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ABSTRACT

A hybrid method based on high-frequency asymptotic optics was developed in order to
predict the RCS of flying vehicles for RCS reduction studies. In cavity return, the rays are
assumed to bounce from the inlet cavity based on the laws of geometrical optics and to
exit the cavity via the aperture. In other parts of a flying vehicle, the physical optics
method is applied to compute the back-scattered field from the solid surface. The hybrid
method was validated by considering simple models of sphere and sphere with cavity. In
addition, RCS analysis of a flying wvehicle was conducted using the new hybrid
electromagnetic scattering method based on physical optics and geometrical optics theories.

= =

&2 RCS #A AFE 8l nFae A 7IHE AAIS EFV1H 7HEY RCS
& I=E 7H%’3}9§E}. AAZIH o= HA7] Tt ’\}E}"ﬂ et aFuk 7PH £33
(Physical Optics)® 38 (Geometrical Optics)S ©]-&3Fth RCS AHet WlAY S s
U<l Cavity Return ﬁﬂra golsl7] 98] Inlet AP 7)atBeH e Aed9qx, 1 9
P92 EYFIHES A&t dF32E9 243_2“40 Assl7] Hsted F9o ol &)}
ZAFE vlwdY 3, Cavity?} £ Sphereol W3t Full Wave sf4jsle} Axghs
H| 2 3F A T U}Z]”Loi Hs A o] digk RCS s AF Ao &3t /E Z=9] 78
& FelstAoh

Key Words : Radar Cross Section(#d ¢t 322 3), Physical Optics(
Geometrical Optics(7]13}F33H4)

i
ACh
ofd
£
E%

.M B St 2" AFo FoAo] FdiEa o) v
A Z =) =

3 = 5 At
A2 F37] AA dolM AEAC dE & &3 FHOoRFHI IysEa 12 #ATE 3
Aol SHHUA HoZRE ofxe] AE 2#H  t ojd FHelA A oyl tis) gAY

=

KX
=

t Received : August 6, 2014 Revised : October 21, 2014  Accepted : October 23, 2014
** Corresponding author, E-mail : myong@gnu.ac.kr



%42 48 8 11 9 2014 11, PO-GO 9714 & o8-8 RCS 4= 7 959
(Susceptibility)[1]o] 7Ha® == (Stealth) 33 . 2 £
71+ #olt(Radar)®2 #FEH< Ao iz
s dFE g FES =04 Ao ; 5 =

S92 el We ol Aue) ge o HPMd RCS AHRS T
o, A #x7], SFEA7] @ S g 211 g4 7 Y FHE
GANAE LI BE GA 10011 sk gdeolel  EAl ™ H w3 A (Cartesian
2875 S TEHO=E v, F2 on]ofA Coordinate) olxe] ¥A I} HEAK(Scattering)
= e delddel 2AHA ¥ FE71Y = Fig 19 2ol AT & gtk
SH75S rstrl= o delrel 'A el A% dyozRE BAY 4 Pl A
e F¥= doly EAWAH(Radar  Cross 2] W= T/Oi w9 RCS aj ¢ H2 s
Section; RCS)& &°7] HOH MlRAG AR ce a9 guds =9 A9, 2A9 24
H3lE FAY, AATGE F53t= AlE(Radar 5 D475 A9 MEE Fig 29 2ol A}
Absorbing  Material; RAM) %2 FX(Radar

Absorbing Structure; RAS)E zj'%—g,—].o;] o] Fo] ]
i glew, gkAl Azpr)vh ko] HA-AbES

et =34 Wy E9g ol8% FE Y
271 deld THRH F22 AEaa Fo o
o wlesE BASY] fdNE FE A
THe 5 & AAAY, FF7) RCS SHL E
AR ANAZ B W e S Waw
dth £ o a8HoT RCS e IS 9

S A494 Aol
e EESEE:

=Y A=, Maxwell W
FHHez  FAse  CEM
(Computational Electro-Magnetics; CEM) 7|'H[8]
% 718438 (GO; Geometric Optics), &2]3%
H(PO; Physical Optics) &9 T3 FF ZAF
H S8 S| EAg,

