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Abstract

In this study, an efficient method of designing laminate composite radar absorbing structures (RAS) is proposed with 

consideration given to the structural shape so as to improve aircraft stealth performance. The calculation of the radar cross 

section (RCS) should be decreased to enhance the efficiency of the stochastic optimization when designing an RAS. In the 

proposed method, RAS are optimized to match up the input impedance of the minimal RCS, which is obtained by using 

physical optics and the transmission line theory. Single and double layer dielectric RAS for aircraft wings are employed as 

numerical examples and designed using the proposed method, RCS minimization and reflection coefficient minimization. 

The availability of the proposed method is assessed by comparing the similarity of the results and computation time with other 

design methods. According to the results, the proposed method produces the same results as the stochastic optimization, 

which adopts the RCS as the objective function, and can improve RAS design efficiency by reducing the number of RCS 

analyses. 
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1. Introduction

A radar cross section (RCS) is an equivalent area that 

represents the intensity of an electromagnetic (EM) wave 

being reflected back to a radar from a target. It is the most 

important parameter to assess the survivability and stealth 

performance of military aircraft [1, 2]. A RCS can be decreased 

by utilizing shape designs and wave absorbers such as radar 

absorbing materials and structures (RAM/RAS) [3, 4]. Wave 

absorbers are applied to sections such as wings, where shape 

designs are restrictively adopted, and attenuate incident 

waves according to the EM properties of materials and the 

wave characteristics. RAM is produced by adding fillers with 

wave loss features to transformable materials like rubber 

sheets [5]. Recently, RAS have been employed in advanced 

stealth aircraft with the development of composite materials 

[6]. They are generally made of fiber reinforced composites, 

and fillers are added into the matrix [7, 8]. Therefore, RAS 

carry out two roles; they absorb waves and bear loads.

RAS wave absorbing performance is affected by EM 

characteristics such as the frequency, incident angle, and 

polarization, and structural characteristics such as EM 

properties, thickness, and structural shape [9]. Among these 

variables, the EM characteristics and the structural shape are 

set as design conditions, and the main design parameters are 

reduced to the permittivity, permeability, and thickness of 

the absorbing layers. RAS are usually designed to minimize 

the reflection coefficient, which is conventionally applied to 

the RAM [10-15]. The performance of the RAS-minimizing 

reflection coefficient is degraded when design results are 

applied to curved structures. This is because objects are 

regarded as a flat surface in the reflection coefficient. In recent 
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years, optimizations have been interlocked with RCS analysis 

algorithms in order to sufficiently consider the structural 

shape [16]. Stochastic optimization methods, which have to 

calculate numerous objective functions, have been widely 

employed in RAS design to account for continuous design 

variables as well as discrete design variables [17]. Therefore, 

optimization in RAS design takes hours even if the RCS 

analysis needs only a few seconds.

In this study, an efficient method of designing composite 

RAS is proposed that gives consideration to the structural 

shape with a reduced RCS analysis. RAS are designed to 

satisfy the input impedance, which minimizes the RCS of 

the object, by utilizing discrete optimization after calculating 

the target input impedance via continuous optimization. A 

sequential quadratic program (SQP) and genetic algorithm 

(GA) are used to deal with the continuous and discrete 

optimizations, respectively. Physical optics (PO) and the 

transmission line theory are employed to obtain the RCS and 

input impedance. Single and double layer dielectric RAS for 

NACA-0012 and NACA-2412 wings are designed using three 

different methods– minimum reflection coefficient, min. 

RCS, and the proposed method – as numerical examples. 

Finally, the results are compared and evaluated to confirm 

the utility of the proposed method.

