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Abstract

An electromagnetic (EM) wave absorber reduces the possibility of radar detection by minimizing the radar cross section 

(RCS) of structures. In this study, a radar absorbing structure (RAS) was applied to the leading edge of a blended wing body 

aircraft to reduce RCS in X-band (8.2~12.4GHz) radar. The RAS was composed of a periodic pattern resistive sheet with 

conductive lossy material and glass-fiber/epoxy composite as a spacer. The applied RAS is a multifunctional composite 

structure which has both electromagnetic (EM) wave absorbing ability and load-bearing ability. A two dimensional unit 

absorber was designed first in a flat-plate shape, and then the fabricated leading edge structure incorporating the above RAS 

was investigated, using simulated and free-space measured reflection loss data from the flat-plate absorber. The leading edge 

was implemented on the aircraft, and its RCS was measured with respect to various azimuth angles in both polarizations (VV 

and HH). The RCS reduction effect of the RAS was evaluated in comparison with a leading edge of carbon fabric reinforced 

plastics (CFRP). The designed leading edge structure was examined through static structural analysis for various aircraft load 

cases to check structural integrity in terms of margin of safety. The mechanical and structural characteristics of CFRP, RAS and 

CFRP with RAM structures were also discussed in terms of their weight. 
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1. Introduction

Stealth is a strategic technology that can reduce the 

effectiveness of enemy detection systems. Radio-frequency 

(RF) stealth technology is designed to cope with radar 

systems by reducing the radar cross section (RCS) and 

has wide military applications, including combat aircraft, 

battleships and other machines [1]. Stealth design is generally 

categorized in terms of “low observable shaping” and “radar 

absorbing material/structure”. The shaping method is used 

to reduce RCS effectively by removing skin discontinuities 

and sharp edge figures of an object to create a smaller RCS. 

These features tend to reflect incident EM waves in many 

directions, so electromagnetic scattering is minimized in 

the shape designed regions. Residual scattering, however, 

tends to be concentrated at specific angles which depend 

on the design shape. At certain angles, the RCS of the object 

has a considerably high value. Such shaping is also usually 

in conflict with aerodynamic performance and structural 

characteristics. Because of these physical limitations, radar 

absorbing structures (RAS) and radar absorbing materials 

(RAM) have become the focus for achieving additional RCS 

reduction [2-6]. 

RAS, typically made of fiber reinforced composite materials, 

provide electromagnetic wave absorption and external load 

support simultaneously [3] while RAM is generally painted 

on a surface of the object. In addition to EM absorption, 

composite materials are an appropriate solution for aerospace 

and other vehicles due to their combination of high specific 

strength and stiffness, and light weight [7]. Worldwide RAS 

research and development has been conducted to achieve 

this level of performance. However, most of the research has 

just been focused on EM wave absorption. Besides absorption 

performance, changes in structural weight and mechanical 

properties are also important issues with respect to aircraft 

operation.
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In this study, RAS based on a glass fabric reinforced plastic 

(GFRP) was designed for application to aircraft covered with 

carbon fabric reinforced plastics (CFRP) skin. The proposed 

RAS was applied to the leading edge structure to reduce 

RCS. It was expected that the designed RAS would have 

lower specific strength and stiffness than the CFRP. The RAS 

leading edge was fabricated to satisfy the required strength 

and radar absorption performance, while maintaining the 

outer mold line (OML). EM wave absorption performance 

was verified by RCS measurement, and structural integrity 

was analyzed by numerical simulation. A weight comparison 

was also conducted between the existing CFRP, the designed 

RAS, and the CFRP with RAM structures.

2. Periodic pattern RAS (PPRAS)

A Salisbury screen, one of the basic absorber models, 

consists of a resistive sheet and a low dielectric spacer with 

a quarter-wavelength thickness for target frequency [8]. It 

exhibits low radar absorption and narrow bandwidth. A 

PPRAS uses a periodic pattern resistive sheet to overcome the 

disadvantages of existing absorbers [2, 9-10]. The advantage 

of the PPRAS is that it has a reduced thickness compared 

to that of the Salisbury screen absorber in the same target 

frequency range. 

