ,

δ lnσv1, δ lnσv2, · · · , δ lnσvN ,

δ ln d2, · · · , δ ln dN )T;

F �5�z� Fréchet �êÝ
 [19,20]. δy Ú δq æ
^éê/ªL«, �´�y>�Ç�©þÚ/�.
¡ dn ð��ê; �´¢S/�>�ÇCz��é
�, ^éêL«�±��~�ëêÅÄ, ü$��
5�Aé�ü(J�K� [6].

4 ¯�S��ünØ

�

yobs = (ρa,1, ρa,2, · · · , ρa,M ,

φa1, φa2, · · · , φa,M )T

´ Ø Ó ª Ç : ÿ � � À > { Ç Ú � � | ¤

� ê â � þ, ��ª Ç ÿ � � ü � 8 � Ò ´
3 , � � . � m þ | Ï Ñ � � � . ë ê m =

(σh1, σh2, · · · .σhN , σv1, σv2, · · ·σvN , d2, d3, · · · dN )T,

¦ÙéA�nØ�A y = y(m) U
�Z[Ü
u yobs. dunØ�A y = y(m) ��´��5�,

¤±I�æ^Xe�S��{(½�¯K�) [19]:

m(k+1) = [I + diag(δq(k))]m(k)

(k = 0, 1, 2, · · · ,K) , (19)

Ù¥, I �ü Ý
, m(0) ��.�þÐ�, m(k)

�1 k gS��ü(J, K �ý½�S�ogê,

δq(k)� (18) ª�2Â).

é5�z?n�� Fréchet �êÝ
 F ?1Û
É�©) F = UΛV T, �\ (18) ª�±���.
ëê��Ä δq(k)�

δq(k) = V Λ−1UT∆y(k), (20)

Ù¥ ∆y(k) = diag(yobs−1
)[yobs −y(m(k))]�S�

�.�A�ý¢/��.�A��éØ�. ùp�

;���ÛÉ����ü(J�Ø­½, æ^{
Z���¦{, éÛÉ��V\��·��{ZÏ
f α, ù���2Â)�

δq(k) = V (Λ + αI)−1UT∆y(k). (21)

Ó �, �
 ; � S � L § ¥ δq(k) � � © þ �
U Å Ä � �, K � � ü � J, ù p ò δq

(k)
l �

¤ exp
(
−ω

∣∣∣δq(k)
l

∣∣∣) δq
(k)
l , Ù¥ δq

(k)
l � δq(k) �1 l

©þ, ω > 0�P~Ïf [19].

L 1 n�Y²�G TI �.ëê

�ê �.¡�Ý d/m î�>{Ç ρh/Ωm p�>{Ç ρv/Ωm ��É5Xê λ

1 0 50 450 3

2 100 10 90 3

3 200 100 100 1

L 2 o�Y²�G TI �.ëê

�Ò �.¡�Ý d/m î�>{Ç ρh/Ωm p�>{Ç ρv/Ωm ��É5Xê λ

1 0 100 400 2

2 100 10 90 3

3 190 50 450 3

4 490 100 100 1

089101-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 8 (2012) 089101

5 ê�(J

�
u��©JÑ��'�{¿�	�ü
�J, ©O3n�Úo�Y²�G TI �.þ?
1 Á �. Á � ¥ � ½ u � 
 ª Ç ��� 0.1—

10 kHz, Ù¥n��.��Â:�u�
�m�
ål L = 5 km, o��.��Â:�u�
�m�
ål L = 8 km, /��.ëê©O�uL 1 ÚL 2,

��É5Xê½Â�

λ =
√

ρv/ρh.

5.1 Fréchet ���êêê¯̄̄������{{{���uuu���

�u � �©J Ñ � Fréchet � ê � ¯ �
� {, ò © O æ ^ ¯ � � { Ú k � � © �
{ (= ∂ ln y/∂ lnx ≈ (∆ya/ya)/(∆x/x)) O���
�5�z Fréchet �ê?1'�. ã 2 ¤«�|^
�©{Ú�Ä{���n��.¥À>{ÇÚ�
 ��Aé/��.ëê� Fréchet �êé', Ù
¥ Fρ-h,n, Fρ-v,n Ú Fρ-d,n ©O�À>{Çé/� n

��.ëê σhn, σvn Ú dn � Fréchet �ê, Fφ-h,n,

Fφ-v,n Ú Fφ-d,n ©O�� �é/� n ��.ë
ê σhn, σvn Ú dn � Fréchet �ê. '�L², ü«
�{¤�(J��ÎÜ. 3Ó��Åìþü«�{
¤^� CPU �m©O� 6.2 Ú 14.8 s, ¯��{'
�©{O��Ç¯ 2 �±þ.