2. Theories on RAS design

2.1 RAS composition

Composite RAS are made of the absorbing layers and a 

perfect electric conductor (PEC), as shown in Fig. 1. They 

are classified as either single or multi-layer, depending on 

the number of absorbing layers. RAS absorbing layers are 

usually produced by adding electric conductive fillers into 

the matrix of glass fiber reinforced composites. Carbon fiber 

reinforced composites and metal plates are used for the 

PEC. RAS are generally dielectric, and the permittivity of the 

absorbing layers changes according to the filler content [18, 

19]. RAS mechanical strength and stiffness can be adjusted 

via the PEC layer. Therefore, the permittivity and thickness of 

the absorbing layers are preferentially designed to maximize 

the wave absorbing performance of the RAS. The absorbing 

performance of the RAS can be evaluated via the reflection 

coefficient as well as the RCS.

2.2 Reflection coefficient

Incident waves are reflected and transmitted at the outer 

surface of the RAS. The transmitted wave is transformed 

into thermal energy according to loss mechanisms in the 

absorbing layers [20]. The reflection coefficient (Γ) is defined 

as the ratio of the reflected field (Er) to the incident field (Ei) 

as follows, and is used to represent reflected wave amounts 

for a flat surface [21].

2.2 Reflection coefficient
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where inZ is the input impedance at the outer surface and 0Z is the characteristic impedance of 

the free space (377Ω ). Input impedance, which is a complex number, can be obtained by using the 

transmission line theory [22]. It is formulated as follows for a single layer dielectric RAS with the 

complex permittivity ( ' ''r jε ε ε= − ), the thickness of the absorbing layer ( t ), and the wave length 

(λ ).
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The complex permittivity should be increased to augment the energy absorption of the RAS. Since 

unconditional increments in the permittivity bring about increased reflection and performance 

deterioration, the RAS is designed to enlarge the transmitted wave by minimizing the reflection 

coefficient. The reflection coefficient is minimized when the input impedance is close to the 

characteristic impedance of the free space.

2.3 RCS and physical optics (PO)
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where s is the RCS in square meters, and R is the range to the object. The RCS is also 

expressed in decibel square meters ( 2(dBsm) 10log ( )ms s= ); advanced stealth aircraft show values

lower than -20dBsm. The RCS of some simple objects can be calculated using analytical solutions. 

Analysis methods are generally applied to obtain the RCS of complicated objects and incident wave 

conditions.

Physical optics (PO) is an RCS analysis method that uses an approximation of the surface current 

( sJ ) caused by the incident electric field and boundary conditions. The object is divided into the 

illuminated portion and shadowed portion in the PO, as shown in Fig. 2. The surface current is 

approximated by using the Stratton-Chu equation, which is the integral of the Maxwell equation [24]. 

The surface current for the PEC is as follows with the surface normal vector ( n ) and incident 

magnetic field ( iH ).
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Also, it can be calculated by adapting the reflection coefficient (Γ ) for the RAS, as shown in 

following figure.

5 

(3)

where σ is the RCS in square meters, and R is the range to the 

object. The RCS is also expressed in decibel square meters 

(σ(dBsm)=10logσ(m2)); advanced stealth aircraft show values 
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lower than -20dBsm. The RCS of some simple objects can be 

calculated using analytical solutions. Analysis methods are 

generally applied to obtain the RCS of complicated objects 

and incident wave conditions.

Physical optics (PO) is an RCS analysis method that uses 

an approximation of the surface current (Js) caused by the 

incident electric field and boundary conditions. The object 

is divided into the illuminated portion and shadowed 

portion in the PO, as shown in Fig. 2. The surface current is 

approximated by using the Stratton-Chu equation, which is 

the integral of the Maxwell equation [24]. The surface current 

for the PEC is as follows with the surface normal vector 

The RCS represents the intensity of the EM energy reflected back to the radar, and is defined as the 

ratio of the scattered electric field ( sE ) to the incident electric field ( iE ) [23].
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RCS can appraise a structural shape since it is calculated 

based on analysis models. A RCS analysis requires a lot of 

computations and makes optimization inefficient. In this 

study, an efficient method of designing a dielectric RAS is 

proposed. In this method, the RAS is not flat like aircraft 

wing leading edges, and consideration is given to structural 

shapes with a reduced RCS analysis. The RAS is designed via 

optimizations that match up the input impedance, thereby 

minimizing the RCS for target frequencies, as follows.
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The permittivity of the materials changes according to filler content and is often presented using the 

