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Criterion to Choose Efficient Far-Field Approximation of Dyadic Green’s
Function for Impedance Plane like Ocean Surface
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The impedance approximation has been widely used to model an earth surface such as ocean surface. In calculation of the dyadic
Green’s function for the impedance half plane, Sommerfeld integral and its partial derivatives are required. It is known that two far-field
approximation of the Sommerfeld integral can be represented in terms of Legendre or Laguerre polynomials. Hence, a criterion is
required to choose one of two far-field approximations for a given application, which can be expressed in a complex plane of the surface
impedance. Also, we approximate the required partial derivatives of Sommerfeld integral and numerically verify the accuracy of the
approximation.

Key words: Dyadic Green’s Function, Impedance Half-Plane, Sommerfeld Integral, Far-Field Approximation

.M 2 o FAHA 7IRe AHEste A 23E AeheE
A%, AN AEAE BE ARk Bk o B, T
ARY o] EASE AAA) ABEAS AZ37] @slol s AFR A e A PR AL
AeMe AT ade v FL8t 59, olH 3t7] ofth AR AEHL Aejshe dAAA e
3} o] Al ;x| ke MoM(Method of Moment) AN AW o 2s AxHO 2 WEste] nfst A%
Fo] d3= LIG 9299 dA7ue Yoz AFHAS(APHE: Y16-025).,
olstt) 8t 2 #4382 (Department of Electronic Engineering, Inha University)
#LIGY 2~ (F)(ISR R&D Lab., LIG Nexl Co., Ltd.)
+ Manuscript received December 29, 2016 ; Revised February 9, 2017 ; Accepted February 9, 2017. (ID No. 20161229-131)
- Corresponding Author: I1-Suek Koh (e-mail: ikoh@inha.ac.kr)
(© Copyright The Korean Institute of Electromagnetic Engineering and Science. All Rights Reserved. 147



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 28, no. 2, Feb. 2017.

o] toloty I EHr(dyadic Green’s function)& AH-

dted MoM W] BEREE WEE Wtk o 4,

ARH WAL ST 1S
T

R

o
& 3}= four-ray &9}
L.

=S AYER AN F ‘Rlu‘rm. aurE
A W F7 A QAR Aol wlg- BRsict
BB 28 exact image T4 % Aol £ o] glo]
MoM & ALt Al tg A2 Axtel B8 HFE7F
- =Tk o] AT EeAA 92 FARA (far-filed

approximation) T+ 5 T3] 2T E(Legendre) o}
2P| E(Laguerre) TH& o]&38te] X

G0 o) ZAEA)e) Ao EE 7 AN E WS =
o 12 EE MoM B ALt o] 7 vk & ARE-sH
Ajteke] A2 MoM 8 F45 d= F Aok 18y

ool A8 b5 23] Bkl QA A
ok, B RN BEHT A Aele] 4 914,
EA 992 5 20 S HgOR F oy
o 48 WS Acka

T4 E Eo8E AR F 72 QA2 24134
& A&a, MFAAE 1 434 AAZA fu8
o NAAE FREE AR 13 A 1es
B 4% AR 12T VA E Adeld A
2 oz AGE NFTA 2 AFH ¢
gt

. % 7t 9712 2A34

&
o] 93t AA £l ohew 7to] EEE R

—_ —

B ()= B ) B0 )4 202G ) 1
(D

_\a'.

148

R,
i z Z,
R/ L 2
A = -
! 24 // -
-z' 'y
&

SERRCEEENE RS P IR
Fig. 1. Source and observation over impedance plane.

71N 'S BUE AGEDA 27t b4 thol 23
19 GgRAse 9% A0, G UdIbs HHo
9% 3 15kE ehlE tholobe gl ‘G 2
HE AR f(g)o] A HOE HAIM, [ he
OELEC

_ L/‘OOL jkz(erz')ﬁ
U . ktq Jo(kyp)e .
jk(lR,

— e @€ d
/ ¢ R
j€7 ja(z+ 2") / ej""'nR
- (&
4 R

NN R =2 P+ y—y) + e+ + )
o|1, RS RE 7t7t A e 19 GAFAEe #34
Atole] AE vtk J (- ) 0xF MRl T, ¢
£ kg EE k/nolth 4 9 mAE AR RS
Iq) 2 2839, o9 M5 (asymptotic series)= T
3 7ol &EA QrfH

jalz+ Z')d(z +2)

