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ABSTRACT: In this paper, a semi-analytical method for the calculation of electromagnetic (EM) fields in horizontal multilayered media
(HMLM) with full anisotropy is presented. First, the governing equation was obtained by the plane wave decomposition to Maxwell’s
equations, and the EM fields in the wavenumber domain (WD) were solved by means of eigensystems. Subsequently, a more intuitive
derivation of the spectral-domain propagation matrix method based on existing literature was employed to calculate WD’s EM fields in the
HMLM. Finally, the EM fields in the spatial domain (SD) were obtained by 2-D inverse Fourier transform. To accelerate the evaluation of
SD’s EM fields, 2-D infinite integrals were transformed into semi-infinite integrals including sine(cosine) functions by Euler’s formula,
and fast sine(cosine) transforms based on digital filters were introduced. It has been shown that the proposed semi-analytical method
can be effectively used to calculate the EM fields in HMLM with full anisotropy through the comparison with the existing numerical

algorithm.

1. INTRODUCTION

odeling of electromagnetic (EM) fields in horizontal mul-

tilayered media (HMLM) is widely used in antenna de-
sign, remote sensing, and geophysical prospecting [1-4]. Not
only can it describe the fundamental physical processes of EM
waves propagation, reflection, transmission, and attenuation in
HMLM, but more significantly, it is also the basis and key part
to solve the EM scattering problems of 3-D objects buried in
HMLM by the Method of Moments (MOM) [5-12].

In the classical book by Chew [5], rigorous derivation pro-
cesses were systematically introduced to calculate the EM
fields in layered media with horizontal, cylindrical, and spher-
ical configurations. Chew also presented dyadic Green’s func-
tions (DGFs) for EM fields in HMLM based on the vector wave
function approach, along with their application in integral equa-
tion formulations for EM scattering by buried 3-D objects. In
addition, there is a considerable body of literature on EM mod-
eling in a horizontal-layered medium. For isotropic formation,
Wannamaker et al. derived the expressions of EM fields and
DGFs in the HMLM suitable for solving the 3-D geo-electric in-
tegral equation [7], and Lin et al. derived approximate formulas
for the radiation EM fields excited by a vertical electric dipole
in the presence of a four-layered region [13]. Okhmatovski and
Zheng presented rigorous fundamental principles, mathemati-
cal derivations, numerical methodologies, and application ar-
eas of EM fields for layered media in their recently published
book [14].

For a transverse isotropic formation, Kong solved the
EM propagation problems for the HMLM by decomposing
the field into different modes [15]. Michalski and Mosig
provided compact representations of potential- and field-type
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DGFs for HMLM based on the Transmission-Line Network
(TMLN) [16]. Chen et al. studied the singularity elimination
of DGFs in HMLM and its applications in solving the 3-D con-
traction integral equation [12]. For an azimuthal anisotropic
formation, Li and Pedersen developed methods to derive EM
fields from a grounded dipole on half-space and HMLM,
respectively [17, 18]. For orthotropic anisotropic formation, Li
et al. proposed an analytical algorithm for EM fields excited
by magnetic dipoles in HMLM using a classical propagator
matrix [19]. For more complex anisotropic formations, Huang
and Lee obtained the DGFs of EM fields for unbounded
and two-layered general anisotropic media using the eigen-
decomposition method [20], Yin and Maurer proposed a
method suitable for the calculation of low-frequency EM in-
duction in arbitrary anisotropic layered earth [21], and Laseth
and Ursin studied the EM fields in symmetric anisotropic
layered media [22]. For a full anisotropic formation, Hu et al.
proposed a method to calculate EM fields in HMLM [23]. To
our knowledge, there are relatively few works on the study
of EM responses in HMLM with full anisotropy due to the
mathematical complexity [24].

In this study, a semi-analytical method is proposed for the
calculation of EM fields in HMLM with full anisotropy. Build-
ing on the spectral-domain propagator matrix method estab-
lished in existing literature [22,23], this study constructs re-
cursive formulas by explicitly tracing the propagation and
multiple-reflection paths of waves between layers, thereby
making the derivation process of EM fields and generalized
reflection coefficients in the wavenumber domain (WD) more
intuitive while maintaining consistency in the mathematical
framework. In addition, to accelerate the numerical evalua-
tion of DGFs in the spatial domain (SD), a fast sine(cosine)
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FIGURE 1. Model diagram of horizontal multilayered anisotropic
medium.

transform algorithm based on digital filters was introduced, in
contrast to the conventional direct quadrature used in existing
literature.

