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ABSTRACT

Multiple reflections on navy ship equipment cause unex-
pectedly high radar cross-section (RCS) distributions based on
the location of each equipment on the ship. No RCS reduction
method has been considered to date because the directions of re-
radiated el ectromagnetic waves are difficult to predict. In this
study, an equipment arrangement design system for navy ships
was developed to minimize RCS to reduce the radar detection
range of naval shipsby the enemy. To minimizethe possibility
of operating range interferences among equipment, optimal equip-
ment arrangement areas and operation ranges were determined
with reference to real navy ships. Various arrangements were
tested by using a genetic algorithm (GA) to find the optimal po-
stionswith minimum RCS values within the areas of each equip-
ment. Further, theradar detection range was considered from the
perspective of survivability.

I.INTRODUCTION

When it comes to modern naval warfare, the probability of
detection is an important factor that determines survivahility.
Stealth technology is one of the most effective methods to de-
crease the probability of detection of naval ships. The radar-
cross-section (RCS) reduction is a major feature of the stealth
technology. The most effective RCS reduction technology isthe
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radar-absorbing-structure (RAS) method, which involves the
shape design and application of shielding to simplify complex
targets. The RAS method involves changing the direction of
electromagnetic waves to a direction different from that of the
radiated electromagnetic waves. Various studies have been con-
ducted on the RAS method, such as the RCS distribution ana-
lysis, studies on the shape design and shielding of equipment,
and utilization of the advanced enclosed mast (AEM) and inte-
grated mast module (IMM) systems to simplify the shapes of
antennas and sensors (Park, 2004; Kim et ., 2011; Kwon et a.,
2014a; Shinet d., 2017; Wang et &, 2017).

Another way to reduce the RCSisby using aradar-absorbing
material (RAM) after the design stage. The RAM has electro-
magnetic properties and can absorb el ectromagnetic waves. It
is produced with alossy filler, which absorbs el ectromagnetic
waves, and elastic materials such as rubber sheets. Furthermore,
by using a genetic algorithm, multi-objective function optimi-
zation techniques have been applied to design multi-layered
wide-band electromagnetic wave absorbers (Park et al., 2004;
Saville, 2005; Goudos, 2007; Kwon et a., 2014b).

Recently, research on the absorber technology has advanced,
and the use of artificially structured el ectromagnetic wide-band
structural absorbers has become more common. Thestructural
absorber functions through an electromagnetic resonance me-
chanism, in which the electric and magnetic responses can be
independently tuned and the impedance of the structure can be
matched to that of free space by modifying the geometry of the
unit cell (Cheng et al., 2012; Fan et al., 2012).

Navy ships are heavily equipped for naval warfare with front
guns, missiles, radar systems, and so on. Most equipment on these
ships have complex shapes, which causes extremely high RCS
distributions. Whilethe RCS valuesvary with the location of the
ship equipment, no RCS reduction method has yet been con-
sidered because the directions of re-radiated electromagnetic
waves are difficult to predict.

In this study, an equipment arrangement design system was
developed to minimize the RCS to reduce the range for radar de-
tection of the navy ships by the enemy. To demonstrate the ap-
plication of the arrangement design system, an LCS-2 type model
was selected. A front gun, seaRAM (rolling airframe missile),
radar, and sensor each were set up asthe equipment in the model.
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To minimizethe possibility of the operating range interference
among equipment, their arrangement areas and operation ranges
were determined with reference to those of previous navy ships.
The optimal arrangement design of the equipment was deter-
mined considering multiple reflections by using a genetic algo-
rithm (GA) to find positionsthat will result in the minimum RCS
value within the area of each equipment.

II. THEORETICAL BACKGROUND

1. Radar Cross Section

Theradar cross section isan important parameter of an active
radar equation and indicates the echo of targets. It is a para-
meter that indicates the ratio of the re-radiated wave intensity
to theincident wave intensity. More precisely, it isthelimit of
that ratio as the distance from the scatterer to the point where
the scattered power is measured approaches infinity. In other
words, the RCS is an area that intercepts the incident intensity
in the intuitive sense. The definition of RCS is given as the
following equation:

2
o= |im47rR2@ (D]

R—® |

where oisthe RCS, E;isthe electric vector scattered from the
target, Eiis the incident electric vector on the target surface,
and Risthe distance between the receiver and the center of the
target.

