THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. 2018 Oct.; 29(10), 805~810.

http://dx.doi.org/10.5515/KJKIEES.2018.29.10.805
ISSN 1226-3133 (Print) - ISSN 2288-226X (Online)

PEC =% PMC %% X38le Bvd 4 mjde) Ak
S 9

Modified SDIE MLFMM Method for Inhomogeneous Impedance
Material Containing PEC or PMC Region
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Abstract

A coated perfect electric conductor(PEC) interface to reduce scattered fields can be efficiently modeled by using the impedance
boundary condition. The self-dual integral equation(SDIE) proposed by Yan et al. may be an efficient multi-level fast multipole method
(MLFMM) formulation for the impedance object. This equation can be applied to an inhomogeneous impedance material, but its accuracy
can be degenerated when the material contains a PEC or perfect magnetic conductor(PMC) region. In this paper, we modify the original
SDIE formulation for an inhomogeneous object containing a PEC or PMC region and numerically verify its accuracy.

Key words: Inhomogeneous, IBC, MLEMM, Scattering

[. M

M

A ()& AHgstel R Hml, g3k 7Fo] R (elec-

o tric current), /9 AF(magnetic current), /= EHHT.
MoM(Method of Moments) ®'H-S &7 MLFMM(Multi-

Level Fast Multipole Method) W2 AbeHA 2t d2] A} P Fe nZyhX X A . Zojx ; W
S5 9l Abehst 7HAE $18ke] PEC el 5 v
AL JIH 2 A 27 (impedance boundary condition: 1BC), oA7IA pe WA Atk d9ds, Z & At

Fo] At F¢AtATA] A7 AUCE F (A3 UDI70004FD).
Q1 gt 2 Abg 8K Department of Electronic Engineering, Inha University)
#=1h}8F A 3 A (Agency for Defense Development) 37]& 0725 44 H 7| &5
- Manuscript received August 17, 2018 ; Revised October 2, 2018 ; Accepted October 8, 2018. (ID No. 20180817-085)
+ Corresponding Author: Il-Suek Koh (e-mail: ikoh@inha.ac.kr)

(© Copyright The Korean Institute of Electromagnetic Engineering and Science. All Rights Reserved. 805



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 29, no. 10, Oct. 2018.

EAJQYE A, nd AbekA] TR YA E ot

2] (1ol B5o] MoM #H4 ol AFE div-conforming
g2 ZAFSHH, AR curl-conforming 7t HTh 1
ERER= div-conforming ZIA SR JyEd A AL o]
’&i}(discretization):s}h RE wf$- o]l o)) &2
Ao 7 A7} AFE EF div-conforming T2 LA}
= whio] Yan#} Collino 591 <8 Al ots] i, yan
o] WhHE M1l A8l 71s= o] itk Collino®]
< EIFESH MFIEE 413 Z#3H CFIE(Combined Field
Integral Equation)®l] 71¥FS ¥ G Ado] sy, v vt
Holl 2we] A Aibo] HQsjrt

o] FollA Yano] AA g Evd vido] #3 SDIE
(Self-Dual Integral Equation) 2 279t A/E SH 4
N MR 7HFSta, A ()2 9l A ZHA ste] it
YURE =AE st 18y miAd Y] ATt
PEC %=+ PMC(Perfect Magnetic Conductor)ll 7}7F <A
Aot W o] H 3wt £ 88 2] 3, PEC £+ PMCE
A oFE F e @H o] &A ) Collinod] v F3F
PMC7} EAshe 4§ AHE 7HsakAl &k TA =
ExoM e vl d e duE 27} PEC B PMC7F E4) 3}
o]% Yan®| SDIE 34% A H3ES F43ta, M7dlA]
T I ARE AEdoldes AT

O

ofr

II. SDE 4 Rk

deje] H 9] EFIE(Electric Field Integral Equation)$}
MFIE(Magnetic Field Integral Equation)= T3} 7] %
Cikan=

_—

Ax Bine }Z{ZOJ}

Zynx H'™ M (2a)
B jkonX L nX Kpy—1/2
| =X Kpp+ 12 jknx< L (2b)
L(X)( vy )/{X Gl ) as

©)
Kpy(X)= v x /  AF@)6las “

806

—  —

1(x)=x ®)