The structure of this paper is as follows. In Section 2, physi-
cal modeling and EM solutions are presented, including the de-
composition of Maxwell’s equations, derivation of EM fields
in the WD, reflection and transmission at the interface, analyti-
cal solutions of eigenvalues and eigenvectors, and evaluation of
DGFs in the SD. In Section 3, the proposed method is verified
by comparison with existing algorithms. Our main conclusions
are summarized in Section 4.

2. PHYSICAL MODELING AND EM SOLUTIONS

2.1. Decomposition of Maxwell's Equations

Consider the HMLM model consisting of N layers separated by
the horizontal interfaces parallel to the z-y plane of a Cartesian
coordinate system and located at z = dads, ..., dN as shown
in Figure 1, the permittivity, conductivity, and permeability of
each piecewise homogeneous region are assumed to be 3 x 3
tensor:

Exx Ezy Exz Ozx Oxy Ozxz
€ = Eyr Eyy Eyz |, 0= | Oyz Oyy Oyz
| €22 E€zy Ezz Ozx Ozy Ozz
Mex  Hry Haxz
= Hyz  Hyy  Hyz (1)
L Hzz  Hzy Hzz

There is an electric (magnetic) dipole source J(M) at r' =
(2',y,2") with a time dependence of exp(—iwt), which can
generate EM fields at r = (z, y, 2) that satisfy Maxwell’s equa-
tions [1]:

VxE=iwpp-H-M )
VxH=—iwe* -E+1J

where complex permittivity £ can be expressed as €. = e¢c —

o (Gs=1,y,2).

Because the HMLM shown in Figure 1 holds an infinite
range in the transverse direction, the following plane wave de-
composition [25,26]

[ (ku, ky; 2,2")

/ oty 2, e b gz 3)

can be applied to Eq. (2), and the governing equation of the EM
fields in the WD can be obtained as

d
(1dz+u<) O(:) s @)

where %k, and k, denote the wavenumbers in z- and y-
directions; I is the identity matrix; and ®(z) represents the
transverse fields vector given by

- - - . 1T
v (Z) = [E:chyv _Hy’H$:| . (5)

In Eq. (4), source vector s = [s1, 82, 3, 54| can be written
as:

kx 7 v Z 27
51 = " Jz _My+ Ky Mz (6)
wezz :LLZZ
k 7 v Tz 3
59 = L J.+ M, — P22 0L, 7
we [z
g ky -~
s9.= Jo = L ®)
- 5*2 - ky -~
0=y = T L ©)

and the coefficient matrix K with 4 x 4 can be expressed as:

- | K Kiz
K=| ' 2 (10)
Ko1 Koo
+ Hyz Y s:ykﬂ? _ Hyzkm
Riu=| Haz S Haz (11)
Ezwky _ Hazky eyky + Hazks
L €I Hzz €z, Hzz
r 2
_ Hyzlzy ke Hyzfhza kaky
— UJ(,LLyy Hzz ) wed, (U( Hzz ,U/yz wel
Rip= | (12)
HazHzy klky Hxzlza ky
W\ —HMay] — 5o W \Hzz— = - — %
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r * * 2 * *
wle* —Ezzfzz) _ ky wlex — €a2Czy kaky
ﬁ — T E;z Wtz z Yy €%, Wz 2z
21= « « 25, 571 (13)
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[Exzke | Bayky Exzky _ Mzak
Q — f;z Hzz €%, Hzz
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If the solutions of W(z) are obtained, then the vertical compo-
nents can be calculated using the transverse fields:

. 1 - .

E,—- [ H,—ik, H,—iwe* E,—i E} 15
et y 7 y —lwe L, zwszu y (15)
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FIGURE 2. Schematic diagram of wave propagation when source and
receiver are in the m-layer.

2.2. EM Fields in the WD

To solve Eq. (4), the coefficient matrix is diagonalized as
K=A - A - A~! and Eq. (4) can be transformed into the fol-
lowing equation [27].