ã 2 �(Jw«, ªÇÿ�êâéf�p�>
�Ç σv � Fréchet �ê�þé�, L²ÿ�êâé
f�p�>�Ç σv Cz�(¯Ý�$; �3$ª
ã, ÿ�êâé σv3 � Fréchet �ê²wO�, `²
>^ÿ��$ªãêâé�Ü/�p�>�Ç�
Czk²w�N. �)ù«y��Ì��Ï�)º
Xe: ã 2 ¥æ^��Â:�u�
�m�ål L

�½� 5 km, dupª>^|�Å��á, Tål
�Â�pª>^&ÒÌ��N>^|��«A�,

pª>^ÅCqu��R�\��/L, 3/e�
UaAÑY²���6, Ïdpª>^|�é/�
î�>�ÇCzk�A, ép�>�Ç σv CzØ
¯a. �ªÇé$�, Ù�A�Å�C�, �Â:ò
éAu>^|�C«ÚLÞ�, $ª>^Ñ�A:
���uaq:>6
3��m�Ñ�, 3/eC
q¥yÑ�¥/���G, aA�6Ø2�÷Y²

��, ��>^|éî�>�ÇÚp�>�Ç�C
zþ�'. ±þy���^½þ�{?�Ú\±)
º,·���>^|�«÷v�^�� L > 5δ, Ù
¥ δ = 503

√
ρ/f �ªÇ�Ý, L 1 ¥n��.�²

þ>�Ç ρ ≈ 100 Ωm, �Âuå�½� L = 5 km,

�«éA�u�ªÇ� f > 25 Hz, �A�&ÿ�
Ý� d = 356

√
ρ/f > 700 m, w,�u1�>.�

Ý. Ïd, f > 25 Hz �>^ÿ�êâéup�>�
ÇþØ¯a, ��ã 2 ¥pªÿ�êâép�>�
Ç σv � Fréchet �ê�þé�. �éu f < 25 Hz

�>^ÿ�êâ, �XªÇÅìü$, ªÇ�Ý δ

���O\, 5 km ÂuåéA�>^|òÅìLy
�C«ÚLÞ��A�, ¦� σv3 � Fréchet �ê
��ÅìO�.

5.2 ���üüü(((JJJ

�
u��ëê¯�S��ünØ, ùp�½
��/��Ð©>{Ç�Ùý�� 1/3, ��/�
�þ�Ð©�éØ�� 30%. ã 3 ´n��.þ
��.ëêý�!Ð���ü(J±9Ñ\]�
��ü(JnØÜ¤]��é'. (Jw«, ÏL
S��ü, �.ëê�ý����Ð�¡E, �î
�>{Ç��ü(J'p�>{Ç��ü(J�
Ð (ã 2). dã 3 ��, �ü(J�Ü¤�AÚÑ\
�AÄ�­Ü.

ã 4 ´o��.þ��.ëêý�!Ð��
�ü(J±9Ñ\]���ü(JnØÜ¤]�
�é', �/�>{ÇÚ�þ�Ð©Ø��ã 3

�Ó (>{Ç�Ùý�� 1/3, �þÐ©�éØ�
� 30%). ã 4 ¥Ó�w«Ñ÷¿��ü�J.

�u��ü�{�|DUå, én��.Úo
��.�Ñ\]�þ©OV\ 5%Ú 10%�Åx
D(, |^þã�Ð©�.?1�ü. ã 5 Úã 6

´3©OV\ 5%Ú 10%�ÅxD(�n��.
��ü(J, ã 7 Úã 8 ´©OV\ 5%Ú 10%D
(�o��.��ü(J. �ü(Jw«, äk�
� Fréchet �ê�/�ëê, Ù�ü(J�|DU
å�r. ~X, /�î�>{Ç!�.¡�Ý9�
e��p�>{Ç, 3 10%D(�¹eù
�.
ëêý��,U���Ð�¡E. 
 Fréchet �ê
���/�ëê, Ù�ü(J�|DUå²wC
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f. ~X, n��.¥� σv1 Ú σv2 ±9o��.
¥� σv1, σv2 Ú σv3, 3 5%�D(�¹e�ü(J

Ò�3���Ø�, 
3 10%�D(�¹e®²�
Ø�k���ü(J.