Glr )= exp(—jk0|:—7|>/(4ﬁ|:—7|) (6)
o714, PV ince 22t Al 2.3k (Cauchy principal
value)Z JAMEHE ofulgte). 4] (2)ol] IBCE #4317] 9]
& 2 (D)= A (DE ¥7A 5, 4 0% 384 4 b=
2 (8)Z nHth 4] (8)°] Yano] A3 SDIE "ot}
shAlt midel YIEArt PEC(n—0) EE PMC
(re0)) 3%, 4 ®% A% AT 7} sick

[0]: [\/Eﬁx] 1/Vn } [Z_o?}

0

— V1 (axD/Vn )

7=

jkonX L+ nnxI nxKpy—1/2+1/Vn
— X Kpy+1/2— T jkgnx L+ (nx D/ Vo
®)
tjeto 2 o] opd mj$- 22> %k T+ co7f obd of$-
Z S A O Ades 748
Tyl wheka] wjd o] PEC] 7}7}% $-9l& IBC
2 () 4 (9= dAsE, 4 (1009 7 EE% A=

&‘L*
E
:OL_',
O
T
ot
%,

o= 7 1] o

GkonX L+mnx T  nx Kpy+1/2
—nX Kpy+ 1/2—nI jkyn< L+nx 1|

(10)
IBC 4 ()=
2 (129 Z 8e A=

o wjZo] PMCY| 717+ Aol &
A (1)} zro] W73,

[O][ﬁx[ I/ HZUJ}

o [ =71 (xD/y (11)

jhonX L+nx I nx Kp,—I/2+ I/
—nX Kpy—1/2 jkgnx L+ (nx 1)/n

(12)

zL.Q. o= =

2 (1002 (12)= 4 Q) 2, vl-¢ n<
AT FAH R IPE Fhe etk A wfA e
AR FE7F =05 EFAUY I 2ol 23}
H A (1005, 2184 &5 Zvde A (1) Zz P

o
=



Al A1

M.

+

I8 12 9w WA o] 13320]2, o] whA)
£0] 6.66 4012, =017k 104 %] L& et AlEH o)A
Azfo|t}, ol AHOZHE 333A7MKE PEC Yol
UM A= 5 =0.2954+ 50.025491 Y2 FJolr},
AL 9 =0°9F ¢p=0°°]2, BI= v—pol.olth
HZ7He 4= 0°, 0 =0° ~ 180°°]th. 18 1(a)%} (b)=
7zt A oHe WO 2 AAkE QW g of7)E e AR
o AF FEE BT, I9 1(c)9 I(d= 27 Yane
Wl o3 AstE ARES vepdth 17 1(b)9 1(d)
of|x] PEC g9 ¢] A& 00] €tk 18 2@t (b= 27
co-pol. RCS(radar cross section)®} +HFME HoFr}
Yan®| SDIE oA PEC 992 vi-¢- A2 dodxgy,

() ATE We] df7 B2
(a) Electric surface current by
proposed method

ore=0"F  [A/m] )

®
L5 3
B N\
;o,sl /\/ ’
ol 05,
- /L/ 0
05 5 /05 0
0.5

y [m] X [m]
(¢) Yano] e A7 2
(c) Electric current by Yan’s
method

y [m]
(b AHe Wiel 4% BT
(b) Magnetic surface current by

proposed method

%1073
ore=0oF [Vl

<05
0 T~

-0.

m)|
—
—

y [m]
(d) Yan®] ®W AF
(d) Magnetic current by Yan’s
method

J8 1. PEC 992 x¥ste X wide] d®
IBC-MFLMM 3|41 4 3}
Fig. 1. IBC-MLFMM simulation for impedance cone con-

taining PEC region.

A mj o] A a4 e A% s %€ SDIE MLFMM 3

n=10*Z ALtk 183 A AT E g o] FEKO
£ ARt RCS 235 AEsksinh dads mfdl 7
T+ FA7E AAY F&siA] erol, Bk stH A
A7] 913 FEKO AlEdolAgl A d9as REs f
Az A3k o, FHEE p, =1, ¢, =1/1" =
11.21—j1.942 AME F4&9 27|71 s 2B
Z A e ZAE g Aesioil 17 2(a)<} (b)oll A

]

40 T
Proposed
30 F Yan's SDIE
i FEKO

80 100 120 140 160 180
0 [deg]
(a) RCS

0 20 40 060

el /b

Proposed
Yan's SDIE

0 50 100 150 200
# of iteration

(b) #EFA
(b) Convergence
J8 2. PEC 995 E¥ste ddL Ao A8
IBC-MFLMM 34} 4 3}
Fig. 2. IBC-MLFMM simulation for impedance cone con-
taining PEC region.