(ii—m’[&) ¢(2) =8 a
where,
S = A_l - S (18)
— . A— 0
A = dlag()\l,)\g,)\g,)\4)—|: 01 A, } (19)

In (17)~(19), A is the eigenvector matrix corresponding to K
and is formed by the set of eigenvectors as columns; A is the
diagonal matrix composed of eigenvalues of K; and ¢(2) is the
unknown quantity containing the EM fields to be solved:

P(2)=A"1 ¥ (2) (20)
To ensure numerical stability, among the four eigenvalues of
A, the two with positive imaginary parts A; are designated as
representing the contributions of up-traveling waves, whereas
the two with negative imaginary parts A, represent the con-
tributions of down-traveling waves. Then, ¢(z) and S can
be expressed as the following combinations of up- and down-
traveling waves:

() = [ ¢u ba ] @1)

S=1[8. sqa]" (22)

In a homogeneous medium, solutions of (17) can be given
by:

6P — M 2) g, (z<?) (23)

¢((ip) _ e*iA§7'L)(Z*Z') - Sy (z>2) (24)

In the HMLM, solutions of (17) are obtained by the following
three cases:

(1). The source and receiver are in the same layer (m-layer)

The case where d, < z < 2z’ shown in Figure 2 will be
considered. Under this condition, the up-traveling waves are
composed of direct waves and reflected waves (including mul-
tiple reflected waves) caused by the interfaces. Therefore, the
up-traveling waves can be expressed as:

¢y =P + ¢ (25)

where ¢>,(f’ ) indicates the primary wave propagating directly
from 2’ to z, and ¢£f) represents the contribution of reflected
waves corresponding to boundary effects and can be written
as [22]:

) = oA (dimt1—2) -Qy (26)
where Q,, is defined as the amplitude of the up-traveling waves
at interface d,, 1. As shown in Figure 2, the up-traveling
waves at interface d,,, 1 are the results of the reflection of the
down-traveling waves at the interface. Because Q. contains
multiple reflection processes, it can be decomposed into the fol-
lowing terms:

Q. =Q" +Q7 +QY +... @7)

Furthermore, for the first term Q&l) in the above equation,
the up-traveling wave consists of two parts. One is the down-
traveling wave from 2’ propagating to interface d,,, 11 (i.e., the
part in brackets [...] in (28)), which is then reflected to form

the up-traveling wave Q’ (. The second is that the up-traveling
wave from z’ propagates to the interface d,,, (i.e., the part in
(...yin(29)), and then it is reflected to form the down-traveling
wave (i.e., the part in [. . .] in (29)). This down-traveling wave
propagates to the interface d,,,+1 (i.e., part of {...) in (29)) and
is reflected to form the up-traveling wave Q" ;). The above
physical process can be expressed using the following formulas,

Q=R [e A (0= 5| e8)

Qi =Rt {2 1Ry pa (2705, ) 1(29)

here, hy, = dy+1 —d,y, is the thickness of the m-th layer. From
Figure 2, the second- and third-terms in (27) can be written as:

QSLQ) = li’rn,m-&-leilj\(zm)hm-Ii%m,’m—le“& Q(l (30)
QS,LS) = lin@,m-‘rle_iA(2 mRmm le Q(2 (31)

Considering (27)—(31), one can obtain:

=~ i 4— (m)
Qu = Qgtl) +Rm,m+le A mRm,m 1€ A hm Qu (32)

Substituting (28) and (29) into (32) yields the following expres-
sion for Q,,:

= 2 (m), = L~ (m) -1
—iA hom iA hom
Qu =I- Rm,m-{-le 2 Rm,m—le ! :|

~ .~ (m) ~ - x(m) ’_
Ry e AR, et ('=dn) g,
= —Z]\gm) (d/,yl+l —z') (33)
+Rm,m+le . Sd
The down-traveling waves can be written as:
NGO
e R o ¥ (34)
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FIGURE 3. Schematic diagram of wave propagation when the source
layer is below the receiver layer.

where Qg represents the amplitude of the down-travelling
waves at d,,,. Similar to the derivation of Q,, Q4 can be ex-
pressed as:

~ L~ (m
- lzn%,m—lezAl

e |

), = Sm), 1T
L T h’”}

Qd—. R

AU (2 —dy)
m,m—1€ T 9y

~ A (m) = _iA™) (4 o
"’Rm,m—lelAl hmRm,m-{-le W2 (m+1 Z)'Sd

(33)
When 2/ < 2z < dpny1, expressions of up- and down-
traveling waves can be similarly obtained:

