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ABSTRACT We study the radar cross section (RCS) property of an aircraft considering the electromag-
netic (EM) characteristics of a frequency selective surface (FSS) radome, mounted on the aircraft. Instead
of full-wave methods, we utilize high-frequency methods, such as the shooting and bouncing rays (SBR),
physical theory of diffraction (PTD), and flat model, taking a significant computational efficiency. Based on
the developed algorithm, we analyze monostatic and bistatic RCSs of the aircraft equipped with either single-
and multi-layer dielectric, FSS, or PEC radomes in terms of frequency and polarization. Our calculations
are validated by comparing with those of the commercial EM simulator with significant computational
efficiency. The present numerical study indicates that including the radome EM characteristics into the
overall aircraft RCS study is crucial for the accurate RCS estimate

INDEX TERMS Frequency selective surface (FSS), FSS radome, radar cross section (RCS), shooting and
bouncing rays (SBR), physical theory of diffraction (PTD), flat model.

I. INTRODUCTION

Rapid technological advances in radar systems have made it
possible to detect the appearance of enemy aircraft early with
a higher probability in real time. Conversely, the viability
of friendly aircraft is increasingly threatened [1]. Therefore,
modern aircraft designs require a much smaller radar cross-
section (RCS), which indicates how well radar can detect an
object to better evade radar detection [3]-[5].

Current electromagnetic (EM) stealth technology is
primarily focused on developing these RCS reduction capa-
bilities. During this stealth-oriented design, it is important to
evaluate and predict the RCS characteristics of the designed
aircraft. [1], [2]. Analytical formulations are often limited
to calculating scattered EM fields in objects of arbitrary
geometric complexity, and there must be an accurate, reliable
and fast computational electromagnetic (CEM) algorithm
for RCS estimation. Some previous studies have evalu-
ated the RCS of aircraft using the full-wave method such
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as finite differential time domain (FDTD) [6], method of
moments (MoM) [7]-[10] and multi-level fast multi-pole
method (MLFMM) [11]-[15]. Full-wave EM analysis can
yield very accurate results, but it is computationally expen-
sive and may present some minor issues when dealing with
electrically large structures. In particular, differential equa-
tion solvers such as FDTD and finite element methods (FEM)
must implement costly volumetric discretization for both
absorption boundary conditions (e.g. perfectly matched lay-
ers) and scatterers and surrounding space. In addition, integral
equation solvers requires the costly inversion of full matri-
ces and preconditioners to treat the ill-conditioning issue.
Alternatively, high-frequency technology based on the shoot-
ing and bouncing rays (SBR) can be utilized to evaluate
an aircraft’s RCS much more efficiently. Several previous
studies successfully showed the aircraft RCS study using
the high-frequency methods [15]-[22]. The SBR method was
used to analyze the RCS of various aircrafts including scale
down models [15]-[17] and full-scale models [16]-[19],
which were assumed as a perfect electric conductor (PEC).
In addition, the RCS of aircrafts full- [20] and partially
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coated [21], [22] with radar absorbing materials (RAM) was
evaluated using the SBR method.

However, most previous work on the RCS of aircraft
assumed a fuselage-mounted radome as a PEC. These naive
assumptions fail to capture the effects of modern radomes
on an aircraft’s overall RCS performance, which can lead
to significant deviations between numerical calculations and
measured data. For example, recent studies have shown that
the use of multi-layered dielectric or frequency selective sur-
face (FSS) radomes could achieve the considerable reduction
of the RCS, caused by the antenna mounted on the front
of the fuselage [23]-[29], instead of using a single-layered
dielectric radome. This indicates that explicit consideration of
the EM characteristics of the radome is essential for an accu-
rate evaluation of the aircraft RCS properties. A recent study
performed RCS analysis of a hemispherical FSS radome
mounted on a simple circular cylinder [28], [29], but RCS
studies of aircraft with complex radome structures have not
yet been performed.