Cole-Cole plot [26]. The Cole-Cole plot represents the complex permittivity on a plane that has the 

real portion of the complex permittivity ( 'ε ) on the x-axis and the imaginary portion ( ''ε ) on the y-

axis. The imaginary portion of the complex permittivity can be calculated as a function of the real 

portion by using the regression equation of the Cole-Cole plot. Hence, the design variables for the 

optimization are the real portion of the complex permittivity ( 'ε ) and the thickness ( it ) of the 

absorbing layers. The thickness of the layers is a discrete variable that accounts for the laminate 
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In this optimization, it is important to get the complex permittivity and thickness, ideally 

minimizing the RCS of the object for wave incident conditions regardless of the specified material. 
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This is conducted with the GA to get the global minimum without the initial points. Consequently, 
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process is required in order to evaluate the initial points. The 

optimization problem is the same as in Eq. (6) if the RCS is 

replaced by the reflection coefficient. This is conducted with 

the GA to get the global minimum without the initial points. 

Consequently, there are three optimization problems in the 

proposed method.

4. Application and verification

In this study, an efficient method of designing a composite 

RAS is proposed, and single and double layer dielectric RAS 

for aircraft wings are designed as numerical examples. The 

RAS are designed using three different methods – minimizing 

the reflection coefficient (Min. Γ), minimizing the RCS (Min. 

σ), and the proposed method. The usability of the proposed 

method is assessed by comparing the similarity of the results 

and computation time according to the design methods. 

The models used for the numerical examples are all of the 

rectangular type, and they have NACA-0012 and NACA-

2412 airfoils, respectively, as shown in Fig. 3. They also have 

the same cord length (1,000mm) and span (3,000mm). The 

RCS of the wing models are analyzed using a PO program 

to evaluate the objective function of the optimizations and 

wave absorbing performance of the designed RAS [28]. The 

element size in the analysis models is 1mm to 30mm, and the 

leading edge of the wing is finely meshed. The radar system is 

regarded as a mono-static type, and transverse electric (TE) 

and transverse magnetic (TM) waves are used, respectively. 

The elevation angle is defined as -90° for the perpendicular 

direction to the lower surface of the wing, and 90° for the 

upper surface. Therefore, the incident wave is parallel to the 

cord and perpendicular to the span at a 0° elevation angle. 

The RCS for the objective function of the optimizations are 

calculated for the 0° elevation angle to reduce the RCS for the 

threat section ( 20 elevation angle) [9].

A glass fiber reinforced composite with a carbon nano-

fiber (CNF) filler is used for material. The Cole-Cole plot of 

the material for 10GHz is shown in Fig. 4 [29]. The regression 

function of the Cole-Cole plot is generated as (εi"=0.024(εi')2+

0.073(εi')-0.040) for use with the optimizations. The complex 

permittivity is limited to 4≤εi'≤40, and the increment of the 

discrete thickness is △t=0.1mm considering the property of 

the material.

When designing the RAS, the GA is employed to process 

the optimizations of the Min. Γ, Min. σ, and portions of the 

proposed method with the parameters in Table 1 [30].

4.1 Single layer RAS design

The single layer RAS can be designed by minimizing the 

reflection coefficient (Γ) or RCS (σ) for a target frequency. In 

this study, the target frequency is 10GHz, and the RAS are 

designed using the Min. Γ, Min. σ, and the proposed method. 

The optimization problems of the Min. Γ and Min. σ are as 

follows.

Fig. 4. Cole-Cole plot of the glass fiber reinforced composite with CNF for 10GHz

When designing the RAS, the GA is employed to process the optimizations of the Min.Γ , Min.s ,

and portions of the proposed method with the parameters in Table 1 [30].
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The results from designing the single layer RAS for the NACA-0012 and NACA-2412 wing 

models are shown in Tables 2 and 3, respectively. The results from the Min.Γ are the same with 

respect to polarization type because the reflection coefficient is obtained for the normal incident wave. 