~(m)
iA dmi1—2
A (dmt )'Qu

Pu = (36)

_aAlm) _aA(m)
e iAg (z Z)'Sd+e A" (= dm).Qd

$a =

(2). The source (m-layer) and receiver (n-layer) are not in
the same layer and m > n

(37

If Bq(f) is defined as the amplitude of the up-traveling wave
at the interface d,, 1 as shown in Figure 3, then the up- and
down-traveling waves at z can be written as:

L~ (n)
_ LiA dpi1—2 n)
— et (dntr )qu

Pu (39%)

.~ (n) ~ .~ (n)
—iA —d WA hy,p(n
e 2 (Z N)Rn,nfle 1 nBSII )

$a = (39

According to the physical characteristics of wave propaga-

tion, B{/" is equal to the sum of the transmitted wave B/ (., of
the up-traveling wave in n + 1 layer and the reflected wave
B! ., of the down-traveling wave in n layer with the following
expressions:

B;(") = Tn+1,nei[\§n+l)hn+1B7gn+l) (40)
B, = Rn,nﬂe_mémh"fln,nflemfn)h”B&”) (41)
Then, B\ can be expressed as:
B;n) = i_Rn,nJrle_mgmh”l:(mnfle“_\in)h’" -

_ 2 (n+1)
1A hnt1p(n+1
1 B( )

‘Tr41,n€ (42)
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Using (42), B&n) can be calculated recursively from the ampli-

tude BSZ”‘” of m — 1 layer, and the expression of BE[”‘” can
be obtained similarly to the derivation of Q,:

B 1(:?’7.—1 )

_ — . A (m) ~ _ A (m) =~
:Twzﬂw—l[l_elA1 hmRm,m-&-le i hmRm,m—I:|

—iAS (A=)

) ~ iA™ (5!
{eA "7 Ry m1€ Sq—eM” —dm).su](43)

(3). The source (m-layer) and receiver (n-layer) are not in
the same layer and m < n

Using the analytical method presented above, the up- and
down-traveling waves for the case of m < n can be obtained
as follows:

ei/‘gn) (dn+1 7Z) R

A n
¢u = n,n+1€ Az hnBEl ) (44)
pg = e i (z=d) g (45)
where BEI") can be obtained from the following recursive rela-

tion:

_ a(n), =~ x(n) -1
B((jn) = [I_Rn,n—lelAl hnR7z,n+1e iy hn

_ _ij—\gnfl)hn_lBt(infl)

'Tn—l,ne (46)

It should be noted that, for the case where the source and re-
ceiver are not in the same layer, the wave amplitudes on the
interfaces d,,+1 (for m > n) and d,, (for m < n) are ob-
tained through the recursion formulae given in this study and
then used to calculate EM fields, while the wave amplitudes
at the interfaces d,, (for m > n) and d,,+1 (for m < n) are
obtained through the recursion formulae given in the existing
literature. Evidently, the recursion formulae proposed in this
study are more consistent with the actual physical process of
wave propagation.

2.3. Reflection and Transmission at Interface

In the expressions of the EM fields given in the above section,
Rn}n+1 and Rn}n,l represent the generalized reflection matri-
ces of the interface and include the contributions of reflection

and transmission from the interface of all layers from the source

to the receiver. In this section, Rn,n+1 is chosen as an example
to provide recursion derivation. Assuming that a wave with unit

size is reflected by d,, 41, as shown in Figure 4, and li,mH can
be expressed as the sum of multiple reflections as follows [5]:

Rn,n+1 = RgLO,Zerl"_Rszl,)Twl—'_R(QltJrl+R$ZL+1+ e

n7

(47

According to the process of wave propagation in Figure 4, the
expression of each term in (47) can be written as (owing to
space constraints, only the first three terms are presented here):
= 0 —
R;’21+1:Rn,n+l (48)
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5(1) = iA"h, 06 —i AT b
Ry np1=Trpne™ ™Ry nyoe 72 " T n1(49)
- Ay, = LA o
ﬁ(Q) Tn+1,nel 1 1 Rn+1,n+2€ A, +1 Rn+1,n (50)
1 A (n41) = _A@+D =
Lt {e“\l hotiR,, 41 pyge™ 2 Thani T, g