RCS o& 712 AA AFget 133 34
oz i 4 qed, uFEd e A 7z

=9 A717F dAE AAgke] sbgel wlsl A

o2 F AF AHEo] rtesiH, E¥FEY ¥
718k38h 5ol %—i AbE-HT} 53 %ﬂ%“@r
H o2 T)ehgst e A 3ES FAdENeE
A 4 o] AAIZEe] HlmA FomZ H
PA| e} Zo] B3 A 7] RCS ALt &
2 Aoz FE HAzRV] ¥4 FF7]

RCS Aikol| AF&-H T,
2 dAFdAeE ZAME RCS 34 7oz d

2 A== POS GOE A E7I1HE )
Wkt 53] GO 7I1H#e] dAS F3 RCS

o Z 71dE = 27 Inlet aHE 7ot

4 Qe m=s AwsEn dsaoe
MATLABS o]&3ste] ZAd3s}$d a1, CAD Neutral

File2 oZ3= 4o £o]3F Eulow wWsls}
7] gl EEWS 0|88 L= AUHYALh
w3 mee JHYE WS Astel WA
o] o]&sfe} v, Tl E Cavity/} &
A &H= Sphereo| Wi$t Full Wave 3l143) 9} vl
st

5 Az FEAS A4 5 Ak

A 2 A e W weuE ;o9

W3k AFR] (Directional  Cosine) T3 o]
xAAT
7: zrtyytzz 1)
r=zu+yv+zw (2)
u=sind « cos¢
v=sinf « sing 3)

w = cosf

Scattering
Body

p(x',y',2")

Fig. 1. Far field scattering from an

arbitrary body

o Atmpel wa

LY DL LT TR,

Fig. 2. Incident wave



960 ANE - el - ARIE - o] 5 D A2 T B
— EXEZ_—%XE ©
A 7
T=onx H=-2hx (E 0 b) e

=2n = Z n i i od)e )
ESZ J eﬂﬂ‘[ﬁx A)]\[/ h+g dS (8

21 4

14
o 7] A,

Fig. 3. Local coordinate systems

oJw)gtt}. Monostatic SHEIUS] H$ HAA}7] 2]
78 #3174 0,9 ¢ RSP FF 2
T 0, oo IXgTh

el gty A4S el BAENL 44W 4
AAZ FAsA T e HeE 93 Fig. 33
o] AR} xﬂ,] HANE S N2 2202 3=
A HZ3A 27,y E TYsta o] HRAZ
o] Hx¥ W3S F3sle] Electric Field AAHS
Ty 3HA "t
2.1.2 Physical Optics Approximation

Ex9] Magnetic Volume Current’} §Ithal
7Hgshd YR ZHEE ] YA Al (Incident  Electric
Field) £ 2 EAZHFEQ A4FgEH A (Scattered

Electric Field) Es% t}e-3} o] AHoj= )

*>~>

' )

—

E ( 6}9+ o¢)

— —jkZ, =
E(r,0,0) =4jTroe‘f’W f JeMds 5)
A

o17]1A,

g=r1r o ;:x'u+y’v+z’w

rr

¥ WA F(Electric Surface Current), k= I}

(Wave Number)E YEFH 27/X (A& 33)

goldt. =

A AP E I e = A2 A
o

off 1o Hﬂ 4y
e

=2

>

|

>

o

ok o
rr rﬁi
(o3
5
2 L
o
e r

7}
£ ALk

RANTS
y

G)& E
71 934 = Electric Volume Current =
Aafof gttt o]& Axstr] 9fs WRARE R
AF7F SAstaL (Zz 20X ? E% AA}
ZHAD), 7R FHME  Current7} EA)3}HA]
et sgstAanh 2899 A Pla,y,.z,)
st A= ot o] xHET

S

ol
-

nm o
.I_/
of

e

YA u, v, w,e YEFIARRICIT E3 o] F
= A=A (Perfectly Electric  Conductor;
PEC)ol| slg =™, dA 37 A A¢ &3
A o & AHd=Z QJ8 dd=Aey 7HEE
T ok

el A=&S 7Hx
Conductive, Impedance Surfaced] 7]'d-&
3} Electric Surface Currents X He AAX