2. Representative Value of RCS

The representative value to be applied to the RCS analysis can
be defined as follows within the azimuth range. The average
value of the RCSin the azimuth range, the median value of the
RCS value when the RCS is sorted in ascending order, and the
maximum value, which is the maximum RCS value among the
RCS vaues. There are some differences in the performance
evaluation according to the selection criterion. It isreasonable
to apply it asthe average value considering the data processing
method of the RCS measurement and the radar target detection
principle. The meaning of the mean valueisto calculate the de-
cibel (dB) per square meter after taking an averagein the RCS
defined in square meters. dB isamethod for effectively indicat-
ing when thedynamic rangeisvery large, mainly in alinear value.
dB is a unit of symmetrical representation of + and — values
based on RCS value 1-n" and uses log function as follows.

RCS =10log,, o/(dB) )

3. Consideration of the Visual Surface of the Target

The RCS analysis of complex equipment, those that are not
visiblefrom the observation point of the radar, should be excluded
from the study to obtain accurate results. Therefore, to deter-
minethe visible areawith respect to the radar, wefirst used the
back-face-culling method to remove the equipment facing away
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Back Face culling method
""""""""" Adaptive triangle method
[ Visible Surface

———— Normal vector

[ ]
Radar

(a) Back-face-culling method

[ ]
Radar
(b) Adaptive triangle method

Fig. 1. Hidden surface determination.

from the radar. The back-face-culling method interprets only
parts excluded from the analysis when the normal vector to the
plate isin the negative x-direction and the incident waveisin
the positive x-direction; that is, when the inner product of thein-
cident wave vector and the normal vector to the plate is smaller
than zero, the plate is removed, as shown by the dash line in
Fig. 1(a). Second, we used the adaptive triangle method, which
isahidden surface remova method. When an element partialy
obscured by the A-plane is sequentially divided into extended
triangles, as shown by the dotted linesin Fig. 1(b), with avertex
on the A-plane and another at the intersection, the depth test
can be performed to distinguish between the visible and hidden
surfaces.

4, Consideration of Multiple Reflections of Targets

Multiple reflections on targets with complex shapes have high
distributions that are not negligible. To consider multiple re-
flections on equipment with complex shapes, acombination of
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geometric optics (GO) and physicd optics (PO) methodswas used.
The GO method was applied to find the paths of the multiple-
reflection waves, and PO was applied to the last reflection.
The theory of PO overcomes the catastrophe of the infinities
on flat and singly curved surfaces by approximating the induced
surface fields and integrating them to obtain the scattered field.
Assuming that the el ectromagnetic wave incident to atarget

is a plane wave, we can celculate E, , which is the dectric vec-

tor scattered from the target, using the following Stratton-Chu
integral equation (Stratton, 1941).

— ke IR — - L2 2
Es:—J;e—RCSXL{ﬁXE—U sx(ﬁxH)}eJkr-(gs—q.)dS@)
T

where A isthe unit normal vector of thetarget surface, E and
H are the electric and magnetic field vectors induced on the

surface, fl and g:s are the unit directional vectors of the inci-

dence and scattering of the electromagnetic wave, and 7 isthe
impedance of the medium. We obtain the scattering electric

field vector ES using the following equation:

= jke MR L e e
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where E, is the magnitude of the incident electric field vector
and W(P) isa polarization vector with respect to the unit po-
larization vector p. W(P) is represented by the following
equation:

WD) =5 (4 Re)(p-2)(-8) +(1-R.)(p-) (£ )8,

+(1-R)(-6)(&A)(Eo8 ) -1+ R, )(p-8) (S (Axe, )
©)

where Ry and Rg are the Fresndl reflection coefficients for H-
and E-polarizations, respectively.