Also, they are not different according to the wing models since the reflection coefficient only adopts 

the material property regardless of structural shape. The input impedance of the Min.Γ is close to the 

characteristic impedance of the free space. In contrast to the results from the Min.Γ , the results from 

the Min.s are dependent on polarizations and wing models, and there are some differences between 

the input impedance and characteristic impedance of the free space. Significantly, more time is 

required to process the optimization of the Min.s than the Min.Γ .
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Table 1. Genetic algorithm parameters
List of tables

Table 1. Genetic algorithm parameters
Parameter Value

Population size 20
Number of generation 10,000

Probability of crossover 0.95
Probability of mutation 0.01

Table 2. Design results of single layer RAS for NACA-0012 wing model
Design 
method Polarization Complex

permittivity
Thickness

(mm)
Input 

impedance(Ω )
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input impedance and characteristic impedance of the free 

space. Significantly, more time is required to process the 

optimization of the Min. σ than the Min. Γ.

The input impedance minimizing the RCS of the object 

should be obtained to operate the proposed method. 

The optimization in Eq. (6) is conducted with a thickness 

of 2.0mm, and the input impedance minimizing RCS is 

calculated as 375.44-34.43j(TE), 356.42+26.09j(TM) for 

NACA-0012 and 390.46-24.53j(TE), 349.26+9.74j(TM) for 

NACA-2412. The proposed method is performed with the 

calculated input impedance minimizing RCS, and the 

results show less than a 0.1% difference with the Min. σ. 

In the proposed method, computation time is reduced 

significantly by processing the RCS minimization by using 

the gradient-based optimization, although the calculation of 

the reflection coefficient and impedance increase.

The RCS of the designed RAS is calculated along the 

elevation angle to evaluate the wave absorbing performance 

of the single layer RAS. The design results in Tables 2 and 3 

are applied to the skin of each wing model. The RCS plots of 

each wing model with the designed RAS are shown in Figs. 5 

and 6, respectively. The PEC in the legends indicate that the 

wing models are regarded as the perfect electric conductor, 

like metals that do not absorb waves. According to the results, 

the RCS reduction of the RAS Min. Γ is larger on the upper 

and lower faces of the wings than it is around the leading 

edge because the reflection coefficient is obtained for a flat 

surface. On the other hand, the RAS Min. σ produces a greater 

RCS reduction for the specified polarization and incident 

angle than the RAS Min. Γ. The RCS reduction of ±20 in 

terms of elevation angle is important for air vehicles to avoid 

radar detection [9]. Therefore, the RCS is a more appropriate 

parameter when designing RAS for aircraft wings. The RCS 

plots of the RAS Min. σ and the proposed method are shown 

superimposed since the design results of each method are 

almost the same. This indicates that the proposed method 

can reach the same results as the optimization minimizing 

RCS, with a reduced RCS analysis.

4.2 Double layer RAS design

The double layer RAS can be designed by minimizing 

the reflection coefficient or the RCS for more than a 

target frequency. Target frequencies need to be defined 

with consideration given to the broadband absorbing 

performance. In this study, the target frequencies are 

9GHz and 10GHz, and the double layer RAS are designed 

with preference given to the acquisition of a 10GHz wave 
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absorbing performance. The optimization problems with 

respect to designing a double layer RAS by minimizing the 

reflection coefficient or RCS are as follows.

Fig. 5. RCS plot of single layer RAS for NACA0012 wing model

Fig. 6. RCS plot of single layer RAS for NACA2412 wing model

4.2 Double layer RAS design

The double layer RAS can be designed by minimizing the reflection coefficient or the RCS for 

more than a target frequency. Target frequencies need to be defined with consideration given to the 

broadband absorbing performance. In this study, the target frequencies are 9GHz and 10GHz, and the

double layer RAS are designed with preference given to the acquisition of a 10GHz wave absorbing 

performance. The optimization problems with respect to designing a double layer RAS by minimizing 

the reflection coefficient or RCS are as follows.
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The first layer (outer layer) of the double layer RAS usually has very low permittivity to match the 

characteristic impedance to the free space. Therefore, the complex permittivity of the first layer is 

assumed as the permittivity of the composites without CNF filler as 1 4.75 0.14 jε = − . The design 

variables for the optimizations are the thickness of each layer and permittivity of the second layer. The 

objective function is defined to minimize the summation of the reflection coefficient or RCS for the 

target frequencies. The weighting factors are set as 2 12w w= to acquire the preferred absorbing 

performance of 10GHz. The results from designing the double layer RAS for the NACA-0012 and 