Multiple resonance peaks can be generated effectively 

by pattern design. The PPRAS absorbing performance is 

based on the inductance (L) and capacitance (C) generated 

by the periodic pattern of a conductive lossy material. The 

L and C are designed to create resonance at a specific 

frequency to absorb EM waves. The surface resistance (R) 

depends on the pattern thickness. As is known, the R can 

affect not only the resonance frequency but also the depth 

of the resonance peak [9]. From the equivalent circuit 

theory, the structure should work as a simple EM absorber 

through the combination of the mentioned variables. The 

basic principle and a schematic of the PPRAS are provided 

in Fig. 1.

2.1 Modeling

Before designing the RAS, it should satisfy the following 

requirements for applications.

-  The RAS should be based on a composite dielectric 

substrate for structural load-bearing purposes.

-  The RAS should be applicable to the existing structures. 

Any additional thickness and weight should be 

minimized.

-  The RAS should correspond to the target frequency  

with sufficient margin to cover fabrication errors and 

variations in incidence wave angles.

In this paper, the PPRAS was designed for the X-band 

frequency range. The pattern size was defined by combining a 

resistive material, a substrate material and their thicknesses. 

GFRP was chosen as the substrate due to its dielectric and 

mechanical properties. A square type unit cell was adopted 

from among various pattern-types because of its simplicity 

of design and analysis, and stability to the various incidence 

angles. Basically, because the dielectric substrate with PEC 

back plate had inductive transmissivity characteristics, the 

capacitive pattern type would be effective for the RAS. Based 

on the above considerations, the square pattern was used 

as the unit cell, and the capacitance could be calculated by 

equation. The RAS unit cell modeling concept is shown in 

Fig. 2.

To get the exact EM characteristics of the PPRAS is very 

complex due to the surface current variations induced on 

the patterns. In this work, the main variables for normal 

incidence on the pattern layer can be estimated with the 

following equations [11] of metallic pattern surface before 

having desired properties. The surface resistance R is a 

function of the pattern material and thickness. Only L and C, 

generated by the induced current of the conductive medium, 
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are a function of d, εr, and the pattern geometry. 
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where, σ: conductivity of the coating material, t: coating 

thickness, d: thickness from the ground,

εr: substrate permittivity, D: array period, w: gap between 

patterns.

The size of the unit cell, the gap between patches, the 

thickness and permittivity of the dielectric substrate mainly 

control the L and C of the combined structure, and the 

resonance frequency can be estimated from these variables. 

Considering the equivalent circuit theory, the impedance 

was defined by R, L and C [12]. The resonance frequency 

occurred when the imaginary part of the impedance, called 

a reactance, became zero. The reactance part of the pattern 

sheet and resonance frequency were simply given.
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The resonance frequency can be approximated from (5) roughly, and a more exact resonance 
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software was used to optimize and obtain the dimensions through genetic algorithm. 
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(3)

The resonance frequency can be approximated from 

(3) roughly, and a more exact resonance frequency can 

be inferred from a computer simulation considering all 

parameters. Commercial software was used to optimize and 

obtain the dimensions through genetic algorithm.

 

2.2 EM wave absorbing characteristics

To have the proper absorbing performance in the 

X-band and the mentioned requirements, the RAS was 

designed as follows. The permittivity of the GFRP substrate 

was set to (4.877-0.05j). The array period (D), the gap 

between patterns (w) and the coating thickness (t) were 

set to 10mm, 2.8mm and 15µm respectively. The substrate 

thickness (d) design was the main concern, because the 

thickness determined the target resonance frequency and 

absorption bandwidth. It was taken to about 3mm in this 

work. 