ã 2 �Ä{��©{���n��.� Fréchet �ê'� (a)Fρ-h,n; (b)Fρ-v,n; (c)Fρ-d,n; (d)Fφ-h,n; (e)Fφ-v,n; (f)Fφ-d,n
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ã 3 Ø¹D(�n��.��ü(J (a) î�>{Ç; (b) p�>{Ç; (c) À>{Ç�A; (d) À� �A

ã 4 Ø¹D(�o��.��ü(J (a) î�>{Ç; (b) p�>{Ç; (c) À>{Ç�A; (d) À� �A
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ã 5 ¹ 5%D(�n��.��ü(J (a) î�>{Ç; (b) p�>{Ç; (c) À>{Ç�A; (d) À� �A

ã 6 ¹ 10%D(�n��.��ü(J (a) î�>{Ç; (b) p�>{Ç; (c) À>{Ç�A; (d) À� �A
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ã 7 ¹ 5%D(�o��.��ü(J (a) î�>{Ç; (b) p�>{Ç; (c) À>{Ç�A; (d) À� �A

ã 8 ¹ 10%D(�o��.��ü(J (a) î�>{Ç; (b) p�>{Ç; (c) À>{Ç�A; (d) À� �A
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6 ( Ø

�©ïÄïá
�@Y²�G TI /�¥ªÇ
ÿ�]���ëê¯�S��ü�{. |^�Ä
nØ, (ÜY²�G0�¥>^|¿¥ Green ¼
ê3ªÇÅê�¥�)Û), �±¯�O��ë
ê Fréchet �ê. 5�z Fréchet �êØ=�±�N
ÑØÓ>^ÿ�]�é���.ëê�(¯Ý, �
ÏLÛÉ�©)Eâ¿(Ü{Z���¦{�±
k�Jp�ü(J�­½5Ú|DUå. nØ�.
�ê�(JL²: î�>{ÇÚ�.¡�Ý��ü
(J��.ÎÜéÐ, \\D(��,U
���
Ð�(J. duÉªÇÿ��{�����,   
�k�Üp�>{Ç��ü�J�Ð�äkûÐ

�|DUå; �éuf�/��p�>{Ç��ü
K�U3�½§ÝþUõÐ©�., ��3D(�,

K�Ø�k���ü(J.

N¹ A Y ² � G TI 0 � ¥ � ¿
¥ Green ¼ê9ÙL�ª

>6
¿¥ Green ¼ê ḠJE(r, r′) Ú ḠJH(r, r′) ©
O÷v

∇ × ḠJE(r, r′) = iωµḠJH(r, r′),

∇× ḠJH(r, r′) = σ∗(r)ḠJE(r, r′)

+Īδ(r − r′). (A1)

ÏLéCþ x, y ?1 Fourier C�¿(ÜDÑ�nØ, �±

��ªÇÅê�¿¥ Green ¼ê�L�ª

˜̄GJE(kρ; z, z′) =



− 1

k2
ρ

(k2
xV e

i + k2
yV h

i )
kxky

k2
ρ

(−V e
i + V h

i )
ikxV e

v

σ∗
v(z′)

kxky

k2
ρ

(−V e
i + V h

i ) − 1

k2
ρ

(k2
yV e

i + k2
xV h

i )
ikyV e

v

σ∗
v(z′)

ikx

σ∗
v(z)

Ie
i

iky

σ∗
v(z)

Ie
i

1

σ∗
v(z)

k2
ρIe

v − δ(z, z′)

σ∗
v(z′)


, (A2)

˜̄G
JH

(kρ; z, z′) =



kxky

k2
ρ

(Ie
i − Ih

i )
1

k2
ρ

(k2
yIe

i + k2
xIh

i ) − ikyIe
v

σ∗
v(z′)

−1

k2
ρ

(k2
xIe

i + k2
yIh

i ) −kxky

k2
ρ

(Ie
i − Ih

i )
ikxIe

v

σ∗
v(z′)

ky

ωµ
V h

i
−kx

ωµ
V h

i 0


, (A3)