- AP, = _iACY S
Tn—&-l,nel 1 W’+1Rn+1,n+2e tha "_HRn-f—l,n

5(3) o i A D
Rn,n+1 - e

oA D ﬁ

~ .~ (D _
hnp1 R, MQC_ZAg ) B Roin 51)

— A
n+1,n+2e tha MﬂTn,n—i—l

Substituting (48)—(51) into (47), lim,,ﬂ can be expressed as:

~ — — .A('rz+1)hn ~
Rn,n+1 :]Rn,n—s-l‘i’Tn-f—l,neZ . R

n+1,n+2

AT [T (4T (4. )} e e,

Cx 1 =~
Thit nezAgnJr Mhsa R

n+1,n+2

_ _ -1
I-e¢ h”JranJrl,n

—iAM Y
- B (52)
eiA(1n+1) hn+1 R

:Rn,n+1+
n+1,n+2

A (nt1) -
e*’LAz hr,,,+1 Tn’n+1

_ A (n+1) — A (n41) ~
where [=e A2 h"+1Rn+11ne1A1 h"+1Rn+1,n+2.

Similarly, the expression of linyn_l can also be obtained:

Tn—l neiiA;nil)h

_  x (n—
I-— ezAl

nian—l,n—Z

-1

v}, _
nianfl,’n

_1Aén71)hn—1ﬁ (53)

e
A V1

n—1,n—2

n,n—1

In (52)~(53), Rynt1> Ryn—1, Trnt1, and T, 1 represent
the reflection and transmission matrices of a single interface,
which can be obtained from the boundary conditions of the EM
fields at the interface [23].

2.4. Analytical Solutions of Eigenvalues and Eigenvectors

It can be seen from the above analysis that to express the EM
fields in WD, it is also necessary to calculate the eigenvalues
and eigenvectors of the coefficient matrix K. According to ma-
trix theory [27], the eigenvalues of K satisfy the following quar-
tic equation:

M4 as ® +ad? +a A +a=0 (54)
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where,

az=— (K11 + Koo + K33 + Ku4) (55)

_K11K22+K33K44+(K11 +K22) (K334 Kua)
—K12Ko — K13K31 — K14K41
| —K23K32 — Koy Kyo— K34 K43

(56)

a9—

[— K11 K29 (K33 +Ky4) — K33 Ky ( )]
+K12Ko1 (K33+Ka4)+ K13K31 (Koo +Kyg)
+ K14 K41 (Koo +Ksz)+ Koz K3 (K114 Kys)
+ K4 Kyo (K114 Ka3)+ K34 K43 (K114 Ka2)
—Ko3 K34 Kyo— K13K21 K30 — K14 K31 K43
—K19Koy K41 — Koy K30 Ky3— K14 K21 Ky
|~ K12K23 K31 — K13K34 K41

a;= (57)

K11 Koo K33K44 + K190K21 K34 Ky3

—Ki19Ko3 K3y Ky1 + K13Koy K31 Ky
+K14K23 K32 K41 — K14K21 K32Ky3
—Ki13Ko4 K32 K41 — K14 Ko3 K31 Ky
—K12Koy K31 K43 — K13K21K34K 4o
— Koy K42 K11K33 — K13K31K20Ky4
+ K11 K03 K34 K42 — K34 K43K11 Koo
+ K44 K13K21 K39 + K14 K31 K43K99
+K33K12 K24 K41 — K12 K21 K33Ky4
+HK11 K24 K32 K43 — Koz K32 K11 Ky
+K14 K21 Ko K33 — K14 K41 K22 K33
F K44 K19 K93 K31 + Koo K13 K34 Ky

apg = (5 8)

The quartic equation (54) can be solved using the Ferrari
method [28], and four eigenvalues can be obtained:

5= —a++/a?—-4p
=——

(59)

where,

2 2

as as Y Y
== s R : =L — L (60
a 24:\/4 az+v; B 2?\/ ao+ - (60)

In (60), v satisfies the following cubic equation:
73—(12724—((11(13 —4ag) y— (a% + a0a§ - 4a0a2) =0 (61)

Solutions of Eq. (61) can be easily written as:

1 1
; 3 ; 3 g
v = (p2 + /13 +p%> + <p2 —\/p} +p§> — 32 (62)

where,
L,
1=z (araz — 4ag) — 9% (63)
1 2 2 1 s
p2=¢ [(4a0 —ajaz)az—3 (a1 +aoaz _4‘10@2)]"’_?7% (64)