Ao ziY

E Ao sl Resistive,
= o]
=%

— 1 ~ ~ —

J=— 7 (nx E) ©)

J=nx (i~ 1) (10)
o} o] HoHrh oM, RE FWEAZOZ

R =0 ol SA=A7 "ot a28jar JARA
(Incident Electric Field) ti®] AFeHZd Al (Reflected
Field)®} F3ZA|(Transmitted Field)e] ¥IE 7}
Z} HEAMA 9= (Reflection Coefficient) 2} T3} A4~
Coefficient)2 A <oJstal, o]
Plane of Incidencedl] 38+ A& 3} HH3P3+
TOoE FEIH e Zo] MAE AHYE
AT

(Transmission

4 ox

— S
E=(0E y+0E, )e ™
— . ’ T (11)

E= (GTH E;.(‘)—I—QSTLE;,@‘)e

Ty =141 (12)



242 & 11 9K 2014, 11. PO-GO 9A71H& o] &e RCS sz 7 961
222(%’£//+J;/z}//)ejkh (13) Ape?fﬁ:’e
A7 2, y'E A T2 ZEANMY x y
W G HE ov|gin
2l (11), (12)9 =A1ES (9), (1008 ZAAxA
E3 A3t &9 Surface Currente] z+ W3k
e ofef 2 o] xHEHAT
;. gcos¢> El sing ”
l r, OZO I |cosf .
B E;€SH1¢ E; 4 coso r . Fig. 4. SBR incident rays and exit aperture
= ry - 7 ' | cosf
0
(14) . .
o= _ZoCOS9 2.1.4 Scattered Field Calculation
| 2R+ Zposh ARAAE T AL ol ARAE
—4 AlLtaloF gkt

2RSC059” + 4

2.1.3 Geometrical Optics Approximation

Shooting and Bouncing Rays (SBR) 7]
Ray Tracing®l 7|2 3™, Cavitye} #2o] &
FZte] ti$k Scattered Field #S AT
o 7|EXSE Rayst 33 Targetdl tal
7IEe®  YJARSHA Ha
ApertureEs 7|F2 2 FZHH RaysES FAH3A
Physical Optics Approximation®} -2 W o=
Al Arsk A A TH9-11].

PAMFE Rays®] €3 ¥E AAE Fd 7bsst

Incident Plane$

3, 278NN P=pp yp )%t EEE
D=(sx, sy, sz)= 3 €.

1t) = P+t5,t >0 (16)
ol 714,

s, = —sind,cosg,

s, -~ —sind;sing, 17)

s, - —cosb,

Geometrical optics 71" =LAl Ray Tracing

7 Amplitude Tracking®2 Y& F 3JoH,
Amplitude Tracking < 231 Reflection
Coefficient®} Divergence FactorE oFzf e} o]

39T 5 Ak

e —

Eo=(DF), « (T), » ¢ /0 . (18)

3

[(:\//Aejk(h]+g)d5 (19)

o] AR 3A YurH O Z Exact SolutionS

T 4 gl7] wiEel Bldy XU (Taylor Series
Expansion)S Al=&d oS3 o] T 4
.
1 1—-p .
L= / f " dpdg (20)
070
1714
D,(p.q) = Dyp+ D+ D,
Dp:k[(xl xd)u+(91_y3)v+(21—23)w]
D =k[( - _ (21)
q [332 x3)u+(y2 y3)v+(z2 Zs)w]
DOZk[ 3u+y3v+23w]

Fig. 53 o] 4ztgog %A
)0l skl AR (2, v, z,)
H3 9 nge Oeé\_(tl]—}\
QEE dAR WHHEHY

Fig. 5. Coordinate systems



i R i 72 T e B

rl m

J— 2A6JDU

e B 1] @

X - _

p(p,-D,) D,(D,~D) DD,

o714 AE Zzte] WAL Yehdith
A (2% Adse #4A |p) D] Fe
|Dq_D| b oS 2 BH(F, BRI 00 77t
9 A A9 ARe Sold(Singularity)el] WA
H]—)\]-o]-ﬂq- Z,: ]Z—l ,ﬁ_ ]. ]—/ng‘g— pj,E' O] l_:‘O]'X]

. old A9E BASI] S8 e 2L
Aol el 27t e A Hea.