807



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 29, no. 10, Oct. 2018.

o] AgkE WPo] Yan el v
o A 9N+ e

%“0%% 2 St

9 32 28 13 3, Ak, 293 B57) 5

3}1 uHxU?_ olgim o -‘% 1 3.33 77} & PMC %90
E

3}% R

glo] AREEE B wsldh d 3t (b= 22 A
ok ol o3 AlakE 9B FHel o7]FE dAFe}
AF BE¥ol1, 19 3(c)¢t (d)L 247} Yane] W o] ¢

PMC 4% HH , n=10"% A}ﬂé}ﬁi
o 19 2(b)9} 4(b)°ﬂ*1 H3o] PEC £—E PMC % ¢} 0]
¥3E Ao 71 SDIE #HH e F#EAdo] w9 vhm
A, AFTE ATt ol 1,

)

9 2(a)9} 4(a)llA

5 x1073

elm, = 00 V/m]

4
3 5
) 1

5
I 0L !

- 0 5 0 0.5
v [m] . X [m] X m]

(a) Alote W AF BE  (b) Zﬂo]'E] Wi 25 B ¥
(a) Electric surface current by  (b) Magnetic surface current by
proposed method

proposed method

re=0°  [Am]

y [m] ’ x [m]
(©) Yan2] ¥ AF BE  (d) Yand WHO AF EF
C ectric current an’s agnetic current an’s
(c) El by Y: (d) Magn by Y:
method method

Q8 3. PMC 99S EFHE QU wde] Ao
IBC-MFLMM 3] 4] 2 2}

Fig. 3. IBC-MLFMM simulation for impedance cone con-
taining PMC region.

808

HZo] RCSOIA Bt & ztolg HIth
2o 2ga 242 1887 sk, 19 59 2
Fouitt b ANEAE 2E A4 B 4

2 1551 %

S ANEAT @4s Rae A71A dol= 113493
n=0¢l PEC #¥&
9} ¢—0°°]_L_ A}

= h_pOLO]‘jr. 4&%2}% =00,
0 =0°~ 180°°Itk. Z1& 5(b)% ()= 47 Ak Wi
o oJsle] F4E WO o7& AF AF EXE
40
30 F
20
— 10 ¢
Z
= 0
© .10t
.20 L
-30 1 Proposed
Yan's SDIE
-40 - - 1 . . | T 7
0 20 40 60 80 100 120 140 160 180
0 [deg]
(a) RCS
10!
10°
_10"
=
=107}
107
Proposed
Yan's SDIE
107 : . ,
0 50 100 150 200

# of iteration
®) FEFA
(b) Convergence
J8 4. PMC 992 EX¥ste dods mjde] 8
IBC-MFLMM 34} 4 3}
Fig. 4. IBC-MLFMM simulation for impedance cone con-
taining PMC region.



15 N5=0.2911+j0.0687
1‘
—  0.5/1,=0.2254+j0.0683

n,=0.1897+j0.0632

05 =0 (PEC)

y [m]

3
0.5 0 -1
X [m]
@ A5F 299 343 234 99Uz w1
(a) Geometry for submarine model and its inhomogeneous im-
pedance material

5 x1073 0.5
o= o [A/m] g — 60° [V/m]
2 R o
T o = # | 3F o S 2 | (03
VESTE -
N 12 ‘ ] ) N Tzi 02
-l =l
=0y 1% 0y — Mo
1 S0 2 0 2
x [m] 0 x [m] 0

(b) ALY W) AT BE () AYH PR AF P
(b) Electric surface current by  (c) Magnetic surface current by
proposed method proposed method

5 0.5
[A/m] ) [V/m]
e||’|L —_ 600 4 2 emc = 600 0 4
|
# 3 0 # 0.3
~ ‘é 2N, é 0.2
.—_1 —=-17
g g7\ .
= — 1= 04 " 0.1
> l E 0 -2 > J”’/Z 0 2 ’
x [m] 0 X [m] 0

() Yano] WO AF £E  (¢) Yano] W AF T2
(d) Electric current by Yan’s  (e) Magnetic current by Yan’s
method method