Then, the eigenvector corresponding to each eigenvalue can
be calculated by substituting the eigenvalue into K = A-A-A~!
and is expressed as:

A2j = (K31K247K21K34)[K41(K33 7>\j)*K31K43]
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PIER C

Chen and Zhang

0.015

—~
o
=

0.010F

0.005F

Real (Q/m’)

10 20 30 40 50
z(m)
0.015

—~
o
~

0.010

0.005

0.000

Real (Q/m’)

-0.005

-0.010}

10 20 30 40 50
z(m)

60

—~
J
~

0.012}
0.008
0.004
0.000
— -0.004
-0.008 -
-0.012¢
-0.016 -

Real (Q/mz)

10 20 30 40 50
z(m)

10 0

60

20 30 40 50 60

z(m)

4 . .
-10 0 10

10 20 30 40 50 60
z(m)

-10 0

10 20 30 40 50 60
z(m)

FIGURE 5. Distributions of G’ (r,r’) along z-direction (the solid line, circle, and dash represent the results from method of this paper, direct

numerical integration, and FVM, respectively).

—[K 41K 34—K 51 (K44=)))| [ K315 23— K 91 (K33-))] (65)
Azj=[K31 (Ko2—)\j) =K1K 30| [K41K 34— K 51 (K44—N))]
— (K41 K30 K31 K42) (K31 K24 — K21 K34)
Agj= (K K3 — K31 Ky3) [K31 K33 — Koy (K33— ;)]
—[K31(K29—\j)—K21 K39 [Ka1(K33—)j)—K31 K43] (67)
Aj=— (K12A2j+ Ki3As;+ K14A4;) /(K11 —Aj) (68)
here j =1, 2, 3, 4.

(66)

2.5. EM Fields in the SD
To obtain the EM fields in the SD, the EM fields in the WD
must be subjected to a 2-D inverse Fourier transform:

fla—2y—vy;z2)

/ f kxa ky7 2,z ) z[kw (x—x’)+ky (y_yl)]dkwdk‘y (69)

It can be predicted that the efficiency of using direct numerical
integration to evaluate the above 2-D infinite integral is rela-
tively low. To accelerate the numerical integration, based on
Euler’s formula, the infinite integral (69) can be transformed

240

into the following four semi-infinite integrals:

2 xf(x—x’,y—y’;z,z')

+<><>~
:/ Fo(ka ;2,2 Ycos[a 7 —a [Jcoslky [y—y'[] dksdk,
0

80 ]//m

+i© (y—y cos k |:c—:1:
sin[ky |y — ¢/']]

f2 kwakyvz Z)
sin [k |z —2'|]
sin [ky |y —v'|]

dkpdk,

dkpdk,

f4 kkay7z Z
-sin [k, |z — a|]
cos [ky |y — y/']]

+d()(1r—m dkydk,  (70)

w000 1) - {

fl (kwv ky)
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FIGURE 6. Distributions of G* (r,r’) along z-direction (the solid line, circle, and dash represent the results from the method of this paper, direct
numerical integration, and FVM, respectively).

=f(kq, ky) +f(~ky, kjy)—kf(kx,—k:y)—kf (=kg,—ky) (71) Taking the third integral in (70) as an example, its value can
. be evaluated by
f2 (krﬂky)
=S e by )+ ke ) S (o =)= f ko =hy) 02) J| Bz, eoslie o= sinlty by =/,
f3 (kmky)
. ~ ~ ~ N> M . / ’
:f(kx,ky)+f(—km,ky)—f(kw,—k'y)—f(—km,—k‘y) (73) Z Z WiCW;fg (eAi71n|a:7:r |7ij71n|y7y |;Z,Z/)
- _ i=N1j=M;
A - EEF BT 7

=f (ke ky) = f (ko ky)+f (Kei—ky) = F (hai—hy) (74)
Integrals (70) can be evaluated by introducing fast Fourier sine
and cosine transforms based on a digital filter algorithm [29].
The filter coefficients are designed using the following two in-
tegral identities

where A; and B; are the corresponding equally spaced filter ab-
scissas, and W and W7 are the 151 filter coefficients sampled
with 0.1 in the log-space designed in advance.