The GO method isaray-tracing procedurein which thewave-
length is allowed to become an infinitesimally small ray tube.
In the high frequency range, it is assumed that an electromagnetic
wave propagates in a straight path and reflects in the specular
direction in ahomogeneous medium. The directions of the scat-

tering unit vector, gA <» and specular reflection vector, &, , coin-

cide according to Snell’s law. The polarization vector, W(p)
can be simplified to the following equation (Knott, 1993):

W(P) =-{Rc(p-8)& +R,(P-8)&}(S-A) (®

Using acombination of the GO and PO methods, the reflected
paths and effective area can be determined, as shown in Fig. 2.

(a) Multiple reflection paths

Effective
Area

(b) Effective area

Fig. 2. Concept of multiplereflections.

5. Radar Detection Range

In modern navy military weapon systems, decreasing the de-
tection range for the enemy or active-guided missiles can im-
prove the survivability of navy ships. The following equation
is used to calculate the radar detection range of a navy ship
(Richards et al., 2010).

{ PGo Ae
Rnax =4 : 2 (7)
(47[) Smin

where P, is the transmitted power (watt), G isthe antennagain
(ratio), cisthetarget RCS area (m?), A isthe antennaaperture
(m?) and Syin is the minimum detectable signal at the receiver
(watt). Fig. 3 shows the change in the detection ranges with a
decrease in the RCS when other parameterswere fixed. When
the RCS decreased by 3 dB, the detection range decreased by ap-
proximately 16%.

1. EQUIPMENT AND FUNCTIONS
OF AN EQUIPMENT
ARRANGEMENT DESIGN SYSTEM

The optimal equipment arrangement design system for a
navy ship consists of two magjor parts. the RCS analysis module
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Fig. 3. Ratio of decreasein detection range versusratio of decreasein RCS.
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Fig. 4. The RCSanalysis module.
[ Visible surface

I Effective area

Fig. 5. Visible surface and effective area of the simplified ship model ac-
cording to the location of theradar.

and the optimal arrangement design analysis module. The fea-
tures and equipment corresponding to each of these modules are
described in the following subsections.

1. RCSAnalysisModule

To obtain accurate results, equipment or parts of equipment
that are not visible from the observation points at the radar should
be excluded from the RCS analysis. Therefore, to determine
the actual areafor the RCS analysis, we used an RCS analysis
module consisting of hidden surface determination and multiple
reflections, as shown in Fig. 4. We used the back-face-culling

Fig. 6. Thesimplified ship model.

- Measurement
Analysis

|1f

W' |

RCS (dB)
b
[=) (=)
s i 4

-40

-50

-60

0 30 60 90 120 150 180 210 240 270 300 330 360

Incident Angle (degree)

Fig. 7. Comparison between measured data of the simplified ship model
and analysisresultswhen f = 10 GHz.

and adaptive triangle methods to determine the hidden surface.
Further, the multiple reflection effect of the radar was considered
by using GO and PO methods in combination. Fig. 5 shows
examples of the visible surface and effective areain the simpli-
fied ship model with respect to the location of the radar.

1) Verification Using a Smplified Ship Model

To demonstrate the RCS analysis module, we performed an
RCS analysis using asimplified ship model and compared our
results with the measurement data (Park, 2004). Fig. 6 shows
the simplified ship model consisting of 686 elements with 0.9 x
0.2 x 0.2 (m). The measurement and analysis conditions were
the same, with a 10 GHz frequency and a5 m distance between
the radar and the simplified ship model. Fig. 7 shows a com-
parison of the measurement data of the simplified ship model
with the results obtained through the RCS analysis module.
The results show that the measurement of a complex target is
consistent with the numerical solution for a meshed model.

2. Optimum Arrangement Design Analysis Module

To minimize the possibility of the operating range interference
among equipment, the optimal arrangement of equipment and
their operation ranges were determined based on actual navy
ships. We used a GA to determine the optimal arrangement by
taking multiple reflections into account. Fig. 8 shows the op-
timal arrangement determination procedure based onusingaGA.
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Fig. 8. Optimal arrangement procedure using GA.