In this paper, the RCS of an aircraft equipped with a tangen-
tial FSS radome, which is a curved hash-shaped slot FSS unit
cell built into a multi-layered radome, was analyzed. Using
a hybrid approach using both full-wave and high-frequency
methods, we utilize the flat model and SBR method [27],
[30] to describe the scattered EM fields inside the aircraft
based on ray physics. Furthermore, we consider diffraction
fields generated at edges of the aircraft via physical theory of
diffraction (PTD) [1] to improve the accuracy of the present
method. Meanwhile, the transmission and reflection behav-
iors of the inserted FSS layer at given incident angles for
parallel and perpendicular polarization are extracted using a
commercial full-wave EM solver (ANSYS HFSS [31]). It is
then incorporated into the planar model for subsequent use of
the high-frequency method.

The first two calculations are the monostatic RCS of a
single-layer dielectric radome mounted on a PEC disk and
a multi-layer dielectric radome mounted on a missile. The
results are compared with those of a commercial EM solver
(Microwave Studio (MWS) of CST) [32] for validation.
Then, calculate the bistatic RCS of aircraft equipped with
FSS, dielectric, or PEC radomes to understand stealth perfor-
mance. Numerical results show that the inclusion of the EM
characteristics of FSS radomes in aircraft RCS studies results
in significant deviations (up to approximately 40 dBsm dif-
ference) from PEC radomes.

Il. ANALYSIS PROCEDURE
A. MODELING OF THE AIRCRAFT EQUIPPED WITH THE

FSS RADOME

Fig. 1 depicts the problem geometry illustrating an aircraft
equipped with a FSS radome. The aircraft is a simplified
model of a stealth fighter whose fuselage is assumed to be
a PEC. The length and wingspan of the aircraft are 18.97 m
and 13.65 m, respectively. The antenna enclosed by the FSS
radome is in the surface of the front of the fuselage. Here,
we consider the same tangent-ogive FSS radome used in [27],
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FIGURE 1. Problem geometry of an aircraft under this study. (a) Full
three-dimensional, (b) xz plane, (c) yz plane, and (d) xy plane views.

which has a passband characteristic in the X-band. The base
diameter and height of the FSS radome are 800 mm and
1060 mm, respectively. The FSS radome consist of seven
layers: the innermost and outermost layers are E-glass/epoxy
(skin), second and sixth layers are foam, third and fourth
layers are adhesive films, and a FSS layer (hash- shaped slot
unit cells) is sandwiched by the adhesive films. A detailed
configuration and dimension of the FSS radome can be found
in [27].

B. NUMERICAL METHOD FOR RCS ESTIMATE

The problem geometry under this study consists of a
PEC fuselage equipped with the multi-layer radome, which
embeds a curved FSS layer. To calculate the RCS of the
aircraft, we use the SBR method, PTD, and the flat model.
The SBR method and PTD are well-known high-frequency
techniques that can efficiently analyze the RCS of electrically
large objects such as naval ships and aircrafts [33], [34].
The SBR method is based on the ray tracing technique
and physical optics (PO), which can quantify the multiple
reflections by determining the equivalent current densities
induced on the surface of illuminated PEC planes, whereas
PTD can calculate the diffraction fields based on the deter-
mination of the filamentary currents induced on illuminated
of PEC edges. In addition, the ray tracing technique and
flat model are useful for identifying the EM characteristics
of a multi-layer radome [27], [30]. In the high-frequency
regime, the curved radome can be looked locally flat via
the tangent plane approximation where the phase matching
condition fulfills locally. Note that “flat model” refers to a
flat multi-layer radome with the same structure as an original
curved radome. This method uses a look-up table including
the pre-computed reflection and transmission coefficients of
the flat model, which can significantly reduce the costly
computational loads. Therefore, the present method is highly
suitable for the EM analysis of a multi-layer radome embed-
ding a curved FSS layer. Fig. 2 shows the analysis procedure
to calculate the RCS of the aircraft equipped with the FSS
radome based on the SBR method, PTD, and flat model.
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FIGURE 2. Algorithmic flow of the present method for calculating the RCS
of an aircraft mounted on the FSS radome.