@

1) _a;/ﬂi a+5 (g+z) 3)

& ),

g e @
A71 P, (-)F L, (-) ma EZEZ9) A E o
FAs, ol pe A% a=(3/2)(ky—q)(R—2—2),
B==(/2)(ky+q)(R+z+ ) oIt 9 F F42 7|

Lg)~— <



=
re
me
rlo
oo,
&l
o

SR

“

7}

H
R
al

TE(R> 1) 2A ZIErt Fopdth 4 (3)
I a+pl=|ky(z+2)+qRr| o] W5 & 735
getsitt. 1Y EE A9t il HH Thrtol
& A2+ 2 = 0)d= ¢7F wl$- 2oH 4 (3)
At v 2 4 2+ =0 257}
18] ~ [(1/2)(ky + q)R| 1 B2 22 ¢ = AHSE
Atk ZAEE |a+8l= 18] 4 G @9 AH<=

AHshs 7lkol 2 4 vk

™
=
2
A3}

dr & 2 rlo W

. A2 ZASAS M- J|E

A A whe ol a+pl= |81 Arele
4 Qe AGL, la+pl< 819 At 4 @E

Aeshs o] YuH F2F4 Adolth ¥E4
la+8l= 1818 q=ky EE q=k/nd 23

cosfol &3 2o vepld oS3 7

4= ko la+8l=> 18lelatslP = 1617 =0
0 & Acos?0+ Beosd+ C= 0
, , (5)

g=ky/n: 1@t BI= Blelat 17— 151" = 0

& Decos’0+ Ecosf+ F=> 0
(6)

cosf = (z+ 2')/ RO, AHEE AFES &3 2t

q=kyn: A=3—2n, —nl—n; (7
__ 9,2 o2
B=—2+4n,. —2n, — 27, (8)
—1_ 2 2
C=—1—2n,+3n,+3n; ©9)

a=ko/n: D= (=1—2n,+ 37 +30))/ ( +n7) (10)
E=(=2+4n,— 21— 20])/ (0 +07) (1)
= B2, —m—n)/i+nl) )

o714 n=n, +in; oItk 2 (5)% (6)= cosooll A3 X
A 2o|BR B5AS BEshe 992 A AF
(4 BE D)9 B3, 183 EEAF coshZ 7] 1A
of wet @ik I w-L 4 (5] Al (1,P)ol,

W 9o tololy TR B 184 A 2ATH A9 712

A (©)9) Al (1, Qolth F, shuel A2 12 34
93, 08 e ZH(P B Q)2 Uz #et
Fepolm, et 2k

i 2 >
q= k-(]n: pP= 1 27]1" + 3777" + 3772

3—2n, —n; —n; (13)

a=k/n: o 3= 2n, — 1 —n;
—1—2n, +3n; + 30 (14)

3%%4191 al YA A(E —t— D)t P—1(EE Q1)
o] UprofXith.

<q= kon<l 45>
CASE 1: CASE 3:
{A>o0tn{P>1} {A<oin{pP>1}
CASE 2: CASE 4:
{A>0tn{P<1} {A<otn{pr<1}

<q=ky/nd A%>
CASE 5: CASE 7:
{D>0}n{Q>1} {D<oin{Q>1}
CASE 6: CASE 8:
{D>o0tn{e<1} {D<oin{@<1}

i
I%
o
Sy
PE
}
o
)
o>
o
>

N{(n, +1)* +n} <4} ] 7% A
G AEE 232 {cos@<1}U{c050>P}°]E‘r.
S el gads gl {nf+nf > 10 {(n, +1)°
bl sl9E Ae A REA o+ bl
|8 & D=8TE CASE 49 49L& {(n, + 1)+ > 4}
o), o] A% 4 (57t AEE 2L {cosf > PIN
{cosh < 1}oltt. o] W Pl A= 10]A% H A A
= — 15t Yopdty: p>— 187 71438 CASE 49
AAE {(n, +1P+77 >4}, 254 p>—19
JAe {(n, +1)2+1f <4folBE EEolth weA
P<—19°]a, 2 7t AHE =1L {cosh >—1}N

IJ—\I‘-' ——

+nf <4
],

149



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 28, no. 2, Feb. 2017.