Ù ¥, kx Ú ky © O� x � � Ú y � � � Å ê, kρ =√
k2

x + k2
y , V q

i (z, zs) Ú Iq
i (z, zs) (½ V q

v (z, zs) Ú Iq
v (z, zs))

©OL« u zs � 1 A ¿éóÀ>6
 (½ 1 V GéóÀ

>Ø
) 3�Ý z ?�>ØÚ>6, þI q = e, h ©OL«
î^Å½î>Å. DÑ� Green ¼ê3z�/� m ¥þk
Xe/ª�)Û):

V p
i,m

(
z, z′) =

 Av+
m (exp[−ikz,m(z − dm+1)] + R̃

(p,i)
m,m+1 exp[−ikz,m(dm+1 − z)]) (z > z′),

Av−
m (exp[−ikz,m(dm − z)] + R̃

(p,i)
m,m−1 exp[−ikm,z (z − dm)]) (z < z′),

(A4)

Ip
i,m(z, z′) =

1

ikz,mZp
m

d
dz

V p
i,m(z, z′), (A5)

Ip
v,m

(
z, z′) =

 A
i(+)
m (exp−[ikz,m (z − dm+1)] + R̃

(p,v)
m,m+1 exp[−ikz,m(dm+1 − z)]) (z > z′),

A
i(−)
m (exp[−ikz,m(dm − z)] + R̃

(p,v)
m,m−1 exp[−ikm,z(z − dm)]) (z < z′),

(A6)

V p
v,m(z, z′) =

1

ikz,mY p
m

d
dz

Ip
v,m(z, z′). (A7)
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ùp, Av±
m Ú Ai±

m ©O�/� m ¥�> Ú>6|��

Ì. R̃
(p,i)
m,m+1 Ú R̃

(p,i)
m,m−1 ±9 R̃

(p,v)
m,m+1 Ú R̃

(p,v)
m,m−1 ©O

�>6Ú>Ø
\���2Â��Xê, km =
√

iµωσ∗
m

�/� m �Åê, k2
ρ =

√
k2

x + k2
y �Y²���Åê,

kz,m =
√

k2
m − k2

ρ �/ � m ¥ R � � � � Å ê © þ.

Ze
m = kz,m/iσ∗

m Ú Y e
m = 1/Ze

m ©O�/� m ¥î^

Å�Å{|ÚÅ�, Zh
m = ωµ/kz,m Ú Y h

m = 1/Zh ©O�

/� m ¥î>Å�Å{|ÚÅ�.

N¹ B Bessel ¼êÈ©úª

Bessel ¼êÈ©úªXe:

1

4π2

∫ +∞

−∞

∫ +∞

−∞

k2
x

k2
ρ

exp(i[kx(xr − xs) + ky(yr − ys)])dkxdky

=
1

2π

∫ +∞

0

[J0(kρρ) cos2θ − cos 2θ

kρρ
J1(kρρ)]kρdkρ, (B1)

1

4π2

∫ +∞

−∞

∫ +∞

−∞

k2
y

k2
ρ

exp(i[kx(xr − xs) + ky(yr − ys)])dkxdky

=
1

2π

∫ +∞

0

[J0(kρρ) sin2θ +
cos 2θ

kρρ
J1(kρρ)]kρdkρ, (B2)

1

4π2

∫ +∞

−∞

∫ +∞

−∞

kxky

k2
ρ

exp(i[kx(xr − xs) + ky(yr − ys)])dkxdky

=
sin 2θ

4π

∫ +∞

0

[J0(kρρ) − 2

kρρ
J1(kρρ)]kρdkρ]. (B3)

N¹ C n g � ^ � � { ¦ ) Som-
merfeld È©

Sommerfeld È©���L«�Xe/ª:

G(ρ) =

+∞∫
0

G̃(kρ; z, z′)Jm(kρρ)kn
ρ dkρ

(m = 0, 1; n = 0, 1, 2, 3), (C1)

Ù¥, Jm(kρρ)�m � Bessel ¼ê, Ø¼ê G̃(kρ; z, z′)�ª
Ç�¿¥��¼ê���©þ. Äk^��v
�«m�
O�Ã�È©«m,