The flat-plate shape PPRAS was made of PPS film, with a 

dielectric spacer. The pattern was printed with a conductive 

material on polyimide (PI) film as shown in Fig. 3a. The 

absorbing performance of the RAS was determined in terms 

of the reflection loss of EM waves. The dielectric property of 

the RAS was measured using the free space measurement 

system [13], as shown in Fig. 3c. Fig. 4 describes the 

simulation and experimental data on reflection loss (RL) 

with respect to the frequency range. The designed unit cell 

satisfied -10dB reflection loss well in the X-band, and even 

better than 99.9% absorption near the target frequency. 

The target frequency was set to the center frequency of the 

X-band.
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(a)                   (b) 

 

(c) 

Fig. 3. Fabricated periodic pattern film (a), flat-plate PPRAS (b) and the free space 
measurement system (c) 

 

Fig. 3.  Fabricated periodic pattern film (a), flat-plate PPRAS (b) and 
the free space measurement system (c)
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Fig. 4. The reflection loss results of the RAS from simulation and measurement 

 

3. Leading edge structure 

3.1. Leading edge structure fabrication 

The leading edge part of a typical aircraft produces a perpendicular specular area in an incident EM 

wave in the forward flight condition. Because of its configuration, the leading edge has the inherent 

weakness of incident radar wave reflection, so application of the RAS to that area was considered in 

this research. A target aircraft model was first covered with CFRP skin and designed by the shaping 

method for front RCS reduction. The configuration of the aircraft was fabricated in the form of a 

blended wing body shape, such as NEURON and the X-45 series. The proposed RAS was applied to 

the leading edge structure so that it could be replaced with a conventional one for additional EM wave 

absorption tests. The target aircraft had several leading edge parts at the fuselage and wing. The 

widest leading edge part, which was expected to have a significant influence on specular reflection, 

was selected and fabricated. Hand lay-up and auto-clave process were adopted. Fig. 5 shows the 

leading edge configuration and fabrication process of the proposed RAS. 

Fig. 4.  The reflection loss results of the RAS from simulation and mea-
surement
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3. Leading edge structure

3.1 Leading edge structure fabrication

The leading edge part of a typical aircraft produces a 

perpendicular specular area in an incident EM wave in the 

forward flight condition. Because of its configuration, the 

leading edge has the inherent weakness of incident radar 

wave reflection, so application of the RAS to that area was 

considered in this research. A target aircraft model was 

first covered with CFRP skin and designed by the shaping 

method for front RCS reduction. The configuration of the 

aircraft was fabricated in the form of a blended wing body 

shape, such as NEURON and the X-45 series. The proposed 

RAS was applied to the leading edge structure so that it could 

be replaced with a conventional one for additional EM wave 

absorption tests. The target aircraft had several leading edge 

parts at the fuselage and wing. The widest leading edge 

part, which was expected to have a significant influence on 

specular reflection, was selected and fabricated. Hand lay-

up and auto-clave process were adopted. Fig. 5 shows the 

leading edge configuration and fabrication process of the 

proposed RAS.

The RAS X-band sizing was done by stacking an OML 

surface, PPS film, and GFRP prepregs in sequence. The last 

sheets were a CFRP ply to reflect/shield the EM wave and 

a GFRP ply to prevent galvanic corrosion with the metallic 

inner structures. The original CFRP leading edge part was 

fabricated with about 12 CFRP prepreg plies, which were 

designed with consideration of their mechanical properties. 

3.2 Structural characteristics

According to Fig. 6, the mechanical property of the 

designed RAS highly depended on the GFRP. To determine 

the structural stability of the RAS leading edge structure, 

a static analysis was conducted for each of the aircraft 

load cases, for the CFRP and RAS application cases. In 

this study, the RAS has 18% thickness increase compared 

with the CFRP. Three ribs were used as stiffeners for load-

bearing inside the leading edge structure. The main results 

are presented in Table 1. Other load cases and the failure 

modes of the static structural analysis were excluded from 

this paper because there was not a considerable issue 

about structural safety. The values of M.S greater than 10 

were written as “+ High”.  