{cost < 1}7} €tk &, FHe] YA o] {(n, +1)?
+1; >4} of sigd Agol AAY 252 |a+ 8] >
|3l & gkt CASE 39 49 T3 §olth CASE 2
l%QSO<P<1ﬂ A P< 09 A5E Yo
T {4>0n{0< P<1}9 49 {p?+f
<130 {(n, —1/3) +12 > 4/9} 0l 3, o] AS 4 (5)
7b AEE AL {cosfd < PHU{cosh > 1} o]t}
{A>01n{P<0}9 A9 {(n,—1/3) +9} <4/
9tol, WRIHARE 4 (57 AUE 2712 {cosh
< P}U {cosf > 1}0113} AT A 5 & 9o
EUsh}, A2 A4S {cosh < Prn{o< P<1}olH
2 I9 2@ 59 990A |a+8l= |8l & B53
th ol 2+ 29 po] HEANA 1 2b)2) 29 4

o a3l A=Ho] HolXHA 23t ;G:L:L_ry} 2
@A 2 32 Wk 9n| GPEP TXH

c

> gl & UHJE} ol 1d 3(b)°] %°§
o}u:] 29} F=AHo] BEF 01_41:4/\ By
7] W&ol 242 > 09 G AAY ALFSF 4
@7 Age= 41:]61;}

ol&l W2 Aysle] 18 49 EAEITE 18 4(a)st
4by= A7 q=ken st g= ky/nel A5l sgahe, 2t
AAlo] EAsh=s B2 Ao e g, > 05 VIR
s v e it FH e A9d vt 7 49 3
A gl siFed Aoe BAE 55 ARES A (4)
g, I 499 APole EFTE F4E A 2 3=

ol

Z+Z
10
Cos[6] _
1 0.5 0
o 6 2 4 6 8 1
_05\ 2 =05
-1 -10
() (b)

J8 2. 254 {cosd < PIN{0< P<1}9 99,
Fig. 2. Solution region for {cosf < P}N{0< P< 1}.

150

(2) (b)

J8 3. =2 {cosh < PIN{P<0}9 94
Fig. 3. Solution region for{cosf < P} N{P < 0}.

Laguerre M U™
Legendre 2 2

I'ransition

7 Tge

@ = kon () ¢=ko/n
18 4. 2gcEg A2 FIF5) A3 dnus
EEIER!
Fig. 4. Division of impedance space suitable for Legendre

and Laguerre asymptotic series.

=

747 ARET 2E 3 A GONA g = kgn?d 75
£ #=39) elevation angle°] 6 = cos™ '(P) Bt} & o,
A @E s A Q)2 A ARSI, g=ky/nd A
= “HQHY

g=kon: {(n,—1/32+n* > 4/9}n{n?+n? <1}
(15)
a=ko/n: 1t <1p{(n, 1) +0l <4} g

QAR tholobd TAPSE FHAE 4 f(o) %
33 =
=

% ohye Aol wR AEFS



AgstA Axbse A2 A
g stk dAE GHdME R

TE T8 IHERE f(g) 9 XA HEFrE LA
at7] A8l flg) o IAF AEdre] BlE R "ol g
< 37 =] = = = 3f(q) - @y
T2 gda dg E /F@~ )] Pl

n
ox n=0

Noa
(@)Y =2 A8 & 4 Utk B ol

ox o R

{
~

= T
2 JFHH gkyn EE ko/n)St FHHA FLE 3%
Lz

w;iq) [£g)  jkocoso+-- (a7
aJ;yq) /flg)  jkysing - (18)
%/ﬂq) — kycosp+-- (19)
%/(Qq)/ﬂq) —kisin®g+-- (20)

2°f(q) 2 .
ooy /f(q) kycos¢sing + 1)

=
2, FEE Aol 1A BEFFE ANE gl

(D~@DS 45T Fole] 208 4 5 Ark
V. AgdolM A4S

A ()& AME OE AR AE 4345 Hlalsty]
o}, ok o] EE TRolA Completer 7HH-A1QF F2% &
= Ao AR Ade oJvlst, Simple 971E]
TAFALE A AAE ouidint o] W, 19 45