G(ρ) ≈

kρ,MX∫
kρ,MN

G̃(kρ; z, z′)Jm(kρρ)kn
ρ dkρ

=

K∑
i=1

kρ,i+1∫
kρ,i

G̃(kρ; z, z′)Jm(kρρ)kn
ρ dkρ, (C2)

Ù¥ [kρ,MN, kρ,MX]��A�v
��È©«m. �âØ¼
ê� kρ CzCqU�êP~�A:y©� K �f«m,

kρ,j = kρ,1 exp[(j − 1) ·∆k](j = 2, 3, K + 1)��A���

!:, Ù¥ ∆k =
log(kρ,MX/kρ,MN)

K
. ù�, È©=z��

X��k�f«m�Ü©È©�Ú. O�Ø¼ê G̃(kρ) 3
�!: kρ,j(j = 1, 2, · · · , K + 1) ?��¿|^ng�^�
��{, G̃(kρ) 3z�«m (kρ,j , kρ,j+1) äkXe�Cq)
Ûª:

G̃j =
Mj

6hj
(kρ,j+1 − kρ)

3 +
Mj+1

6hj
(kρ − kρ,j)

3

+

(
G̃(kρ,j+1)

hj
− Mj+1hj

6

)
(kρ − kρ,j)

+

(
G̃(kρ,j)

hj
− Mjhj

6
)(kρ,j+1 − kρ

)
, (C3)

Ù ¥, kρ,j 6 kρ 6 kρ,j+1, hj = kρ,j+1 − kρ,j , Mj =

G̃′′(kρ,j) �¼ê G̃j 3!: kρ,j þ����ê. ò (C3)

ª�\ (C2) ª, ¿|^4íúª xJ0(x) =
d

dx
[xJ1(x)],

J′
0(x) = −J1(x), (C1) ª{z�

G(ρ) =

K∑
i=1

Ai + Bi

xi+1∫
xi

J0(t)dt

 , (C4)

Ù¥ Ai Ú Bi ��f«m�A�ëê. �
O� (C4) ª

�Òmà�È©, I�(½
x∫

0

J0(t)dt ��. ùpæ^ Lom-

mel ¼ê�ìCÐmª� Bessel ¼ê�)ÛL�ª�(Ü
5¦).

� x > 15 �, æ^ Lommel ìCÐmúª [18]

x∫
0

J0(t)dt = 1 − xS−1,−1(x)J0(x)

+xS0,0(x)J1(x). (C5)

ùp,

xS0,0(x) = 3F0

(
1,

1

2
,
1

2
;
−4

x2

)
,

x2S−1,−1(x) = 3F0

(
1,

3

2
,
1

2
;
−4

x2

)
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�2Â�AÛ¼ê, ½Â�

pF0(a1, a2, · · · ap; z) =

+∞∑
k=0

(a1)k(a2)k · · · (ap)kzk

k!
, (C6)

Ù¥ (a)0 = 1, (a)k = a(a + 1)(a + 2) · · · (a + k − 1).

� x < 15 «, |^ Bessel ¼ê�)ÛL�ª, K
x∫

0

J0(t)dt '
30∑

k=0

(−1)k x

(2k + 1)(k!)2

(x

2

)2k

. (C7)

�A��äØ��u 5 × 10−15.
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Abstract

In this paper, we advance a fast iterative inversion algorithm of frequency electromagnetic sounding data to simultaneously

reconstruct the horizontal and the vertical conductivities and interface each bed in the horizontally stratified transversely isotropic (TI)

medium. First, applying the analytic expression of the electromagnetic dyadic Green’s functions in the TI medium, we realize the

forward modeling of the frequency sounding via the fast algorithm of Sommerfeld integral. Then using the perturbation principles and

Fourier inversion transform, we establish an efficient computation of Fréchet derivatives of the frequency sounding data with respective

to all the model parameters. And we use the least square criterion, the normalization and singular value decomposition to iteratively

recovery all model parameters. Finally, numerical results validate the inversion algorithms and their antinoise ability.

Keywords: transverse isotropic, frequency electromagnetic sounding, Fréchet derivative, parameterized inversion

PACS: 91.25.Qi, 02.30.Zz, 41.20.–q

* Project supported by the National Natural Science Foundation of China (Grant No. 40874058) and the Fundamental Scientific Research Foun-

dation of Jilin University, China (Grant Nos. 200903318, 201001006).

† E-mail: wanghn@jlu.edu.cn

089101-14