3. NUMERICAL VERIFICATION

/ 22607 cos (bz) dz = /7 (2@2 — b2 > o (0*/4a?) (75) Considerir}g an HMLM rpodel with a seven-layered medium,
8ad as shown in Figure 1, it is assumed that the top- and bottom-

layers are half-space, and the boundary positions of other layers

o ., 6ba? — b3 s are dods, -+ ,d7y = 0,8,13,25,34,50m, respectively. Since
/ 2’e” " sin (bx) dv = /7 () e~ (b /40%) (76) the application background of this work primarily involves for-

A 16a7 ward modeling of geophysical electromagnetic problems and
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TABLE 1. Conductivity tensor of the designed HMLM.

Layer Ozx Ozy Oxs Oyz Oyy Oyz o Oy o
1 0.83 0.19 0.26 0.19 0.39 0.043 0.26 0.043 0.32
2 0.091 | 0.0014 | 0.02 | 0.0014 | 0.118 | —0.019 | 0.02 | —0.019 | 0.066
3 0.29 0.056 | 0.048 | 0.056 0.126 0.04 0.048 0.04 0.18
4 0.057 0.01 0.015 0.01 0.0356 | 7.2E-4 | 0.015 | 7.2E-4 | 0.0275
5 0.4 0.11 0.14 0.11 0.13 0.032 0.14 0.032 0.11
6 0.16 0.041 | 0.057 | 0.041 0.073 6.8E-3 | 0.057 | 6.8E-3 0.052
7 0.08 0.023 | 0.029 | 0.023 0.027 6.5E-3 | 0.029 | 6.5E-3 0.023

considering that general stratigraphic structures possess non-
magnetic properties, the permeability [ in the following calcu-
lations is thus assumed to be a unit tensor. On the other hand,
given that the working frequency in geo-electromagnetism is
generally below 10 kHz and as it is conventional to neglect the
effect of displacement current [4], the permittivity tensor € is
therefore assumed to be a zero tensor in the following calcula-
tions. Based on the aforementioned considerations, the domi-
nant medium parameter in Maxwell’s equations (2) is the con-
ductivity within the complex permittivity expression, which is
assumed to take a fully anisotropic form as shown in Table 1
(the unit of conductivity is S/m in the table). Additionally, let
the source be located at (z,3',2") = (0,0,20m), the trans-
verse coordinate of the receiver be x = y = 5 m, and the work-
ing frequency be 10 kHz.

The DGFs for electric and magnetic fields are calculated
from —10m to 60 m along z-axis using the method in this pa-
per, the direct numerical integration [30], and the finite vol-
ume method (FVM) in [31], as shown in (a)—(f) of Figures 5-6.
Here, the solid line, circle, and dash represent the results cal-
culated by the method proposed in this paper, direct numerical
integration, and FVM, respectively. It can be seen that the cal-
culation results of the three methods are in good agreement for
all components of DGFs. From the perspective of computation
time, all the curves in the figure contain 75 points. When they
are tested on the same computer (Intel Core 17-13700H CPU @
2.40 GHz, 32 GB RAM), the computation times are 7.5, 152.1,
and 289.3 seconds, respectively. It can be observed that while
maintaining computational accuracy, the proposed method ex-
hibits higher computational efficiency than the other two meth-
ods.

In addition, several numerical experiments were conducted
to ensure the correctness and accuracy of the proposed method.
Owing to space limitations, no specific numerical verification
results are presented here.

4. CONCLUSIONS

In this study, a semi-analytical method is proposed for the cal-
culation of EM fields in HMLM with full anisotropy. The gov-
erning equation was obtained by plane wave decomposition of
Maxwell’s equations, and the EM fields in the WD were solved
by introducing eigen systems. A more intuitive derivation of
the propagation matrix method based on existing literature was
used to obtain the EM fields in the HMLM. EM fields in the
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SD were obtained using a 2-D inverse Fourier transform, and
the fast sine(cosine) transforms based on digital filters were in-
troduced to accelerate the numerical evaluation of the EM fields
in the SD. Numerical comparisons with the existing algorithm
demonstrate that the proposed method can be effectively used
to calculate the EM fields in the HMLM with full anisotropy.

This method can be applied to the simulation and analysis of
EM characteristics in anisotropic inhomogeneous media, and
can also provide the necessary 1-D background field computa-
tion method for MOM simulations of EM scattering from 3-D
targets buried in anisotropic media.
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