From the load analysis report, the 2-point landing/ 

spin up load case was the primary structural safety 

concern. This is due to the different material properties. 

The buckling mode is related to the material stiffness and 

structural thickness; in the CFRP case, higher stiffness could 

withstand the buckling deformation better. The strength 

of a structure depends on structural thickness so the RAS 

case, with greater thickness, had a higher margin of safety 

in this load condition. In the same manner, the RAS carries 

more external load than the CFRP, so the ribs of the RAS 

case also had sufficient M.S. The report indicated that the 
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mechanical properties.  
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According to Fig. 6, the mechanical property of the designed RAS highly depended on the GFRP. 

To determine the structural stability of the RAS leading edge structure, a static analysis was 

conducted for each of the aircraft load cases, for the CFRP and RAS application cases. In this study, 

the RAS has 18% thickness increase compared with the CFRP. Three ribs were used as stiffeners for 
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there was not a considerable issue about structural safety. The values of M.S greater than 10 were 

written as “+ High”.   
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RAS leading edge structure successfully passed the static 

analysis. Because it had sufficient thickness, the RAS case 

had high M.S overall in all load cases as compared with the 

CFRP case. Therefore, the RAS structure was considered to 

have performed its structural role sufficiently in the selected 

leading edge area.

The existing CFRP leading edge weighed 2.645kg, 

including skin, rib and fasteners. The proposed RAS leading 

edge weight was 3.078kg. It was assumed that a ferrite type 

RAM weighs around 4kg/m2 [6, 14, 15] and the leading 

edge skin area is about 0.61m2. If a RAM which had similar 

absorbing performance were painted on the CFRP leading 

edge skin, the total weight could be estimated to be 5.085kg. 

That corresponds to a 65.2% weight increase compared with 

the RAS, and a 92.25% weight increase in CFRP with RAM as 

compared with a single CFRP structure. Since total weight is 

an important issue in an aircraft application, the RAS had the 

advantage in weight among alternative EM wave absorption 

technologies.

3.3 Verification of EM wave absorbing performance

The RCS of a practical aircraft, whose CFRP leading edge 

was being replaced with a RAS leading edge, was measured, 

to help determine the radar absorbing capability of the 

designed RAS. The RCS measurement was performed at 

Table 2. Weight comparison of leading edge structures
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Table 2. Weight comparison of leading edge structures 

Category Weight(kg) % weight increase 

CFRP leading edge 2.645 - 

RAS leading edge 3.078 16.37% 

CFRP leading edge + RAM 5.085 92.25% 

 

3.3 Verification of EM wave absorbing performance 
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edge, was measured, to help determine the radar absorbing capability of the designed RAS. The RCS 

measurement was performed at the center frequency in the X-band. The object was rotated on the 

mount to measure directional RCS. Fig. 7 shows the entire aircraft RCS for the CFRP and RAS 

leading edge cases with respect to certain azimuth angles. The RCS was measured with VV pol and 

HH pol, which indicate electric field direction. 
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Fig. 7. RCS of aircraft w.r.t azimuth angle VV pol. (a) and HH pol. (b) 
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Fig. 7. RCS of aircraft w.r.t azimuth angle VV pol. (a) and HH pol. (b)

Table 1. Load analysis report for the CFRP L.E and the RAS L.E
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Table 1. Load analysis report for the CFRP L.E and the RAS L.E 

Location LC Description Failure Mode CFRP L.E 
M.S. 

RAS L.E 
M.S. 