1) RAY TRACING WITH FLAT MODEL

An incident plane wave illuminating the aircraft is modeled
by numerous rays. Then, the intersection points where the
rays hit the aircraft are determined, and the perpendicular(e | )
and parallel vector (¢|) are calculated by using the ray direc-
tion VCCtOI‘(ié = (ky, ky, k;)) and the radome surface normal
vector(it = (ny, ny, n7)) in egs. (1).

e, =nxk

Z”:elxk (1)

The electric field can be decomposed by using normalized
perpendicular(é | ) and parallel vector(¢)) in egs. (2).

EJ_ZEXEJ_
E||=EX2H )

If the intersection point is placed on PEC surfaces, such as
the metal tip, the enclosed antenna, and the fuselage, there
are only reflected waves phase reversed in eqs. Otherwise,
the reflected and transmitted waves are calculated using
reflection(I") and transmission(T) coefficients pre-coglputed
from the flat model. We dqetermined the reflection(E,) and
transmission electric field(E;) at intersection point in egs. (3).

Er = FJ_EJ_ + F”E”

E, =T E +TE| 3)
For example, when a transmitted wave pass through the
FSS, it is reflected by the enclosed antenna and then the

reflected wave is traced until it reaches the outermost surface
(see Fig. 3).
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FIGURE 3. lllustration of the analysis procedure about the FSS radome
structure mounted on the aircraft.

2) PHYSICAL OPTICS

Using ray tracing technology, electric(Ea) and magnetic
fields(ﬁa) were obtained at the intersection point of the
outer radome and the PEC body. The induced equivalent
electrlc(J ) and magnetic surface current (M ) on the outer
radome given by

:>

Jo=hxH,
My = —ii x E, )

Similarly, for a PEC body with a reflection coefficient of -1,
the induced equivalent electric(Jpo) and magnetic surface
current (Mpo) in the PEC body are given by

jpo =2nx FIa
Mpo =0 5)

In the far-field condition that the distance between the source
and a target is so far enough, the scattering Electric field can
be approximated as

B JB

R er—(ranxr)e’ﬁrras 6)
drr

s
where 1 is the distance from scattering point to observation
point, 7’ is the observation position vector, B is wavenumber,
S is the surface of the facet and 7 is the unit position vector
in S (See Fig. 4).

3) PHYSICAL THEORY OF DIFFRACTION

The PTD technique was applied to consider the diffraction at
the point where the PEC edge and the ray intersect point. The
filament electric (/) and magnetic current (/) were defined
as in [1] and the diffracted waves were calculated as follows.

> ik ~ ~ N pn ny
Ey ~ o /(nlekd x (kg % 21) + Lpkg x 2)e P77 qr’
4r J,.
@)

where 7' is the position of a point on C, kg is the unit vector in
the direction of diffraction and Z; is the tangent unit vector to
the edge. Fig. 5. show a locally tangent wedge for diffracted
field configurations.
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FIGURE 4. Configuration of Physical Optics for calculation of bistatic RCS.
For monostatic, the observation point and the source point are the same.

FIGURE 5. Local coordinate for compute diffraction fields.

4) RCS ESTIMATE

The total scattered electromagnetic field can be calculated as
the sum of the previously calculated PO scattered field(E)
and PTD scattered field(E;). In [35], we can calculate
RCS(0) as the ratio of the total scattered electric field to the
incident electric field at a given observation point as

- .
o = lim 4nr2|EsJI—E"| (8)
r—00 |Ei|2

C. VALIDATE AND NUMERICAL RESULTS
Table 1 shows three models matching the X-band for RCS
analysis. The single dielectric layer consists of one skin layer
with half wavelength thickness. The multi dielectric layer
and FSS flat model was designed previous works [31]. The
multi-layer implements the 3rd and 5th layer of FSS flat
model are combined into one adhesive film.

