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Abstract
An electromagnetic boundary-value problem of modulated grooves in a conducting plane is rigorously solved based on 
the Fourier transform, eigenfunction expansion, and mode matching method. Radar cross section (RCS) of the modulated 
grooves is represented in a series form and calculated while varying depth, width, and period of the grooves to investigate 
scattering characteristics of dual band RCS reduction.

Keywords  Radar cross section · Mode matching method · Modulated grooves

1  Introduction

Recently, there have been extensive studies on the extraor-
dinary optical transmission through subwavelength slits sur-
rounded by surface grooves [1–5]. The enhanced optical trans-
mission through the slits surrounded by grooves on the surface 
results from the surface plasmon polariton (SPP) resonance 

[6]. In fact, the SPP modes are the special transverse magnetic 
surface wave modes propagating along the interface between 
two media with positive and negative permittivities in the opti-
cal region. The SPP modes are decaying evanescently in the 
direction perpendicular to the interface. The SPP-like modes 
can be also sustained by a perfect electric conductor even in 
the micro/millimeter wave regimes when its surface is periodi-
cally corrugated [7–9]. The SPP-like modes are also referred 
to as a spoof SPP or designer SPP because they are bound 
electromagnetic surface waves that mimic the SPP modes in 
optical region [7, 9]. A previous experimental study showed 
that the excitation of the SPP-like modes over the interface of 
the grooved conducting plane can reduce reflectivity at X band 
in a case of normal incidence [11]. Electromagnetic scattering 
from the rectangular groove in a conducting plane has also 
been investigated [12–14]. However, the previous studies have 
analyzed electromagnetic scattering by the rectangular groove 
in terms of the geometry of the groove and they have not taken 
into account the effects of the SPP-like modes. Therefore, it is 
of great interest to rigorously solve the electromagnetic scat-
tering from the grooves in a conducting plane in the viewpoint 
of the SPP-like modes and to analyze the relationship between 
the excitation of the SPP-like modes and the scattering char-
acteristic. In addition, a previous study has shown that the 
SPP-like modes can be generated at multiple frequencies on 
the conductor surface with modulated grooves using a num-
ber of in-depth simulations [15]. Therefore, it is significantly 
meaningful to rigorously analyze the excitation of the SPP-like 
modes with respect to the grooves geometries and to study 
the feasibility of the reduction of the reflection at multiple 
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SPP-like mode resonance frequencies. Lately, radar-absorbing 
material (RAM) [16], design of mount shape [17], and plasma 
on scatterers [18–20] have been studied for radar cross sec-
tion (RCS) reduction, and the RCS reduction is considerably 
crucial in stealth technology.

In this paper, we solve an electromagnetic boundary-value 
problem of the modulated grooves in an infinite conducting 
plane based on mode matching method. The eigenfunction 
expansion and the Fourier transform are used to represent the 
electromagnetic field in each region in terms of the discrete 
and continuous modes. The boundary conditions are enforced 
to obtain a simultaneous equation. RCS of the modulated 
grooves in a conducting plane is represented in the series form 
and calculated by using surface equivalence theorem [10]. 
Computation is performed to illustrate the behaviors of the 
reflection with respect to the grooves geometries. In order to 
validate our formulation, simulation results of Microwave Stu-
dio (MWS) of CST and FEKO are compared with our results. 
Also, the relationship between the excitation of the SPP-like 
mode and the reduction of reflection is discussed in detail.

2 � Field Analysis

Let us assume that a plane wave is TM-polarized and incident 
on an infinite rectangular conducting plane with two differ-
ent periodic grooves on the surface, as shown in Fig. 1. The 
grooves in each period have different sizes, which appears to 
be a modulated geometry with different depths, widths, and 
periods. A time convention of ej�t is suppressed throughout the 
analysis. The permittivity and permeability in region I and II 
are �1 , �1 , �

(i)

2
 , and �(i)

2
 . Superscript (i) indicates the i-th groove 

from the left. In region I, the incident and reflected fields are

where kx = k1sin�i , kz = k1cos�i , and k1 = �
√
�1�1.