EREES} R F T2 e Al
, 1A BEFFES A (17~ AHEskth 5
o’¢ 300 MHzE 7H4 3Tk
19 S YIR27F p=13+11%] HH 919 242

at

4 K
rr
=)

100 :
CompleteE)<
CompleteEy
Complete E,
2 SimpleEx |
% x SimpleEy
~ x  Simple E
= Far \
-50 i :
0 100 200 300
kp
@ | 7|
150 . .
|Complete - Simple] : | ......... ErrE
Err=————1° X
= |C0mplete| ——_ErrE
‘ ——ErE
100}
i
~ H
E Wb (L L L
TR W RN
I s
]‘I! i :"..'(v,‘]
PiFar ik :
oﬂ AL SR et
0 100 200 300

(b) gl 3}
(b) Relative error
J- 5. 24 2'=02, n=13+1.1j JHH2 HHA A com-
plete®} simple®] H]3
Fig. 5. Comparison of the complete and simple methods over
impedance plane of z+ z'=0.2, n=13+L.1j.

=0.2¢1 1AM Wdd 7 E(spiral path) = = ¢ cos(g),
y=¢sin(g) s Wt 2 ()S 7H-AIE T+ AT
TAPHO R At A3E wwsted Jerllay, 19
Sy FAAE A3E T2 A 9AE 2AY
9] A 2242 Yehlth, v o] E 9] WaFAlL |
=0.587+0.58y+0.582 & 7H3atth 4 (DA kst
ko/noll 3 SHHE Aol BF ALGHH, TIY 45
IO R BE A4 o EZEE 57 AHEHATH
I8 62 A7 9p=03+0.77/9) HH 9] 2+ 2
=039 YA FUT ARE upet A& AHE el

151



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 28, no. 2, Feb. 2017.

Complete E
Complete Ey
Complete E_
Simple E |
%\ x  Simple Ey
~ «  SimpleE
i \f
200 300
@ |7
150 . .
|Complete - Simple] : | ......... ErrE
Err=————1° X
|Complete| ——_ErrE
100 E ; |
< I :
© fr =0y
i :
I
50 :I
|1 5
hFar :
0 ANeo ,‘\_ :
0 100 200 300
kop

(b) “&eh 2}
(b) Relative error
J8 6. 2+ 2'=03, n=03+0.77} YA~ Hw
plete$} simple®] H]
Fig. 6. Comparison of complete and simple methods over im-
pedance plane of z+ 2'=0.3, 7=0.3+0.77].

&l A com-

ot 4 H& ol E QHEHUE 7MYt A R
AR l‘ﬂgi k noﬂ ek A
o o

upA| 2o 2, 1‘% & Fo7F 300 MHz o A v

A2 =0.1129+0.0008/< AH&atd ™ A
7197 s edel w 7irte] Autehs (e + 2
=0.1)% 7Stk $4 v tholE Shelyel oje A
AL Fd3 ARl diste] Axsrdx

)
i

O
o=
Iz}
e

, T o
B BE FHE, ky/ndl BE YR 2R 4

152

100

Complete E

Complete Ey

Complete E_

Simple E,

(dB)

x  Simple Ey

x  Simple E,

=0 200 300
kop
@ | 2]
60 T T
T |Complete - Simple| : | ......... ErE
S0H- |Complete| ——uBEHE
: — ErE
GO ot
.................... j _<0’0’1>v...
i
— !_'\. oL O .
100 200 300
kop

(b) o3t
(b) Relative error
T2l 7. z+ 2'=01, n=0.1129+0.0008) Y2 HHoA com-
plete} simple®] ¥
Fig. 7. Comparison of the complete and simple methods over
impedance plane of z+ 2"=0.1, 7=0.1129+0.0008.

