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ABSTRACT The paper presents a computationally efficient method based on the modified equivalent
current approximation for electromagnetic wave scattering analysis of electrically large multilayered lossy
dielectric structures. The proposed method can be an effective alternative to commercially available tools
and methods, which tend to become computationally intensive with increase in size and losses of structures.
The proposed method is applied to compute the radar cross-section(RCS) of various multilayered dielectric
and coated perfect electric conductor (PEC) structures for both TE and TM polarization under normal and
oblique incidences and compared with the method of moments (MoM) and finite element method (FEM).
The result shows excellent agreement and reduced computational resources and time compared to both
MoM and FEM. In comparison, the proposed method saves computational time by a factor of 15, and over
50% reduction in memory usage. The proposed method can be applied directly to study scattering problems
involving electrically large multilayer dielectric and conducting structures.

INDEX TERMS Multilayered scattering, Radar cross-section, Electromagnetic wave scattering, Lossy
dielectric medium, Modified equivalent current approximation

I. INTRODUCTION

ANUMBER of real-world applications, such as mate-
rial quality testing [1], bio-electromagnetic interactions

[2]–[4], stealth and counter-stealth technologies [5], involve
electromagnetic wave interactions with electrically large
multilayered dielectric structures. Full-wave analysis meth-
ods, namely the method of moments (MoM), finite element
method (FEM), are widely used for accurate electromagnetic
wave scattering analysis [6]–[9]. However, these full-wave
analysis methods become computationally complex and un-
stable with increase in size, number of coatings, number
of layers, and losses in dielectric materials [10], [11]. On
the other hand, high-frequency methods such as physical
optics, geometrical optics, or a combination of the two pro-
vide a faster analysis of electrically large surfaces with an
admissible reduction in accuracy [12]–[15]. Thus, making
the high-frequency method more favorable for efficient scat-
tering analysis for large multilayered structures. Comparing
various high-frequency methods, the physical optics (PO)
method is the most extensively studied for scattering analysis
of electrically large structures. The scattering analysis using
PO methods was usually limited by the constraint that the
scattering object must be a PEC surface [16]. A surface

discretization-based PO method, modified equivalent current
approximation (MECA) method, proposed in [17] addresses
this limitation by introducing a non-zero magnetic current in
the formulation to account for a lossy homogeneous dielec-
tric scatterer. Further, the method above assumes a constant
amplitude current distribution with linear phase fluctuation in
the facet. As a result, the size of the facets can be relatively
large, which makes the method computationally efficient.

In this paper, we propose an enhancement of the MECA
method [17] for multilayer dielectric structures. We introduce
an equivalent reflection coefficient method to model the
scattering properties of a general multilayer media, which
replaces the reflection coefficient of a homogeneous layer
in the MECA method, simplifying the complex multilayer
structure into an equivalent single-layer structure. Conse-
quently, the computational time for the multilayer structure
also gets reduced to that of a single layer, as elaborated in
the following sections. Fig. 1 shows a generic multilayer
structure for both TE and TM polarization. The equivalent
single-layer structure for TE and TM polarization proposed
in this paper is shown in Fig. 2. Additionally, the proposed
method uses two-dimensional surface meshing compared to
three-dimensional meshing in full-wave analysis, making the
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(a)

(b)

FIGURE 1: Oblique plane wave incidence in multilayer
structure (a) TE polarization (b) TM polarization.

(a)

(b)

FIGURE 2: Oblique plane wave incidence in the proposed
equivalent single-layer structure (a)TE polarization (b) TM
polarization.

proposed method more memory efficient.
The organization of the paper is as follows: section II

discusses the mathematical formulation of the proposed

method; section III deals with the validation of the proposed
method by comparing the computed values of radar cross sec-
tion (RCS) for different multilayered structures with MoM
method, followed by conclusion in section IV.

II. EQUIVALENT REFLECTION COEFFICIENT BASED
MULTILAYER SCATTERING ANALYSIS METHOD
Electromagnetic wave interaction in multilayer structures in-
volves scattering and transmission of electromagnetic waves
at multiple interfaces. Computing the total scattered field for
the multilayer structure by analyzing the wave interaction
at individual interfaces will be computationally intensive.
The proposed method overcomes this limitation by modeling
the multilayer structure as a single unit using an equivalent
reflection coefficient instead of the general dispersion coef-
ficients of individual interfaces. The formulation for finding
the equivalent reflection coefficient is based on characteristic
matrix method (CMM), which combines the effects of all the
interfaces in a multilayered medium to generate an equiva-
lent reflection coefficient [19]. The pivotal step in CMM is
determining a matrix Mt, which depends on the propagation
constant for TE and TM polarized electromagnetic waves at
individual layers constituting the overall multilayer structure.
The matrix Mt is derived through multiplication of layer-
matrices Mi, i = [2 : N−1], which encapsulates the material
properties of individual layers with the first layer (i = 1)
modeled as vacuum of infinite thickness and the last layer
(i = N ) modeled either as PEC or dielectric media of infinite
thickness,

Mi =

[
cos δi

j
ζi
sin δi

jζi sin δi cos δi

]
(1)

where, δi is given by the following equation.