The scattered field can be represented based on Fourier 
transform as [12, 21]
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where �1 =
√

k2
1
− �2 . In region II, the electromagnetic field 

can be represented in the sum of discrete modes and takes 
the form of:

where A(i)
m

 is a modal coefficient of i-th groove ( i = 1,… ,N ), 
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The boundary conditions are enforced to obtain the simul-
taneous equation for modal coefficients. The tangential elec-
tric field continuity is applied at the interface between region 
I and II ( z = 0)
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Fig. 1   a The proposed geometry with modulated grooves in an infi-
nite conducting plane and b the front view of the structure
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Taking the inverse Fourier transform 
∞∫

−∞

(⋅)e−j�xdx to (7) 

yields

Afterwards, the tangential magnetic field continuity is 
applied at the same interface

By substituting (8) into (9) and applying the orthogonal-
ity of trigonometric functions to (9), we can get the simul-
taneous equation:

To calculate the integral from in (10), we use Gaussian 
quadrature integration. Using (10), it is possible to obtain 
the modal coefficient A(i)

m
 in each groove.

3 � Numerical Results and Discussion

Three dimensional RCS is defined as [10]:
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.

Since calculating the integral form of Hs
y
 in (3) is not 

easy and time-consuming, we introduce equivalent electric 
and magnetic surface current densities on the surface of the 
conducting plane ( z = 0 ). First, on the parts consisting of a 
perfect electric conductor, equivalent electric surface current 
density can be defined at z = 0 as:

where subscription t indicates the tangential component. On 
the other hand, the rest parts on the surface of the proposed 
geometry, equivalent magnetic surface current density is 
defined at z = 0 as:

The electric and magnetic vector potentials can be defined 
by using the equivalent currents as [10]:
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We can evaluate the total far-field scattered field which 
is equal to the numerator in (12) by using (17) and vector 
transformation.

Before jumping into numerical results, it is important 
to point out how the SPP-like resonance frequency is 
decided. However, our formulation makes it difficult to 
derive the frequency through the parameters, such as a 
width, a depth, and a period, due to its aperiodicity. Note 
that previous studies on the periodic grooves provided 
a relationship between the resonance frequency and the 
parameters based on Floquet’s theorem [6–8, 22, 23]. The 

(21)L� = ∬
S

Mycos� ejk1r
�cos�ds�.

general conditions for the excitation of the SPP-like modes 
in terms of wavelength are p ≈ � and d ≈ (2n + 1)�∕4 , 
where p is a period of the grooves and d is a depth of the 
grooves. We started to design the modulated grooves under 
these conditions.

As can be seen from Fig. 1, relatively small grooves 
( i = 2, 3, 5, 7, 8, 10, 12, 13, 15, 17, 18 ) have a period 20 mm, 
T (2) = −100 mm , a depth d(i) = 4 mm , and a width 
2w(i) = 1.2 mm, all of which are aimed at the excitation of 
the SPP-like modes at one frequency, whereas the other 
grooves ( i = 1, 4, 6, 9, 11, 14, 16, 19 ) have a period 30 mm, 
T (1) = −105 mm, a depth d(i) = 6 mm, and a width 2w(i) = 4 
mm for the other frequency. The total number of grooves 
is N = 19 and that the number of small and large grooves 
is 11 and 8, respectively. All regions are assumed to be 
filled with air. The periodic small grooves can generate 
the SPP-like modes at about 13.8 GHz as described in 
[7], whereas the others can generate the SPP-like modes 
at about 8.3 GHz. Before proceeding with the investi-
gation of dual band RCS reduction due to the SPP-like 
modes, it is pertinent to validate our mode matching for-
mulation. Toward this purpose, our bistatic RCS results 
are compared with the simulation results from MWS of 
CST and FEKO in Fig. 2. Note that bistatic RCS of an 
infinite rectangular conducting plane becomes non-finite, 
and thus we assume that the sizeof the proposed structure 
is 1 m × 1 m in length and width throughout the analy-
sis. The comparison of our results with the simulation 
results shows a good agreement at both frequencies. For 
the mode matching method, the total computation time 
with the truncation number M = 4 is about 20 s on a PC 
(Intel Core CPU i7-5820 k at 3.30 GHz, 32 GB memory). 