In order to analyze the EM reflection and transmission
behaviors of these models, we extract the reflection and
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FIGURE 6. Reflection and transmission characteristic of the
(a) Single-layer dielectric flat model, (b) multi-layer dielectric flat model,
(c) Fss flat Model.

transmission coefficients at a given incident angle and fre-
quency for both polarizations using the ANSYS HFSS [31],
and configure the look-up table. Fig. 6 shows the transmission
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TABLE 1. Configuration of FSS, single, multi-layer flat model.

Flat Model ~ Material €, tan § Thickness Layers
Single- Skin 4348 0.013 7.19 Single
layer Layer
Skin 4.348 0.013 0.84 1%, 5t
Multi-
layer Foam 1.103 0.0038 3.00 2nd, gt
(5 layers) .
Adhesive 3.003 0.019 026 3
Film
Skin 4.348 0.013 0.84 1%, 7%
FSS Foam 1.103 0.0038 3.00 ond gt
(Tlayers)  Adhesive 5 3 0019 0.12 31, 50
Film
FSS th
(Coner) ) ; 0.02 4

TABLE 2. Simulation conditions for RCS analysis.

Target Analyze Radome  Frequency Incidence Observation
Model Type Material [GHZ] 0;, ¢; [°] 0s, ¢s [°]
Monostatic . 6;=0 6 = 6;
Radome Single 5~15 ! N :
RCS £ ¢i=0 s = ¢
Monostatic . 6; €[0,180] 0, =6,
Multi 10 g ! S .
RCS ¢ =0 ¢s = ¢;
Missile
Bistatic ) 6, =0 6, € [0,360]
Multi 10 ! °
RCS $i=0 ¢, =0
} FSS, — _
Monostatic Multi, 515 ;=0 6 = 6;
RCS ¢ =0 b5 = ¢;
. PEC
Aircraft
Bistatic 6, =0 6 € [0,360]
FSS 5,10, 15 ! °
RCS $;=0  ¢.=0

characteristics of the flat model versus frequencies. We con-
firmed that all models matched with free space about 10 GHz.
Moreover, in the case of the FSS flat model in Fig. 6 (c),
it shows that band-pass characteristic was distinct compared
to other models.

As shown in Table 2, we calculated the RCS of 5 cases
to analyze the effect of the radome and validate our numer-
ical methods. Radome and Missile models were constructed
with single and multi dielectric layers, and our method was
validated by comparing simulation time, number of meshes,
and root mean square error (RMSE) with commercial EM
software results. RMSE is defined as

N
1
RMSE [dB] = ﬁ Z |Oour — O'cst|2 ©)]
n=1

where o0, [dBsm] is the RCS result by the our method,
and o, [dBsm] is the RCS output by CST I-solver. RCS
is computed with N sampling points in terms of frequency
and angle range. Next, the RCS reduction effect of the FSS
radome was analyzed by calculating the RCS of the aircraft
equipped with various radomes.

For the single-layer dielectric radome mounted on a PEC
disk firstly, our calculations are compared with MWS of CST
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FIGURE 7. Monostatic RCS of the single-layer dielectric radome mounted
on the PEC disk at §; = 0° and ¢; = 0° for (a) HH polarization, (b) VV
polarization.
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FIGURE 8. Monostatic RCS of the multi-layer dielectric radome mounted
on the missile at ¢; = 0° for HH polarization.

I-solver [32] results. The PEC disk has a radius of 390 mm
and is surrounded by a tangent-ogive radome with a radious
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FIGURE 9. Bistatic RCS of the multi-layer dielectric radome mounted on
the missile at 9; = 0° and ¢; = 0° for HH polarization.

TABLE 3. Summary of comparing results between our method and MWS
of CST.