NACA-2412 wing models are shown in Tables 4 and 5, respectively. The results from minimizing the 

reflection coefficient (Min.Γ ) are the same with respect to polarization type and wing models for the 
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impedance to the free space. Therefore, the complex 

permittivity of the first layer is assumed as the permittivity 

of the composites without CNF filler as ε1=4.75-0.14j. The 

design variables for the optimizations are the thickness of 

each layer and permittivity of the second layer. The objective 

function is defined to minimize the summation of the 

reflection coefficient or RCS for the target frequencies. The 

weighting factors are set as w2=2w1 to acquire the preferred 

absorbing performance of 10GHz. The results from designing 

the double layer RAS for the NACA-0012 and NACA-2412 

wing models are shown in Tables 4 and 5, respectively. The 

results from minimizing the reflection coefficient (Min. 

Γ) are the same with respect to polarization type and wing 

models for the same reason as in the single layer RAS. The 

input impedance of the RAS Min. Γ for the target frequencies 

are all close to the characteristic impedance of the free space. 

On the other hand, the results of minimizing the RCS (Min. 

σ) are different depending on the polarization and wing 

models. The input impedance of the target frequencies does 

not match the characteristic impedance of the free space. The 

input impedance minimizing RCS of the target frequencies 

are calculated as 361.89-25.09j (9GHz, TE), 368.79-25.74j 

(10GHz, TE), 366.07+18.91j (9GHz, TM), 359.32+17.65j 

(10GHz, TM) for the NACA-0012 and 375.15-19.24j (9GHz, 

TE), 381.34-19.95j (10GHz, TE), 358.58+5.47j (9GHz, TM), 

354.23+3.31j (10GHz, TM) for the NACA-2412 wing models 

by the optimization in Eq. (7). The double layer RAS 

designed by the proposed method using the calculated input 

impedance is also in the Tables. According to the results, the 

proposed method obtains similar results with the Min. σ to 

the first decimal place while being less time consuming. 

The RCS of the designed RAS is analyzed according to 

frequency range to evaluate the wave absorbing frequency 

performance of the double layer RAS. The design results in 

Tables 4 and 5 are applied to each wing model, and the RCS 

is calculated for the 0° elevation angle, just as it was in the 
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objective function calculation.

The RCS plots of each wing model with the designed RAS 

are shown in Figs. 7 and 8. Depending on the results, the 

RCS reduction of the RAS Min. Γ is not maximized at the 

target frequencies since the reflection coefficient could not 

account for the structural shape. On the contrary, the RAS 

Min. σ reduces the RCS further for the target frequency, and 

it expands the frequency range, which shows an RCS lower 

than -20dBsm. Therefore, the broadband performance of 

the RAS can be acquired using the Min. σ. The RCS plots 

of the proposed method follow the results of the Min. σ, 

though there are small differences in each design result. 

This indicates that the proposed method is able to effectively 

obtain the double layer RAS minimizing RCS.