= 1

Case 1) |D|< L, °l2 D=L, ¥ 7%

246
I =—
— WD, D }
>< - q —
ngo ] { n+1+e G(n, Dq)
Case 2) [DJ< L, °li |D|<L, ¥ ABF
in ,] ( D )m
= 0 — P Z 9 24
=24e nzlng]o m+n+2) (24)
Case 3) |D|= L, ©1a [DJ<L, & A%

(jD)" Gln+1,—D,)

iDy D\
— 24" 25
[ =24e"e nz::() n! n+1 25)
Case 4) [D|> L, ,|D|=1L, o°lx
|D(1 _Dp|< Lt ?:—] 73%
[ B 2Ae]l)0
LA 26)
- T T

o714 L,= Taylor Series Region®| Zo]o|H,

FAH ORE WAREE FRH AL e A

Asfor st E 03?01]}\-]‘_ 0059 Z+e o] &3t
Aok B4 Ge T3t ol Feldw
1
G’ , — n ,jwsd
(n w) fos e S (27)

=3 22 Recursive AlMHS T3l & &

o},

e —nGln—1,w)

G(nw) = w n=>1
eju:_l (28)
Jw
215 si4=2= GUI T4
dejel e 7Hd EA9] RCS SHES s
MATLABS o] &3} RCS CIES] =
GNUPOGOE 7NE3lATH12,13]. A9 3 gl

sl RCSE siAstaat & 3¢ CAD Aol 7
dE Al AAE Ak, 74 Axpe] HAH
ik AR, Azre] R g Aol WA E W
& Arng ¥FF Fgz Hgst= AYol RCS
A Aol daeojof gt B AFddAMe I
7] A dE] AHEEE CATIA RdS 283
T A= AA= AAsH7] S8 CATIA We| 4
2} 7155 %] “Analysis & Simulation” Module
9] “Advanced Meshing Tools” & ©]-&3}%th
Figure 63 %ol RCS #4S A% A
(Pre-Processor)= GNUPOGO”} RCSE AA4kgt
T AESE A #HHo} ARE TGS HA
H ARE @ gtA 7Aske Aot By

AE X3 FFVe AHA Zzafgoe=
CATIAZ} F2 AF&-%7] wjFo CATIA 2d&

o] &3ty AAE XA Neutral Formatl &

Helsle  AxzE AT EIE A"
Neutral Formate] Ax} A HE GNUPOGO7} %
o]_l:é_c:)_:_ll _/r: o]‘— z‘sﬂ/\loi tﬂﬂ—gﬂi: }:E‘ﬂ'
(Fortran) ZZ2 138 =2 T30

Figure 7+ RCSE AA ALFst= SolverZ A

UM A HAAZE AW AANGrid) FEE
glo] AMFE FAEA HH, doJe uxZ

4 N

Pre-Processor Session

CATIA Model Input

-
N

N

Grid Generation

< [ o

£

Neutral Format Output

Format Conversion Using
Developed Code

Fig. 6. Pre—processing for the RCS
calculation



42 & 11 9%, 2014, 11. PO-GO 9A71H& o] &¢ RCS sz 7 963

User Input for Analysis
NE

Read Grid Information

| |
| |
2 5 PEC
_‘ Theta Survey H Solver |
LV -
— —

‘ RCS Calculation using PO Code

Ground Plane XY?

Rel. Permittivity
Phi Survey
luminate No
Surface Roughn
Portion? co Rodghnsss
Yes Correlation Dist () o
1
‘ Get Directional Cosines ‘ SReRDeT | o
N
l Transform to Local Coordinates ‘ = | e ‘ e |
LW
‘ Calculate Reflection Coefficients ‘
| Galculate Surface Currarit \ Fig. 9. Physical optics calculation GUI
LV
‘ Back to Global Coordinates ‘ CALCUATENONGSTATIRES -—— ) e
‘ LV ] RCS Calculation using SBR Code

Calculate Scattered Field

| Ground Plane XY?