δi = jγidi cos θ (2)

In (2), γi represents the propagation constant of the electro-
magnetic wave in medium i, θ is the angle of incidence, and
di is the thickness of the ith layer. The variable ζi in (1),
called tilted-admittance [20], is a function of polarization,
material admittance (Yi) and incident angle θ as,

ζi = Yi cos θ , (TE polarization)

ζi =
Yi

cos θ
, (TM polarization)

(3)

The decomposed reflection coefficients ( ρ
TE/TM

) are calcu-
lated using corresponding tilted admittance obtained in (3)
and elements of Mt as,

ρ
TE/TM

=
ζ1(Mt11 +Mt12ζn)− (Mt21 +Mt22ζn)

ζ1(Mt11 +Mt12ζN ) + (Mt21 +Mt22ζN )
(4)

where, ζ1 and ζN are tilted admittance of the first and
last layer respectively. The decomposed equivalent reflection
coefficient obtained in (4) is used along with incident electric
and magnetic fields to compute reflected electric field (Er

TE
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FIGURE 3: PEC plate with multilayer dielectric coating

and Er
TM) and magnetic field (Hr

TE and Hr
TM) of each facet

of the mesh, as given in (5).

Er
TE = Ei

TE ρTE êTE

Hr
TE =

1

η1
Ei

TE ρTE (k̂r × êTE)

Er
TM = Ei

TM ρTM r̂TE = Ei
TM ρTM (k̂r × êTE)

Hr
TM =

1

η1
Ei

TM ρTM êTE

(5)

where, Ei
TE and Ei

TM is the magnitude of decomposed in-
cident electric field, η1 is the impedance of first medium and
k̂r = k̂i − 2n̂(k̂i · n̂) is the unit vector along the direction of
reflection for the outward unit normal n̂. The direction of the
field components is established with local coordinate system
defined by the unit vectors [k̂i, êTE, êTM] for incident
wave and [̂rTE, k̂r, r̂TM] for reflected wave. The usage of
the equivalent reflection coefficient(ρTE/ρTM ) enhances the
method to be applicable for multilayer medium.

As mentioned in [17], the electric and magnetic currents
are computed for each facet in terms of magnetic and electric
fields of the corresponding incident and reflected waves,
obtained in (5), and the outward unit normal n̂ of the facet.
This electric and magnetic current is then used to derive
the analytical solution of the radiation integral at a far-field
observation point for every facet. The summation of which
gives the total scattered field.

III. RESULTS
For the validation of the proposed method, monostatic and
bistatic radar cross-section (RCS) of electrically large mul-
tilayered dielectric structures is computed, and the results
are compared with the method of moments (MoM) [18]. The
validation study examines the RCS of multilayered structures
with material properties ranging from PEC to lossy dielectric
for normal and oblique incidences of plane wave.

Fig. 3, shows the general geometry of the conductor-
backed multilayered structure considered for RCS compu-
tations in the paper. The structure consists of a PEC layer
with N dielectric coatings of permittivity (ϵi), permeability
(µi) and conductivity (σi) stacked one over the other, where
i = [1 : N ]. Structure with curved surface is also included
in the study to validate the geometrical inclusiveness of the
proposed method. The key metrics of the study are computa-
tional efficiency and accuracy of the proposed method.

First, the RCS of a single-coated square plate of side 5λ is
computed for TE and TM polarized plane wave and validated
using MoM. The structure has three layers with an infinite
air layer at the top, a dielectric layer ( ϵr = 1.8, µr = 1.5,
σ = 10.2ωϵ0 and tanδ = 5.6 [17]) of thickness 0.1λ,
and a thin layer of PEC as the third layer. A comparison
of the bistatic RCS for a plane wave of normal incidence
and oblique (θ = 30◦) incidence is shown in Fig. 4 and
Fig. 5 respectively. For normal incidence, the reflected wave
is along the angle of incidence as in Fig. 4, with the main lobe
or the maximum value of RCS along 0◦. The results show
that the proposed method is in good agreement with MoM,
particularly at observation angles near the angle of incidence.
The deviation in RCS for observation angles farther away
from the incident angle can be attributed to the fact that the
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FIGURE 4: Normalized bistatic RCS of coated PEC square
plate of side 5λ with dielectric coating ( ϵr = 1.8, µr = 1.5,
σ = 10.2ωϵ0 and tanδ = 5.6) w.r.t observation angle θ for
normal plane wave incidence of a) TE polarization b) TM
polarization.
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FIGURE 5: Normalized bistatic RCS of a coated PEC square
plate of side 5λ with dielectric coating (ϵr = 1.8, µr = 1.5,
σ = 10.2ωϵ0 and tanδ = 5.6) w.r.t observation angle θ for
oblique plane wave incidence of a) TE polarization b) TM
polarization.