5. Conclusion

An efficient optimization method of designing composite 

RAS is proposed that gives consideration to the structural 
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Table 4. Design results of double layer RAS for NACA-0012 wing model
Table 4. Design results of double layer RAS for NACA-0012 wing model

Design 
method

Polari-
zation

Complex
permittivity

Thickness
(mm) Input impedance(Ω ) Number of 

calculation
Computation 

time(sec)
Min. Γ
(GA) - 4.75-0.14j

38.08-39.73j
3.20
1.20

9GHz:373.23+12.72j
10GHz:377.38-6.14j 80,000( Γ ) 11

Min.s
(GA)

TE 4.75-0.14j
38.95-39.47j

3.30
1.20

9GHz:370.93-15.39j
10GHz:369.85-35.97j 40,000(s ) 254,126

TM 4.75-0.14j
38.15-37.97j

3.10
1.20

9GHz:366.46+2.12j
10GHz:363.79+12.16j 40,000(s ) 254,126

Proposed
Method

(SQP+GA)

TE 4.75-0.14j
38.76-39.13j

3.30
1.20

9GHz:369.19-18.32j
10GHz:366.70-37.04j

60,000( Γ )
166(s )

40,000( inZ )
1,083

TM 4.75-0.14j
38.03-37.74j

3.10
1.20

9GHz:366.02+18.97j
10GHz:362.09+10.66j

60,000( Γ )
410(s )

40,000( inZ )
2,678

Table 5. Design results of double layer RAS for NACA-2412 wing model
Design 
method

Polari-
zation

Complex
permittivity

Thickness
(mm) Input impedance(Ω ) Number of 

calculation
Computation 

time(sec)
Min. Γ
(GA) - 4.75-0.14j

38.08-39.73j
3.20
1.20

9GHz:373.23+12.72j
10GHz:377.38-6.14j 80,000( Γ ) 11

Min.s
(GA)

TE 4.75-0.14j
39.52-40.56j

3.30
1.20

9GHz:376.30-6.27j
10GHz:379.74-

32.68j
40,000(s ) 254,126

TM 4.75-0.14j
37.40-36.59j

3.10
1.20

9GHz:363.72+7.30j
10GHz:353.51+3.00j 40,000(s ) 254,126

Proposed
Method

(SQP+GA)

TE 4.75-0.14j
39.50-40.53,

3.30
1.20

9GHz:376.13-6.57j
10GHz:379.41-

32.79j

60,000( Γ )
354(s )

40,000( inZ )
2,314

TM 4.75-0.14j
37.44-36.66j

3.10
1.20

9GHz:363.85+7.98j
10GHz:354.00+3.44j

60,000( Γ )
458(s )

40,000( inZ )
2,991
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3.30
1.20

9GHz:376.30-6.27j
10GHz:379.74-

32.68j
40,000(s ) 254,126

TM 4.75-0.14j
37.40-36.59j

3.10
1.20

9GHz:363.72+7.30j
10GHz:353.51+3.00j 40,000(s ) 254,126

Proposed
Method

(SQP+GA)

TE 4.75-0.14j
39.50-40.53,

3.30
1.20

9GHz:376.13-6.57j
10GHz:379.41-

32.79j

60,000( Γ )
354(s )

40,000( inZ )
2,314

TM 4.75-0.14j
37.44-36.66j

3.10
1.20

9GHz:363.85+7.98j
10GHz:354.00+3.44j

60,000( Γ )
458(s )

40,000( inZ )
2,991
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shape with a reduced RCS analysis to improve aircraft 

stealth performance. In the proposed method, the RAS 

is designed to match the input impedance with the input 

impedance minimizing RCS of the object for the specified 

wave incident conditions through several optimization 

processes. According to the results, it is difficult to account 

for the structural shape by using the reflection coefficient 

since it is evaluated from a flat surface. The RCS is a more 

appropriate parameter when designing non-flat RAS, but it 

also requires a tremendous time increase. In contrast, the 

proposed method obtains the same results as minimizing 

the RCS by matching the impedance, and the computation 

time is reduced significantly, although there is an increase 

in the calculations of the reflection coefficient and 

impedance. In addition, the optimization to minimize the 

RCS can be performed by the gradient-based optimization 

method with suitable initial design points. The composite 

RAS is designed in a short time by using continuous and 

discrete optimizations with the SQP and GA, respectively. 

Consequently, the proposed method attains the same results 

as the stochastic optimization, which takes a long time, by 

adopting the RCS as the objective function. The efficiency of 

designing the composite RAS can be enhanced by reducing 

the number of RCS analyses.
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