LIPEC
e — =
Plot & Record Rel. Permittivity 4

Fig. 7. Flow chart for the RCS calculation

Surface Roughness Thata (02
o
P oo iy Correlaion Dist{): o -
‘Stendard Dev. )

0

|

GNUPOGO
Version 1.0

Print ‘ Close ‘ Help |

te a new target geometry by loading

ipes or combining models

Fig. 10. Hybrid PO-GO calculation GUI

Compute the radar cross section
using Phisical Optics and Ray Tracing.

n, CAD file import - export
se management

Fig. 8. GUI main screen

(Elevation, Theta)oll tj3te] ¥$]ZH(Azimuth,
Phi)S W3A7|HA ALks Fadgth. CATIA
Bulk DataZ #7% Neutral Format Datag :
GNUPOGO7} iolsole 2 wAgsFe W .
B zZzads FANAT. HIZzade
GNUPOGO7} o881 2 % 7ol #dg 44 Fig. 11. RCS example
3 =d o]& ints.m .mo]|t},
Pz?r]usj% 2/[esh]9f] %LPO;—I; ;3 J%Jroﬂ Ntcl;if}s ?é]j} f——‘i ‘BH*#L‘;_‘ Hybrid PO-GO 71¥¢] RCS 34
¥ ARE 93 9lon, Nodesme 7 73;(} Sy o] 7535t _ ~
(Cell)e] WE9} 71 AxE FAHIE A e = Figures 9, 102 RCS _’3115.% 218 Input w7
AH WMz ARE g3 ok ‘ﬁ/ﬂﬂihﬂ,] papo 78S UER Aotk 27] Fubeh w7, u
eEE WA A WY AXAYE PHog =4 SOl AdEAR.
BRI L2 Folste] A3} GNUPOGO7} RCS 8l 4& F&3etH Fig. 113
Figure 8& MATLABSZ 7A4¥ GNUPOGO  #°l A AR, sjAdze] tigh X-Y Plot 3
9] Graphic User Interface®] w|Q13}H-S YeRd Polar Plot& A&ttt ZA)d 2RE Aggke
Zlolt}. Pofacetm T E1¥[14]¢] GUI Z 213 dBsm ©9l2 AAE 7] wiEo Ere A HE
& Jmez TASGoH, 249 PO R GO 2 ARTFAH] b5l




964 A0S -

i R i 72 T e B

n m

MRS

0 100 200 300

Fig. 12. Grids and RCS for the sphere

22 (&3 E HZT = RCS a4y
221 PO 7|1 #ZE
2.2.1.1 7+& & (Sphere) A

7o AS FHFe] Zolo] HlE| wAFo] F
Aol ofel A7 o] 7o = "y
ot E AL F dHA Ytk

RCS(m?) = 7d? (29)

A} Fofl 2 RCS Agx WstE &1st7] 9

skl 7o A 5 W3} Al71WA RCS FolE
A8t TE ¢4 1FFd el 10 GHzo F3
FU 3% SAHsE T RCS ALto] Ths g,
B4 1m o] AS sAd AxE 497 dBsm
°|t}. Fig. 12+ PO ZE ZAE HAFEH, 4

2} 4l ”3’40101 J—éjw aAdafel Aol U

2212 Il ctH (Wing Section) si4

F=7Zo] 1m, NACA0012 01101 d INEA
“H FA4E 3 PO Z=E HFS FIstAh
ASES 98 "ol % RCS oH*%ﬂ AHEE = 3
4 PO ZEI%<2 RadBase[15]Z ©]-&3IAtt.
Fig. 137} o] GNUPOGO<S] A3y} RadBase
o Axgke] AL IAFTS ¢ F U
2.2.1.3 Bt HIEH &4

cq ® 2 maA Y
#A%E Y89k 10GHz 153 J9u)
H 90°, %7} 360° GGl 1° 7+
53 Eﬂ‘i‘v} Fig. 149} o] W 150° ¥}
2ol 5dBsm BEe Z&F Hol7t u