(a)

(b)

Fig. 2   a Bistatic RCS of the modulated grooves in a conducting plane 
when an incident plane wave is normally incident on the surface at 
8.3 GHz and b corresponding bistatic RCS at 13.8 GHz ( � = 0◦)

Fig. 3   Monostatic RCS of the modulated grooves in a conducting 
plane versus frequency when an incident plane wave is normally inci-
dent on the surface in the cases of a smooth conducting plane, a plane 
with both small and large grooves, with either small or large grooves, 
and simulations of MWS of CST and FEKO
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The total simulation times for MWS of CST and FEKO on 
the same PC are over 1.5 h and about 6 min, respectively, 
implying that our computational method is more efficient 
for the optimization of the structure. The discrepancy in 
large observation angles toward 90 degrees is due to the 
diffraction of edges. Figure 3 illustrates the monostatic 
RCS results in the case of normal incidence ( �i = �s = 0◦ ) 
from 6 GHz to 20 GHz under various conditions. As is 
known, the monostatic RCS increases as the frequency 
increases. To verify aforementioned statements that the 
periodic small grooves are designed for 13.8 GHz and the 
other periodic large grooves are for 8.3 GHz, we plot the 
results using only small grooves ( N = 11 ) or large grooves 
( N = 8 ) on the conducting plane. Compared to monostatic 
RCS of the conducting plane without grooves, the result 
of the corresponding plane with only small grooves shows 
the reduction of monostatic RCS at 13.8 GHz. Also, the 
result of the corresponding plane with only large grooves 
shows the reduction of monostatic RCS at 8.3 GHz. From 
these results, each of the periodic grooves excites the 
SPP-like modes at the desired frequency and the presence 
of the SPP-like modes reduces the reflection in terms of 
monostatic RCS. Also, it is interesting that the proposed 
structure including both groups of small and large grooves 
results in the reduction of monostatic RCS over two tar-
geted frequencies. Therefore, the reduction of monostatic

RCS can be achieved due to the excitation of the SPP-like 
modes at both frequencies.

In order to assure the existence of the SPP-like modes, 
we calculate the ratio of the time-averaged Poynting vector 
toward x-direction Sav−x(x, z) near the interface ( z = 0.5 mm) 
to the total magnitude of the time-averaged Poynting vec-
tor of the incident plane wave ||Sav−in(x, z)|| at 8.3 GHz and 
compare our result with simulation result of MWS of CST, 

as shown in Fig. 4. The comparison of our result with the 
simulation result shows a good agreement. Compared to the 
time-averaged Poynting vector in the case of the conducting 
plane without grooves, the time-averaged Poynting vector in 
the case of corresponding plane with modulated grooves in 
non-zero, even has larger values. This means the presence of 
the SPP-like modes propagating along the interface, thereby 
making the reduction of reflection.

Effects of dielectric filled grooves in a rectangular con-
ducting plane are also analyzed. The effects on electromag-
netic scattering are plotted, given that dielectric constant 
is finite, real value, as shown in Fig. 5. Figure 5a shows 
monostatic RCS as dielectric constant varies in the case 
of the rectangular conducting plane with relatively small 

Fig. 4   Ratio of the time-averaged Poynting vector toward x-direction 
near the conductor surface ( z = 0.5 mm) to the total magnitude of the 
time-averaged Poynting vector for a normal incidence plane wave

(a)

(b)

Fig. 5   Monostatic RCS versus frequency as dielectric constant varies 
in cases of the rectangular conducting plane with a relatively small 
grooves only ( N = 11 ) and b large grooves only ( N = 8 ) ( � = 0◦ , 
� = 0◦)
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grooves ( N = 11 ), whereas Fig. 5b shows corresponding 
result when the surface of the conducting plane consists of 
relatively large grooves ( N = 8 ). As can be seen, the SPP-
like resonance frequency decreases as the dielectric constant 
increases in both cases. Large dielectric constant seems to 
give rise to the decrease of the asymptotic SPP-like reso-
nance frequency, and therefore the intercept point for phase 
matching between the incident wave and the SPP-like modes 
is positioned at low frequency in terms of the dispersion 
relation. Similar to the former result that shows the fea-
sibility of dual band RCS reduction by combining arrays 
of grooves designed for different frequencies, monostatic 
RCS of combined arrays of grooves with dielectric constant 
more than 1 is plotted in Fig. 6. Superscript 1 in the leg-
end denotes relatively small grooves and 2 represents the 
other grooves. We extrapolated from Fig. 6 that each array 
of grooves filled with dielectric excites the SPP-like modes 
independently. Also, we can modify the resonance frequency 
via dielectrics.

4 � Conclusion

We have solved the electromagnetic boundary-value 
problem of the modulated grooves in an infinite conduct-
ing plane based on the Fourier transform, eigenfunction 
expansion, and mode matching method. RCS is repre-
sented in the series form and calculated in terms of the 
groove geometry to analyze the characteristics of dual 
band RCS reduction. As a result, due to the excitation of 
the SPP-like modes, monostatic RCS can be reduced at 
dual band. Our formulation and results can be used in the 
research of RCS reduction and stealth technology.
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