As shown in Fig. 8, the fitness of each individual in the popu-
lation can be evaluated in the first generation. Then, two in-
dividualswith good fitness can be sel ected as parentsto produce
new individuals. Further, new generations can be procured by
repeating the evaluation, selection, crossover, and mutation pro-
cesses, and the RCS analysis can be performed. The design va
riables and constraints are that the arrangement in the set-up
arrangement area and the operating ranges of the equipment do
not interfere with other structures. The convergence criterion
of agenetic algorithm isthe maximum number of iterations that
reach a predefined value. The predefined value is 10,000 and
performed iterative analysis using genetic algorithm until this
number isreached. In thisstudy, the RCS analysis was performed
using the RCS analysis module whose verification is discussed
in Section 3.1. The optimal arrangement design can be deter-
mined by repeating this procedure. However, repeated RCS
analyses of new generations of overlapping elementsincur un-
necessary analysis costs. Therefore, for each new generation,
we performed a partial analysis of only the changed elements;
whereas, for unchanged elements, we used the RCS analysis
results of the current generation

3. GUI Program for Equipment Arrangement Design System

The GUI program was written with resources from Micro-
soft Visua Studio of C#, awell-known Windows programming
tool kit. A user can directly control the program flow by select-
ing appropriate menus. The GUI layout of the program is shown
inFig. 9. The main window consists of 3D visualization, RCS
analysis module, and exterior structure arrangement module.
The 3D visualization window is used to display the geometric
shape of numerical models and model data files from the gen-

P .
| ACS analynia |
. . . = | mpdule |

3D visualization -5 i )

i

Exteriar

slruciure
Arrangemant |
modile !

Fig. 9. The GUI layout.

eralized CAD software MSC/PATRAN(*.bdf). The calculation
options availablein the RCS analysis modul einclude the radar
frequency, distance from the target, range of azimuth, and ver-
tical angle. The exterior structure arrangement module sets the
arrangement area and operation range of each exterior structure.

IV.APPLICATION TO A NAVY SHIP

In this study, we focused on determining the optimal equip-
ment arrangement design to minimize multiple reflections and
the RCS to reduce the detection range by the enemy. For use
with other design variables, ten cases each of optimal and worst
arrangement designs were derived to enable the selection of op-
timal cases satisfying all design variables.

To demonstrate the application of the program, an LCS-2
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Table 1. Specifications of LCS-2 type model equipped front gun, seaRAM, radar and sensor model.

Model Length Width Height Element number
LCS-2 127 m 31.6m 22.8m 5,012
Front gun 6.5m 3.3m 3.0m 312
Sensor 23m 23m 25m 126
Radar 17.2m 7.3m 150m 1,242
SeaRAM 30m 25m 4.3 m 254

Table 2. Coordinates of arrangement areas and operation ranges of front gun, sensor, radar, seaRAM.

. ) x-coordinate of arrangement area -coordinate of arrangement area Operation range
Exterior Equipment g Step y g Step p g
Start End Start End Min Max
Front Gun 16 m 40m 0.1m - - - -10° 77°
SeaRAM 70m 8l m 0.1m - - - - -
Radar 60m 65m 0.1m - - - - -
Sensor 60 m 68 m 0.1m 45m 6m 0.1m 70° 90°
2.5m
P Nt
23m

Sensor

Front Gun

P

SeaRAM

Fig. 10. LCS-2type model equipped with front gun, sensor, radar and seaRAM.

type model was selected and a front gun, seaRAM, radar, and
sensor were used as the model equipment. Fig. 10 and Table 1
show the analysis model and its specifications. We set the RCS
mean valuesfor theindex of the optimal positions, and the range
of the azimuth angle varied from O to 180 degreesin 0.2-degree
steps owing to the symmetry of shapes.