Target  Analyze Simulation Time Number of RMSE
Model Type Meshes [dB]
. Our Method:
Radome  Monostatic Ourcl\é[;flgozd'éfl s 137,103 1.622 (HH)
RCS “ALI0 OH CST: 1,181,282"  1.690 (VV)
‘ * At 10 GHz
. Our Method: 193 s Our Method:
Monostatic CST: 55.1h* 151.695 6.039
RCS * Average ti!nc per each CST: 5,’0 16,279 :
P point
Missile
o Our Method: 123 s Our Method:
Bistatic CST:79.1h 151,695 7.853
RCS * Total Calculation Time at

CST: 5,016,279

Normal Incidence

of 400 mm and a height of 1058 mm. Fig. 7 shows the
monostatic RCS calculations via our method and MWS of
CST at §; = 0° and ¢; = 0° for horizontal and vertical
polarizations in the frequency range of 5 to 15 GHz. The
RMSE of monostatic RCS between CST and our method are
1.662 and 1.690 dB within the frequency range, which is an
good agreement in both calculation. The computation time
at 10 GHz in our method took about 181 seconds using a PC
(dual Intel Xeon CPU E5-2640v4 at 2.40 GHz and DDR4
512 GB memory), whereas CST took more than a day to
simulate the same. Our method has a total number of meshes
of 137,103 and CST 1,181,282 (10 GHz) respectively. In our
method, the mesh is determined according to the shape of
geometry regardless of frequency, whereas the I-solver of
CST increases the number of mesh surfaces in proportion to
the electrical size, which takes a long time to calculate. There-
fore, these results clearly show that our proposed method is a
time-efficient method for analyzing electrical large objects.
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FIGURE 10. Monostatic RCS of the aircraft equipped with the FSS radome
at §; = 0° and ¢; = 0° for (a) HH polarization, (b) VV polarization.

It also analyzes and verifies multi-layer dielectric radomes
mounted on missiles measuring 2.34 m and 8.05 m in width
and length, respectively. The monostatic RCS simulation was
performed under a frequency of 10 GHz with angles of inci-
dence 0; is 0 to 180° and ¢; is 0°. The bistatic RCS was also
simulated at a frequency of 10 GHz with observation angles
s ranging from O to 360°. The results shown in Fig. 8 and 9,
respectively. The surface mesh of the missile is divided into
151,695 surfaces when analyzed using our method, whereas
the CST is divided into 5,5016,279 surfaces. The monostatic
and bistatic RCS computation time took about 193 s and 123 s
for our method and 55.1 hours and 79.1 hours for CST. The
RMSE with our method with CST shows an approximate
good fit of 6.039 dB for monostatic and 7.853 dB for bistatic
RCS. Table 3 summarizes the comparison between the pro-
posed technique and CST results.

Now consider an FSS radome mounted on an aircraft
(see Figure 1 for the problem geometry). Utilize the flat
model results to compute the fixed RCS versus frequency
of an FSS radome equipped aircraft at ; = 0° and ¢; = 0°,
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FIGURE 11. Co-polarization bistatic RCS of the aircraft equipped with the
FSS radome at §; = 0° and ¢; = 0° for (a) HH polarization at 5 GHz, (b) VV
polarization at 5 GHz (c) HH polarization at 10 GHz, (d) VV polarization

at 10 GHz (e) HH polarization at 15 GHz, (f) VV polarization at 15 GHz.