Skin 
Landing/2pt/Spin up Buckling 0.41 0.19 

Landing/2pt/Spin up Strength 3.00 3.51 

#1 Rib 
Flange Maneuver / Pull up Crippling 6.30 + High 

Web Maneuver / Pull up Buckling 3.61 + High 

#2 Rib 
Flange Maneuver / Roll right Crippling + High + High 

Web Landing/2pt/Spin up Buckling 4.59 + High 

#3 Rib 
Flange Maneuver / Roll right Crippling + High + High 

Web Landing/2pt/Spin up Buckling 5.22 + High 
 

From the load analysis report, the 2-point landing/ spin up load case was the primary structural 

safety concern. This is due to the different material properties. The buckling mode is related to the 

material stiffness and structural thickness; in the CFRP case, higher stiffness could withstand the 

buckling deformation better. The strength of a structure depends on structural thickness so the RAS 

case, with greater thickness, had a higher margin of safety in this load condition. In the same manner, 

the RAS carries more external load than the CFRP, so the ribs of the RAS case also had sufficient M.S. 

The report indicated that the RAS leading edge structure successfully passed the static analysis. 

Because it had sufficient thickness, the RAS case had high M.S overall in all load cases as compared 

with the CFRP case. Therefore, the RAS structure was considered to have performed its structural role 

sufficiently in the selected leading edge area. 

The existing CFRP leading edge weighed 2.645kg, including skin, rib and fasteners. The proposed 

RAS leading edge weight was 3.078kg. It was assumed that a ferrite type RAM weighs around 

4kg/m2 [6, 14, 15] and the leading edge skin area is about 0.61m2. If a RAM which had similar 

absorbing performance were painted on the CFRP leading edge skin, the total weight could be 

estimated to be 5.085kg. That corresponds to a 65.2% weight increase compared with the RAS, and a 
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the center frequency in the X-band. The object was rotated 

on the mount to measure directional RCS. Fig. 7 shows 

the entire aircraft RCS for the CFRP and RAS leading edge 

cases with respect to certain azimuth angles. The RCS was 

measured with VV pol and HH pol, which indicate electric 

field direction.

The EM wave scattering concentration, and the highest 

RCS value, appeared at the main wing sweep back angle 

in both polarizations. In the RAS leading edge application, 

additional RCS reduction was achieved in that specific region 

compared with the existing CFRP. The result was remarkable 

at the near sweep back angle while other directions produced 

almost similar results. 

The above results verified that the RAS, when applied to 

the specular part, contributed to the reduction of the RCS of 

the aircraft with respect to certain angle, normal incidence 

to the leading edge. In that direction, it was expected that the 

detectable distance would be shortened to about half of the 

original detectable distance.

4. Conclusions

In this study, a leading edge structure incorporating 

a PPRAS tuned to X-band was designed and fabricated. 

To determine the structure’s electromagnetic absorbing 

performance, the RCS of a practical blended wing body 

aircraft with an RAS leading edge was measured. The 

structure’s load-bearing capability was also estimated 

by static load analysis. The proposed PPRAS structure 

showed sufficient RCS reduction at a specific angle in both 

polarizations, and enough structural integrity for each of the 

load cases. Unlike RAM the proposed RAS performed multi-

functions, being both an “EM wave absorber” and “load-

bearing structure”. 

As mentioned above, it was assumed that if RAM was 

painted on the skin of the CFRP leading edge, it would result 

in a 92.32% weight increase for the part. Therefore, the RAS 

structure was advantageous with respect to weight. Basically, 

while RAS and RAM have similar properties at a sample 

level, it is difficult to control RAM thickness, which can cause 

performance issues. RAS has the advantage of dimensional 

stability because its thickness is controlled in the fabrication 

process.

It is expected that additional RCS reduction can be 

achieved by applying RAS to other parts of the aircraft, 

and that the utility of the RAS can be extended beyond the 

benefits demonstrated here. If the RAS is selectively applied 

to strategic parts, such as the leading edge and the engine 

duct, then the aircraft stealth technology can be enhanced 

with limited weight increase. Changes in the aircraft 

characteristics as a result of the additional weight of the RAS 

also have to be studied in future work.
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