o 2 o
e

Fig. 13. Grids and RCS for the wing

2 L i T B
=
il
Fol .
180 it |4
/ " it I
/ A .
p? e
P ally r;"‘“‘
" S | S T :3
a2 a"-'%.—u-aoﬁm-wan-én-m i
Y ol . ol
AR
AR
i !,-:!%-. sl J,;a%*
T |l
w1 on W
i |
20']'
s e i " %00
- m
PCcode

section

Fig. 14. Grids and RCS for an aircraft

Eoy, oiRE
o 53t
222 GO 7| 4
2.2.2.1 9 E(Plate) sl A
GO 71 As<
RCS &4l (Vertical

Maximum Dimension 0.25)&%
Cavity®] zlo|7} v & 739,

Gl

Polarization, 6

312 &k A TH10].

TYg RCS AHE

3l PEC ¥ 32| Monostatic

GHz,

GO 71®el ¢



W42 4 11 %K 2014, 1L PO-GO 7M€ o4& RCS Has 7w 965
20 40
- —— PO Method I ‘ T Z’C\)YMethed
] -—— GO Method * W% fd/ﬂ& ,
;- TN
é -10 % 10 5 T
% ol 5 ¥
o
-30 i o H
-40 i
0 E = o 10 20 30 40 50

0 10 20 30 40 50

Azimuth Angle(Degree)

Fig. 15. RCS of the plate

St Adl= PO 7|He ZAael AT Aoz 7}

gatAdct # jﬂroﬂ ek RCS sfAsl= ofefe] A
(B0)e.2 FH A (4=27/))
2,2
o(plate,m?) = 47T:\l2b
sin(aksinfcos¢) sin(bksinfsing) \* (30)
aksinfcos¢ bk sinfsing
x (cosf)?
PO A= siHalet A9 T4 Ae=Z Yeist
om, g <3 GO ARgE A A EA
t}. Fig. 155 T35 544 30°9 Aol A9

st RE Gl 7ﬂ4+7} dAetal Yes B
o FTh.
2.2.2.2 Cavity il 4

g golo] wE Rectangular Cavityd] Zl°],
7t2, A2 Zolg ZEste GO 7IWel gt
RCS si4S FdstAT11]. 7t=, A= 2o
= 3ol Zb 108, 389l B9 S F
35l al, Cavityo] zlole= g2 o] o] 308, ol
9 H@'Q TPt A ot

Figures 16, 17 ZA#}o|4 HX©| Rectangular
Cavity 3] 2% & A7 siaafiet A o

—e— RAY
<0 GO Method

& f
iV
. \f ¥

RCS(dBsm)
8

_——4%’
'“—‘—-3—0.\

o 10 20 30 40 50
Theta(Degree)

Fig. 16. RCS at 10A by 10A at 30\ depth
(Theta=0°)

Theta(Degree)

Fig. 17. RCS at 3A by 3\ at 9\ depth
(Phi=0°)
e
Theta®} Phigto =
Abgt Ao eSS &
223 PO-GO 7| H#Z
PO-GO 7= Z&3F RCS a4
st7] fal dYeo] FEAFES A AT}. Fig. 18
Z Zo] PO 997 GO 94499 T3HE 4TS
g13ty] 9l Wb 1mel AW VI, A=
Aol 0.6m, Zo] 1m¢<! Rectangular Cavity s AY
AstE T A AES Y3 Method of Moment
(MOM) 71¥H A&==23Q FEKOSt Z3E H
A A=
Figure 19 MOM 7|9 FX|3)¢} PO-GO
371 AAgS vlnd azolth 0%l A
80°7kA1 9] PO-GO Z¥gke] MOM 3¢t A
AFES Bd 4 itk mE 80° o] PO )

A

Fig. 18. Sphere with cavity

Table 1. Initial conditions
Radar Type Monostatic Radar
Frequency 10GHz
Polarization HH-Polarization
Azimuth PO 0° ~ 180° (Step 1°)
Angle GO 0° ~ 80° (Step 1°)
Elevation Angle 0°
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