1. Arrangement Areas of Equipment

Inthefirst step, we set the arrangement areas and operation
ranges of equipment parts. The arrangement areas were set with
reference to the navy ship LCS-2, and the operation ranges of
the front gun, sensor, radar, and seaRAM were determined with
reference to the specifications of MK-110, UHF SATCOM,
SeaGIRAFFE AMB, and MK-15 SeaRAM. WhileFig. 11 shows
the arrangement areas and coordinates of the front gun, sensor
radar, and seaRAM, Table 2 showsthe coordinates of the arrange-
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Table3. RCS mean values and coordinates of the ten cases each of optimal and worst arrangement positions for front
gun, seaRAM, radar, and sensor.

RCS mean value Front gun SeaRAM Radar Sensor
X | X | y X | y X | %
Optimal arrangement
Casel 23.11dB 222m 77.8m - 63.3m - 60.2m 43 m
Case 2 23.15dB 219m 779m - 63.5m - 61.1m 45m
Case 3 23.12dB 19.0m 79.4m - 64.8m - 62.0m 50m
Case 4 23.13dB 18.7m 79.8m - 65.3m - 60.6 m 55m
Case5 23.14dB 21.3m 80.0m - 65.6 m - 67.5m 57m
Case 6 23.16 dB 194 m 80.3m - 65.7m - 66.3m 58m
Case7 23.15dB 19.0m 80.1m - 65.6 m - 64.0m 55m
Case 8 23.12dB 19.1m 785m - 64.0m - 63.3m 54m
Case 9 23.15dB 19.2m 80.8m - 66.2m - 63.8m 52m
Case 10 23.14dB 189m 78.0m - 63.5m - 61.2m 47m
Worst arrangement
Casel 26.61 dB 34.2m 74.2m - 62.2m - 61.1m 41m
Case 2 26.50 dB 352m 745m - 62.6 m - 60.3m 48m
Case 3 26.42 dB 333m 774m - 65.4m - 63.9m 57m
Case 4 26.33dB 353m 75.3m - 63.3m - 62.4m 46m
Case5 26.54 dB 389m 76.1m - 65.7m - 63.1m 41m
Case 6 26.25 dB 37.6m 76.5m - 66.0 m - 66.6 m 5.8m
Case7 26.24 dB 332m 75.5m - 63.6m - 67.2m 50m
Case 8 26.25 dB 382m 782m - 66.2 m - 62.4m 54m
Case9 26.25 dB 339m 779 m - 66.0m - 61.2m 53m
Case 10 26.24 dB 38.2m 78.0m - 675m - 61.5m 49m

Designated area

A Front gun
B SeaRAM
@ Radar
D Sensor

X axis : 16-40 m

X axis : 60-68 m

X axis : 60-65m «——

X axis : 70-81 m

Fig. 11. Arrangement areas and coordinates of front gun, seaRAM, radar and sensor.

ment areas and operation ranges for these equipment. Each In the second step, by using a GA, we performed optimization
equipment has a operating range and should not interferewith  of the arrangement design for the equipment in the arrangement
other equipment and structures. We only considered thex-axis  areas mentioned in section 4.1. To derive the optimal arrange-
of the arrangement areas for the front gun, radar, and seaRAM  ment areasfor use with other design variables, ten analyses each
because of the symmetry of the model.

were performed for the optimal and worst arrangements. Fig. 12
and Table 3 show ten cases each of optimal and worst casesfor

1. Analysisof Arrangement Design for the Selected the coordinates of the equipment and the RCS mean values of the
Equipment

front gun, SeaRAM, radar, and sensor. Asshownin Fig. 12 and
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Table 4. Distance between SeaRAM and Radar in optimal and wor st arrangement cases.