CMM method used for computing the reflection coefficient
is limited to the angle range of ±80◦. Furthermore, the devi-
ations can be neglected as the RCS values are much smaller
compared to the dominant lobe. For oblique incidence, the
maximum value is obtained at the same angle but in the other
quadrant, i.e. at an angle ≈ −30◦(θ = 30◦, ϕ = 270◦), for
incident angle 30◦(θ = 30◦, ϕ = 90◦), which is in consensus
with the Snell’s law of reflection at the plane interface [21],
see Fig. 5.

Next, we study the monostatic RCS for the same single-
coated square plate structure to examine the effect of varying
coating thicknesses at a constant frequency of 2.45GHz,
see Fig. 6. As the coating thickness becomes electrically
significant, ≥ 0.2λ, the proposed method and MoM yield
a constant or nearly constant RCS value respectively. The
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FIGURE 6: Normalized monostatic RCS w.r.t normalized
coating thickness for a coated PEC square plate of side 5λ;
with dielectric coating of ϵr = 1.8, µr = 1.5, σ = 10.2ωϵ0
and tanδ = 5.6.

marginal deviation in the RCS is due to the fact that the
proposed method is an approximation method, while MoM
a full wave analysis method.

For studying the effect of multilayer coating on RCS,
we consider a double-coated square plate of side 5λ. The
material constants of the first layer of the coating are, ϵr1 =
1.8, µr1 = 1.5, σ1 = 10.2ωϵ0, tanδ = 5.6 and thickness
0.1λ followed by a second layer with material constants,
ϵr2 = 2, σ2 = 0.033 S/m and thickness 0.2λ. The bistatic
RCS for the double-coated square plate is computed for
normal plane wave incidence for TE and TM polarization,
see Fig. 7. The result shows that the proposed method is
in good agreement with MoM, especially for observation
angles closer to the angle of incidence. As stated before, the
deviations at the farther ends can be neglected since the RCS
values are low compared to the dominant lobe.

For validating the proposed method for curved geometry
we consider a dielectric-coated PEC sphere with material
properties of the coating, ϵr = 1.8, µr = 1.5 σ = 10.2ωϵ0
and tanδ = 5.6, see Fig. 8. The monostatic RCS of the
coated sphere is computed for normal incidence and varying
frequency while keeping the radius of the sphere and coating
thickness constant. The results obtained are compared with
MoM, see Fig. 9. As can be seen in Fig. 9, the RCS values
computed using the proposed method are in good agreement
with MoM, especially at higher frequencies. The deviations
can be observed at the lower frequencies as the structure
becomes electrically small. This is because the proposed
method is formulated especially for electrically large struc-
tures.

Next, the monostatic RCS for normal plane wave incidence
of a solid PEC sphere and a solid sphere with material
constants ϵr = 1.8, µr = 1.5, σ = 10.2ωϵ0 and tanδ = 5.6
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FIGURE 7: Normalized bistatic RCS of a multilayer coated
PEC square plate of side 5λ, with first dielectric coating
of ϵr1 = 1.8, µr1 = 1.5 and σ1 = 10.2ωϵ0 and second
dielectric coating ϵr2 = 2 and σ2 = 0.033 S/m w.r.t
observation angle θ for normal plan wave incidence of a) TE
polarization b) TM polarization.

FIGURE 8: Dielectric coated PEC sphere
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FIGURE 9: Normalized monostatic RCS of a coated PEC
sphere with dielectric coating (ϵr = 1.8, µr = 1.5, σ =
10.2ωϵ0 and tanδ = 5.6) w.r.t normalized outer circumfer-
ence for normal plane wave incidence.
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FIGURE 10: Normalized monostatic RCS of solid PEC, solid
dielectric(ϵr = 1.8, µr = 1.5, σ = 10.2ωϵ0 and tanδ =
5.6) and solid PEC sphere with a same dielectric coating w.r.t
normalized outer circumference .

is compared with PEC backed coated sphere with thickness
0.06λ and same material constants as that of solid sphere,
see Fig. 10. As seen the Fig. 10, the coated sphere exhibits an
RCS characteristic similar to the solid PEC sphere at lower
frequencies, and the characteristic gradually shifts to that of
the solid dielectric sphere at higher frequencies. This is due to
the coating thickness being electrically significant at higher
frequencies.