9 Al 7HA] 73 AlEd ol Aol A HRol, At
< #A5H At oA E 4
(o] Bk 142 Aot nf§- Hge] A g,
2kl A AL AR = ko] EASAIRY, o] AX
o AZH] A 7MAY e AR 7]E]
oo 2o k8 717 wj ol 7}E 1Y 5o HEo),
E. = AAY F2 AEoZ A7t A ooy, E,
¢t E, = Complete$t Simple B+ 22 3k 2H7] wjo]
FAHE Gt AF Uk

ﬂﬂl



S50 2 9o H 919 toloby TRl BE £8A QA 2ATA 49 NF

2L
l-«O

ol
-

lo &
o %
5 &
o o
-
an o
N 2

>
=
ok =
Nortowe

lo > 0o x8

A

of &
2
i)
N

ofl m!

> om
o
38
£
=
i
[>
ri
>,
i
I
N
2

[ feS
>~
>,
ofo
ol
rg

o X
R
==
rg
Ho
2
o
™
1o
>
>,

o MY

References

[1] T. B. A. Senior, J. L. Volakis, Approximate Boundary
Conditions in Electromagnetics, Institution of Electrical
Engineers, London, 1995.

[2] K. Sarabandi, M. D. Casciato, and Il-Suek Koh, "Effi-
cient calculation of the field of a dipole radiating above
an impedance surface", IEEE Trans. Antennas Propag.,
vol. 50, no. 9, pp. 1222-1235, Sep. 2002a.

[3] L V. Lindell, E. Alanen, "Exact image theory for the so-
mmerfeld half-space problem, Part I: Vertical magnetic

20124 84: Qletth 3t A3t (35t
/\})

20143 8Y: It gt A&k} (38
A Ah

20149 9¥~&A: gy AAF s
% Hhaby

[ BIEON ARt S84

dipole", IEEE Trans. Antennas Propag., vol. AP-32, no.
2, pp. 126-133, Feb. 1984.

[4] 1. V. Lindell, E. Alanen, "Exact image theory for the
sommerfeld half-space problem, Part II: Vertical electric
dipole", IEEE Trans. Antennas Propag., vol. AP-32, no.
8, pp. 841-847, Aug. 1984.

[5]1 L V. Lindell, E. Alanen, "Exact image theory for the so-
mmerfeld half-space problem, Part II: General formu-
lation", IEEE Trans. Antennas Propag., vol. AP-32, no.
10, pp. 1027-1032, Oct. 1984.

[6] 1I-Suek Koh, Jong-Gwan Yook, "Exact cloased-form ex-
pression of a sommerfeld integral for the impedance
plane problem", I[EEE Trans. Antennas Propag., vol. 54,
no. 9, pp. 2568-2576, Sep. 2006.

[7] 1-Suek Koh, Yongshik Lee, "Complete closed-form ex-
pression of dyadic green's function and its far- and
near-field approximations for an impedance half-plane",
IEEE Trans. Antennas Propag., vol. 60, no. 8, pp. 3794-
3801, Aug. 2012.

[8] Thomas Meissner, Frank J. Wentz "The complex die-
lectric constant of pure and sea water from microwave
satellite observations", [EEE Trans. Geosci. Remote
Sensing, vol. 42, no. 9, pp. 1836-1849, Sep. 2004.

19929 29 AA ey ARt (¥
shah)

1994 29 At ARt (&
sHA A

19969 49: LGHA A4

20041 39~2010 3¢€: st A
HEAYSS w5

2010 48 ~&AA: sth ety AApstad w

[+ Z+AZO0} Theoretical Electromagnetics, Numerical Analysis,
Wave Propagation through Complex Media

153



THE JOURNAL OF KOREAN INSTITUTE OF ELECTROMAGNETIC ENGINEERING AND SCIENCE. vol. 28, no. 2, Feb. 2017.

& 3 %
-
w,

.

199913 24: Q3 &ty EEF3ta A7
AFS (A

2004 29 Purdue University & 53-8}
Geomatics (—‘—&H}A})

2005'd ~2009': 1St Skl HpARFA S
o

20093 ~2010d: SKC&C

20104 99 ~3A: LIGYAYJ(F) dolyath A7

T

154

(7 HAEO0H doly A2 A

1 Geomatics

[

NN
Ol l°]

19991 39: A AR (F
SHA AL

2007 3¢ Ay AR (F
BRI

2010 119: =gatd A A+

20103 12€~3A): LIGH2Y(F) @0l
Hadfs a1y

o As A, HEAY T