as shown in Fig. 10. It also calculates the monostatic RCS of
multi-layer dielectric radome and PEC radome and compares
the performance of three different radomes mounted on the
aircraft. Due to the broadband transmission characteristics
and high reflection from the enclosed antenna, the multi-layer
dielectric radome shows a higher RCS over the entire band-
width. On the other hand, the RCS of the FSS radome is
much lower than that of the dielectric radome except for
the X-band due to its passband characteristic. However, PEC
radome shows completely different results because the orig-
inal EM properties of the radome and enclosed antenna are
not considered. The results including the EM characteris-
tics of the FSS radome into the aircraft RCS have a sig-
nificant deviation from that of the PEC radome, which is
about 40 dBsm difference at most. In addition, when 6; is
0° and ¢; is 0° consider the aircraft’s bistatic RCS in the
stopband and passband. Fig. 11 shows the bistatic RCS of the
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FIGURE 12. Cross-polarization bistatic RCS of the aircraft equipped with
the FSS radome at 6; = 0° and ¢; = 0° for (a) HV polarization at 5 GHz,
(b) VH polarization at 5 GHz (c) HV polarization at 10 GHz, (d) VH
polarization at 10 GHz (e) HV polarization at 15 GHz, (f) VH polarization
at 15 GHz.

aircraft equipped with the FSS radome at 5, 10, and 15 GHz,
respectively. In the bistatic RCS results at SGHz and 15GHz
(see Fig. 11 (a), (b), (e) and (f)), compared to the multi-layer
dielectric radome, the FSS radome remarkably decreases the
RCS (about 25.6 dBsm at most) in front of the aircraft, while
it slightly increases the RCS (about 8.4 dBsm at most) around
the observation angles of about 120 and 240. This is because
the incident wave is mostly reflected on the surface of the FSS
radome due to its stopband characteristic. On the other hand,
since the incident wave is hardly reflected on the surface of
the FSS radome due to its passband characteristic at l0GHz,
and is mostly through the FSS radome and is reflected by the
enclosed antenna, the RCS of the aircraft equipped with the
FSS radome is very similar with that of the aircraft equipped
with the multi-layer dielectric radome (see Fig. 11 (c), (d)).
In contrast, in the cross polarization bistatic RCS, it can be
seen in Fig. 12 that the significant difference due to the FSS
radome is small.
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TABLE 4. Comparison table of studies related to aircraft RCS estimation.

Analyze

Studies  Analyze Model Material Method Frequency
[5] Real Aircraft Mooney 231 Measurement X band
6] Sma}iifggef;grid PEC FDTD HF band

[10] Aircraft PECwihRAM ~ DOMbased oy gy
[15] Aircraft PEC v s
R -

* CBFM: Characteristic Basis Function Method, LCM: Locally Coating Method

It was confirmed that the FSS radome can effectively
reduce the RCS in front of the aircraft in a wide frequency
range due to its passband or stopband characteristics. More-
over, in order to accurately calculate the RCS of the radome
mounted on the fuselage, the EM characteristics of the
radome have to be considered. Table 3 summarizes the studies
and methods used for the analysis of the Aircraft model.
Our method can efficiently calculate the RCS of an aircraft
equipped with an FSS radome. The technique we propose can
be useful for stealth design.

Ill. CONCLUSION
In this paper, the RCS of tangent-ogive FSS radome mounted
on a fighter is calculated. Multiple reflections inside the
radome were considered using the SBR technique. In addi-
tion, the reflected and transmitted EM fields were calculated
using a flat model. The scattered EM field was calculated by
applying the PO and PTD to the outermost part of the radome,
the surface of the conductor, and the edge of the conductor,
respectively. The proposed method was verified using CST,
a commercial analysis program, and is very efficient in terms
of the required number of meshes and calculation speed.
The RCS of the FSS radome mounted on the fuselage was
smaller than that of the dielectric radome mounted on the
fuselage. FSS radome can reduce the RCS of aircraft over
a wide frequency range except for the pass band due to its
pass band characteristic. Importantly, the RCS results will
be erroneous if the EM properties of the radome are not
properly taken into account. Therefore, to obtain accurate
RCS results of the aircraft, the EM characteristics of the
fuselage-mounted radome must be considered. The proposed
method is useful for analyzing the RCS of the FSS radome
mounted on fuselages such as aircrafts and missiles, and these
results can be used for the stealth design.
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