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ABSTRACT: A design methodology is presented for utilizing electromagnetic bandgap metamaterials, also known as artiﬁcial magnetic conductors, to realize ultra-thin absorbers. One approach that has recently
been proposed is to place a resistive sheet in close proximity to a frequency-selective surface acting as an artiﬁcial magnetic conductor.
However, we demonstrate in this paper that incorporating the loss directly into the frequency selective-surface can eliminate the additional
resistive sheet, thereby further reducing the overall thickness of the absorber. The geometrical structure and corresponding resistance of this
lossy frequency-selective surface is optimized by using a genetic algorithm to achieve the thinnest possible absorber. Two examples of genetically engineered electromagnetic bandgap metamaterial absorbers are
presented and discussed. © 2003 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 38: 61– 64, 2003; Published online in Wiley InterScience
(www.interscience.wiley.com). DOI 10.1002/mop.10971
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1. INTRODUCTION

In many radar and tracking applications, it is desirable to control
the enhancement or reduction of the radar cross section (RCS) of
an object. A typical method of reducing the RCS of a structure is
to coat the surface with some type of lossy material that can
increase the absorption of electromagnetic waves at the operating
frequency of the radar [1–3]. To this end, there has been a considerable amount of interest over the years in the development of
new design methodologies for lightweight, ultra-thin absorber
coatings.
One of the most popular classical electromagnetic absorber
design techniques is based on the use of so-called Salisbury
screens [4]. This structure consists of a resistive metallic screen
placed a quarter-wavelength above a ground plane, separated by a
dielectric. The resistive metallic screen reﬂects a portion of the
incident electromagnetic wave, while the remaining part travels
through the dielectric and is reﬂected off the ground plane. At the
resonant frequency of the Salisbury screen, the phase difference
between the two reﬂected waves is equal to 180°, and thus the two
waves cancel. The distance the lossy screen is placed above the
conductor backing therefore determines the absorbing frequency.
An illustration of such an absorber along with its frequency response is shown in Figure 1. One advantage to such a design is the
simplicity of the structure, while the main disadvantage is the
relatively large thickness of a quarter wavelength, which can
severely limit the physical applications of the absorber. Therefore,
it is highly desirable to ﬁnd alternative design approaches that
would lead to much thinner absorbers with comparable performance characteristics.
Recently, it has been shown by Engheta [5] that the absorber
thickness can be considerably reduced with respect to that of a
standard Salisbury screen by using a gangbuster frequency-selective surface (FSS) and a resistive sheet placed above the ground
plane [5]. A gangbuster FSS consists of a series of closely spaced

Figure 1 Single-layer Salisbury screen geometry and corresponding plot
of the frequency response: (a) geometry of standard Salisbury screen; and
(b) frequency response for sheet resistance R s ⫽ 377⍀

dipole elements arranged periodically to form the screen [6]. When
the FSS is placed close to the conductor backing, the structure acts
as a high-impedance frequency-selective surface (HZ FSS) or
artiﬁcial magnetic conductor (AMC) over a narrow frequency
band. In this case, a resistive sheet was used to provide the
necessary loss, and was placed just above the FSS screen.
The designs presented here demonstrate their ability to reduce
the complexity and thickness of the gangbuster FSS design by
replacing the resistive sheet and gangbuster FSS with a single
lossy HZ FSS screen. In this case, the HZ FSS geometry is more
general than that of the gangbuster FSS and can be optimized
according to the desired operating frequency. These designs still
retain high-impedance properties at or near the absorbing frequency where the phase of the reﬂection coefﬁcient is 0°. These
new HZ FSS absorber designs therefore combine the advantages of
an AMC structure with those of a thin resistive screen. Furthermore, the resistive HZ FSS allows for considerably thinner designs, compared to that of a Salisbury screen or other conventional
methods.
2. GENETIC ALGORITHM APPROACH

In this section an optimization methodology is introduced for
synthesizing ultra-thin electromagnetic bandgap absorbers via
lossy HZ FSS. Due to the complex nature of the problem, conventional optimization methods were not considered in favor of a
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to reach convergence [8]. The ﬁtness function (FF) used in the
micro-GA for synthesizing a lossy HZ FSS is given by
FF ⫽

1
0.2兩  max/180兩 ⫹ 0.8兩⌫max兩,

(1)

where 兩⌫max兩 and max are the maximum reﬂection coefﬁcient
magnitude and phase respectively. As can be seen from Eq. (1), it
was found that better convergence was achieved by placing greater
weight on the magnitude of the reﬂection coefﬁcient.
3. ULTRA-THIN ABSORBER DESIGN EXAMPLES

Two examples of genetically engineered ultra-thin electromagnetic
bandgap absorbers will be presented and discussed in this section.
The objective in the ﬁrst case is to design an absorber centered at
6 GHz with a maximum dielectric substrate thickness of 5 mm, or
about a tenth of a wavelength. The GA was used to synthesize a
design with a unit cell size of 2.73 cm by 2.73 cm, a screen