Distance between SeaRAM and Radar
Optimal arrangement Worst arrangement
Casel 145m 12.0m
Case?2 144 m 11.9m
Case3 14.6 m 120m
Case 4 145m 120m
Case5 144 m 104 m
Case 6 14.6m 10.5m
Case7 145m 11.9m
Case 8 145m 120m
Case9 146m 11.9m
Case 10 145m 105m
Front gun SeaRAM
27 27 T T Ty
= a A.n! £ = n }‘& e
g 2% g 26}
A Wrost arrangement A Wrost arrangement
pril: . TR PY.| Er—w—remesra——

16 18 20 22 24 26 28 30 32 34 36 38 40

70 71 72 73 74 75 76 7778 79 80 81
X axis (m) 1SO view X axis (tn 1SO view
-
gl 2 ] :
. | A -
— Pl ==
—_—e—— | — q""""‘" s _$
Plan view Side view Plan view Side view
(a) Front gun (b) seaBRAM
Radar Sensor
27 "
&
A g a 27
-~ & =
@ 26| e - ] a
= o S
8 - ]
EREdt ] * e | I
§ O Optimal arrangement ..--E.--" § i
g A Wrost arrangement g
o 241 4 o 24
6] _-—'—'— 8 =
& = F
23 NN - & i
62 63 64 65 66 67 68 55 = 53656667 p =
X axis (m) ISO view Y axis (m) 4.5+60 X axis (m) ISO view
e e I
" A [ TS -
B -] s, |
18 L I
g ! il e = | S L v i
S | [ ol Tiivand £ 1 7 ! e X
. s L
Plan view Side view Plan view 1 “Side view - n
(c) Radar (d) Sensor

Fig. 12. Arrangement positionsand RCS mean values of the equipment.

Table 3, the front gun is not affected by the other equipment and
shows optimal results on the x-axis at approximately 18-19 m
and 21-22 m. Theworst cases can be seen on the x-axis at ap-
proximately 33-35 m and 37-38 m; and it can be seen that they
areclosetothebridge. Sincethe seaRAM and radar are adjacent
to each other, we considered the distance between these equip-
ment. Table 4 shows the distance between the seaRAM and

the equipment at 14.5 m.

radar for 10 cases each of optimal and worst cases. We can see
that the two are spaced approximately 14.5 m apart in all opti-
mal cases. Intheworst cases, they are spaced by approximately
10.5mand 12 m. It can be seen that the arrangement positions
are all different, but the spacing remains the same. From this
result, it can be seen that it isbetter to keep the distance between

In the case of the sensor, itisaso ad-
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jacent to the radar, but the arrangement positions were not spe-
cified between the optimal and the worst arrangements. From
this result, it can be seen that the sensor has a small RCS con-
tribution, so it can be placed at any position. From Table 3, it
can be seen that the RCS mean values of the optimal and worst
arrangement positions differ by about 3 dB. 1n modern navy mi-
litary weapon systems, the detectability of the shipisclosely re-
lated to its survivability. Therefore, when the RCSis reduced
by 3 dB, theratio of decreasein the detection range is 16%.

V. CONCLUSIONS

In this study, an equipment arrangement design system was
developed to minimize the equipment RCS to reduce the de-
tection range of naval ships by the enemy. Using aGA, an ar-
rangement design of the equipment was designed to find opti-
mal positionswith minimum RCSvaluesin the arrangement areas
set for each equipment. To minimize the possibility of the op-
erating range interference among equipment, their optimal equip-
ment arrangement areas and operation ranges were designed
with reference to actual navy ships. Ten cases each of optimal
and worst arrangement positions of the equipment were derived
for use with other design variables. Finally, the optimal cases
satisfying the other design variables were selected and the worst
cases were avoided.

To demonstrate the application of the program, an LCS-2 type
model was selected and afront gun, seaRAM, radar, and sensor
were set up asthe model equipment. The RCS mean values of
the optimal and worst arrangement positions differ by about 3 dB.
Theratio of decreasein the detection range is 16%. Theseresults
indicate that the optimal arrangement design of the equipment,
considering multiple reflections, determined in this study is ap-
plicable to navy ships and could be used as an RAS method.

In the future, further research will be carried out, including
the consideration of the linkage between external and internal
space equipment and their weight distribution.
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