J8 5. gy Jd9ds 3hs Zde Zd 239 IBC-
MLFMM 3|4} 2 3}
Fig. 5. Inhomogeneous impedance submarine model.

rir

HofFrt. 1%1 5(d)%k 5(e)= ZH7F Yan® ol <3 A
¥ AFES e :LFJ 6(a)9‘r 6(b)= ZH7H RCS9}
Haado lUﬂ, FEKOO| ZA#et F7H 08 WAHTE
o] Collino HPle] Ax}2 84 v w513t} PEC vf
ZA 5= 739, Collino WH -2 Yane] HH o) #A)7}
of, Aol AHEE & otk Awe] A9t virA|

[¢]

[}

¥ LT 4 =
ofr

d
&
e
[
=)
e
lo,
>
e
:c’>1:
1%
tijo
fo
ro
4
S

4% SDIE MLFMM "

20 T T T T T T
Proposed
Yan's SDIE
10 F «+ FEKO
= = =by Collino

o [dBsm]

-30 : : : : :
0 20 40 60 80 100 120 140 160 180
0 [deg]
(a) RCS
10!
10°
=
~ 107 |
=
102}
Proposed
Yan's SDIE
Collino
103 : : :
0 50 100 150 200
# of iteration
) FE=A

(b) Convergence plot

a8 6. &% 23 IBC-MLFMM 314143
Fig. 6. IBC-MLFMM simulation results for inhomogeneous
impedance submarine model.

2, FEKO A JR2 mf A& {FAAR ZAlete] 314
A, A FHAES €, = 15— 410, €,, = 20— j15,
J8]3 €, = 10— 552 AT ASHE W, Collino
23 FEKO A7k v wsate], Alke o] A&

7} 2oL o 5= 9

rh
lo
g
&
%
o
o
.
@)
33
rlr
~
5
ol
12
o

809



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 29, no. 10, Oct. 2018.

EFehE BEd A9 ABEAS AFA 4T 5
IS +AAT. ods A A, SR A
S92 92T 5 glo), 494 23 B Collino7h A+
B2 Qs 34 s wastel Ak Pl 4
B3 £A402 AR 191 AAD Yol 7]
Z 340 us) Y4 EW F4ES 6Y

References

[1] T. B. A. Senior, J. L. Volakis, Approximate Boundary
Conditions in Electromagnetics, IEE, 1995.

[2] P. Yla-Oijala, S. Kiminki, and S. Jarvenpaa, "Solving IBC-
CFIE with dual basis function," IEEE Transactions on
Antennas and Propagation, vol. 58, no. 12, pp. 3997-4004,

o] & < [t/ aAtA]

20123 8Y: A&l st ARF3} (2
AB)

20143 8¢: Qlslth sty WAy} (3-8}
A Ah

20149 99 ~8A): Askhsta A3
3} Aty

(7 HAZOH At A8 4

oY A [t gt/
1992 29: Ax et Axgets) (33

AB)
1994'd 29: AA )&t Ay} (3-8}
AAD

1996\d 49: LGHA A4
2004'd 3€¥~20101d 3¥:
HEAdste W
20101 49 ~AA: Asthsta Aot we
[ BHAMEZO0H Theoretical Electromagnetics, Numerical Analysis,

0]_1;H &y A

Wave Propagation through Complex Media

810

Dec. 2010.

[3] W. Li, W. Hong, H. Zhou, and Z. Song, "Novel buffa-
christiansen functions for improving CFIE with impe-
dance boundary condition," IEEE Transactions on Antennas
and Propagation, vol. 60, pp. 3763-3771, Aug. 2012.

[4] S. Yan, J. Jin, "Self-dual integral equations for electro-
magnetic scattering from IBC objects," [EEE Transac-
tions on Antennas and Propagation, vol. 61, no. 11, pp.
5533-5546, 2013.

[5] F. Collino, F. Millot, and S. Pernet, "Boundary-integral
methods for iterative solution of scattering problems with
variable impedance surface condition," Progress in Elec-
tromagnetics Research, vol. 80, pp. 1-28, 2008.

19973 2€:
8}ah (4_3]./\]_)
19999 29: Ty Hjsty A7)
| g (FEAAD
19999 39 ~3AA): FHFsrATA A

%ﬂm@— AR 2