Figure 2 Resistive FSS absorber structure and screen geometry for
operation at 6 GHz: (a) general resistive FSS absorber conﬁguration; (b)
unit cell geometry for /10 design; and (c) FSS screen geometry for /10
design

more robust genetic algorithm (GA) approach. A similar GA
technique was previously employed in [7] to successfully synthesize optimal HZ FSS designs for multi-band AMC surfaces. The
use of a GA allows for simultaneous optimization of the unit-cell
size, dielectric permittivity and thickness, and FSS screen geometry, as well as the resistive component of the FSS screen. The
result is a robust optimization procedure that can be used to design
an ultra-thin resistive FSS structure with an AMC and absorbing
properties at the desired frequency. Due to the rather long convergence time that would be required for a conventional GA, a
micro-GA was used in the actual optimization procedure. A micro-GA optimizes on a much smaller population of chromosomes,
which considerably reduces the overall computation time needed
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Figure 3 Reﬂection coefﬁcient vs. frequency response for /10 design:
(a) magnitude of the reﬂection coefﬁcient vs. frequency; and (b) phase of
the reﬂection coefﬁcient vs. frequency
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resistance of about 84⍀, and a substrate permittivity of  r ⫽ 6.
The FSS structure, including unit cell and screen geometry, is
shown in Figure 2. The magnitude and phase of the reﬂection
coefﬁcient for this FSS are shown in Figure 3, assuming a normally incident electromagnetic plane wave. It can be seen from
Figure 3(b) that the phase of the reﬂection coefﬁcient at 6 GHz is
0°, indicating the high-impedance behavior of the resistive FSS.
While the tenth of a wavelength thickness yielded very good
absorbing characteristics at the desired operating frequency, for
certain applications this structure may still be considered too thick.
As such, a second design example was synthesized via the GA,
again for operation at 6 GHz. This time, however, the maximum
substrate thickness was ﬁxed at 1 mm, which corresponds to
approximately one-ﬁftieth of a wavelength. The optimal unit cell
size in this case was found to be 3.54 cm by 3.54 cm, with a
permittivity of  r ⫽ 1.044. The actual substrate thickness of the
optimized structure was 0.952 mm, with an FSS screen resistance
of 0.7⍀. The unit cell and FSS screen geometry are shown in
Figure 4. The reﬂection coefﬁcient magnitude and phase plots for
this design are shown in Figure 5. A comparison of Figures 5 and
3 indicates that the thinner of the two absorbers has the narrower
bandwidth.
4. CONCLUSION

A robust GA optimization approach has been introduced for the
synthesis of ultra-thin electromagnetic bandgap metamaterial absorbers. Two examples of these genetically engineered absorbers
have been presented, which are considerably thinner than more

Figure 5 Reﬂection coefﬁcient vs. frequency response for /50 design:
(a) magnitude of the reﬂection coefﬁcient vs. frequency; and (b) phase of
the reﬂection coefﬁcient vs. frequency

conventional absorber designs, such as Salisbury screens. It was
also demonstrated that the overall thickness of the metamaterial
absorber can be reduced by incorporating the loss directly into the
FSS, rather than placing a separate resistive sheet in close proximity to the FSS.
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However, as described in [7], the longitudinal dual-mode ﬁlter has
the drawback that its physical restriction results in the reduction of
the number of ﬁnite zeros of transmission that can be generated in
the ﬁlter’s transfer function.
A possible conﬁguration to overcome this problem is the canonical form [7]. Symmetric and asymmetric canonical dual-mode
ﬁlters can be realized by ﬁnding their coupling matrix from a
rational transfer function. The coupling matrix of a symmetric
ﬁlter can be easily obtained with a method described in [1], but an
asymmetric ﬁlter needs lengthy and complicated equations to
obtain its coupling matrix, especially for the higher-order ﬁlter
case. Therefore, this paper describes a method to obtain a coupling
matrix of an asymmetric canonical ﬁlter from that of a symmetric
canonical ﬁlter by using a plane rotation technique.
2. THEORY

Figure 1 shows a lumped circuit representation of an n th-order
doubly terminated ﬁlter. The transfer function of the doubly terminated ﬁlter can generally be expressed as the following rational
function:
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ABSTRACT: This paper deals with a simple method to extract the coupling matrix of a 10th-order dual-mode asymmetric canonical ﬁlter. The
coupling matrix of an asymmetric canonical ﬁlter is obtained by applying a plane rotation technique to the coupling matrix of a symmetric
canonical ﬁlter. This paper gives a list of pivots and rotation angles to
obtain the coupling matrix of an asymmetric canonical-structure ﬁlter.
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From the lumped circuit representation, the relationship between
current and voltage can be obtained and expressed by the following matrix form [8]:

Key words: dual-mode ﬁlter; canonical ﬁlter; coupling matrix

where U is an n ⫻ n identity matrix, M is an n ⫻ n mutual
coupling matrix, and R is given by

关  U ⫺ jR ⫹ M兴关I兴 ⫽ 关A兴关I兴 ⫽ ⫺j关e兴,

1. INTRODUCTION

With the advent of the dual-mode elliptic response ﬁlter [1],
satellite transponders have become smaller with less mass than
conventional ones. Furthermore, due to the elliptic response characteristic of the channel ﬁlter, the frequency spectrum can be used
more efﬁciently.
Due to ease of fabrication, the longitudinal dual-mode ﬁlter,
with input and output ports positioned on opposite sides of the
structure, has been studied and designed widely [2, 3], including a
ﬁlter without tuning screws [4, 5] and a DR-loaded ﬁlter [6].
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(3)

The excitation vector [e] is given by [e] t ⫽ [1 0 . . . 0]
where t is the transposition operator of the matrix. Since, from Eq.
(2), the vector current [I] is given by

Figure 1 n th-order synchronously tuned doubly terminated ﬁlter
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