Next, monostatic RCS is computed for single-coated
spherical surfaces to examine the effect of coating thick-
nesses at a constant frequency of 2.45GHz. As can be ob-
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FIGURE 11: Normalized monostatic RCS w.r.t normalized
coating thickness for a coated PEC sphere of diameter 2λ
with dielectric coating of ϵr = 1.8, µr = 1.5, σ = 10.2ωϵ0
and tanδ = 5.6.

served in Fig. 11, when the coating thickness is greater than
0.2λ, both proposed and MoM yielded a constant or nearly
constant RCS value congruent to the flat coated surface.

Table. 1 and Table. 2 summarizes the computational ef-
ficiency of the proposed method for the structures studied.
A tabulation of the comparative study of the computational
time for the proposed method and MoM is given in Table. 1.
The computational time is reduced by at least fifteen times
for the proposed method compared to MoM, with good
agreement between the computed values. In addition, for a
double-coated structure, the computational time of MoM is
approximately thirty times higher than the proposed method,
see Table. 1. This is because the proposed method combines
the field variation in the interfaces of each layer to create
an equivalent value in contrast to discrete layer analysis in
MoM.

Table. 2 gives a comparative study of the memory used by

TABLE 1: Comparative Study of Computational Time for
Proposed Method vs. MoM

Structure Coating Proposed MoM
Square plate Single 144 s 2000 s
Square plate Double 144 s 3282 s
Sphere Single 123 s 1925 s
s = second

TABLE 2: Comparative Study of Memory Usage for Pro-
posed Method vs. MoM

Number of surface Mesh Size (GB)
Structure Coating Proposed MoM Proposed MoM
Square plate Single 1 11 11.46 195.29
Square plate Double 1 16 11.46 450.19
Sphere Single 1 2 12.9 25.8

the proposed method and MoM. As can be seen in Table. 2,
the proposed method uses minimum number of surfaces in
the form of 2D surface mesh in contrast to the 3D mesh used
in full wave analysis. The proposed method not only reduces
memory usage but also will not be influenced by the number
of layers. The mesh size for the square plate with single as
well as double layers is the same for the proposed method,
whereas it is more than double for MoM, see Table. 2. Even
though the proposed method can work efficiently with larger
mesh facets, the facet size is kept constant for the fairness of
the study.

The proposed method has also been validated using the
finite element method (FEM), a well-developed method for
the analysis of homogeneous multilayered media [22]. The
bistatic RCS of a square plate with a side of 8λ and a
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FIGURE 12: Normalized bistatic RCS of coated PEC square
plate of side 8λ with modified epoxy coating (ϵr = 3.7 −
j0.05, µr = 1.39−j3.56 and dielectric loss tangent = 0.014)
w.r.t observation angle θ for normal plane wave incidence of
a) TE polarization b) TM polarization.
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single layer coating of ferrite-polymer thick film (ϵr =
3.7− j0.05, µr = 1.39− j3.56 and dielectric loss tangent =
0.014) of thickness 0.2λ has been computed, see Fig. 12. The
result for both TE and TM polarizations shows that the results
from the proposed method agree with that of FEM analysis.
It is to be noted that analysis using FEM for electrically
large structures is time-consuming and need not always yield
converging results [11]. While the FEM-based simulator [24]
took an average of 25 minutes to compute the RCS for one
polarization, the proposed method accomplished the same in
approximately 4 minutes for both polarizations together.

IV. CONCLUSION
In this paper, a computationally efficient method for electro-
magnetic scattering analysis of electrically large multilayered
lossy dielectric structures is presented and validated. The
validation study in terms of radar cross-section computation
showed the proposed method in good agreement with the
method of moments (MoM) and the Finite element method
(FEM). The proposed method uses significantly less memory
and computation time in comparison to both MoM and FEM.
The comparison study with MoM showed a reduction in
computation time by a factor of fifteen and a minimum
of fifty percent reduction in memory usage. The proposed
method can be easily extended to study transmission and
absorption in multilayer media with minimal modifications
and inclusion of transmission coefficient in the modeling
of the equivalent single-layer structure. Thus, facilitating
analysis of non-metallic substrates, i.e., when the last layer of
the multilayered structure is not PEC. Being computationally
efficient the major advantage of the proposed method is the
possibility of real-time analysis which is crucial in RCS ap-
plications like navigation, target characterization, etc. Also,
the usage of 2D surface mesh and equivalent single-layer
model reduces the memory requirement making the method
suitable for onboard application with minimal hardware.
Though the proposed method is validated using RCS the
method is not limited to RCS computations. The method can
be used for real-time scattering analysis in varied areas like
material quality testing, bio-electromagnetic interactions, etc.
that involve electrically large structures.
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