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Absorber for electromagnetic radiation

Technical Field
The invention relates to an absorber for electromagnetic radiation as well as to a

method for manufacturing such an absorber.

Background Art

Absorbers for electromagnetic radiation, known as radar absorbers, are usually
layers that cover a device and minimize the reflection of incident electromagnetic
waves. They have attracted much interest due to numerous applications in different
domains [1]. In tracking applications and the so-called stealth technology, radar ab-
sorbers can be used to reduce the radar cross section (RCS) of an object [2]. They are
also of interest for shielding electronic circuits and equipments protecting living be-
ings from electromagnetic radiation. In electromagnetic measurement systems, ab-
sorbers are indispensable to obtain reliable results. Measurements of electromagnetic
compatibility (EMC) and antenna radiation patterns require that spurious signals aris-
ing from the test setup and reflections are negligible. This necessitates carrying out
the measurements in anechoic chambers.

One of the most effective types of radar absorbers comprises arrays of pyramid
shaped pieces made out of a lossy material. [1]-[4]. An alternative type comprises flat
plates of ferrite material in the form of flat tiles fixed to all interior surfaces of the
chamber [5]. Another approach for making absorbers is taking advantage of Salisbury
screens which is mainly a resistive sheet in the distance of A(p/4 from a ground plane
[6]. These kinds of absorbers are usually narrow band devices and they are quite
bulky for operating in lower frequencies [7]. Based on analogous principles, Jaumann
absorbers were developed, which are in principle multilayer structures designed to
absorb radiation with broader bandwidth [8]. However, these absorbers still suffer
from large thickness.

With the appearance of the metamaterial concept, some new absorbers based on
frequency selective surfaces (FSSs) have been proposed [9]. The FSS absorbers con-
sist of a lossy substrate having a grounded metallic layer on the one side and being
covered with a periodically structured metallic layer (patch layer) on the other side
[10],[11]. At some frequencies, the patch layer exhibits resonance and, due to the loss
of the substrate, high absorption of the incident field is obtained. These absorbers are
usually much thinner than those mentioned above. Nonetheless, since the operation is
based on resonance effects, they still suffer from narrow bandwidths. One way to

tackle this problem is using optimizers to find an optimum bandwidth [12].

CONFIRMATION COPY
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Since planar periodic material blocks can also exhibit frequency selective prop-
erties, electromagnetic absorbers based on textured substrates have been proposed. In
[13], an optimization scheme is applied to obtain the best configuration of the tex-
tured substrate. Despite the strong improvement in the bandwidth, the resulting sub-
strates are not easily manufacturable. The reason is mainly the need for an intricate
texturizing of the substrate in each unit cell.

Recently, it was shown that the properties of an absorber can be modified when
periodic inhomogeneities are incorporated in the substrate [14].

Disclosure of the Invention

The problem to be solved by the present invention is therefore to provide an al-
ternative absorber of this type that has potentially good absorptive properties.

This problem is solved by the absorber of claim t. Accordingly, the absorber
comprises a lossy substrate, a first, structured metallic layer arranged on a first side of
the substrate and a second metallic layer arranged on a second side of the substrate. In
addition, a plurality of holes in the form of openings or recesses is arranged in the
substrate.

This design has the advantage that the openings or recesses in the substrate af-
fect the resonance properties of the structured metallic layer and the spectral absorp-
tion of the whole device. Hence, the presence of the openings or recesses in the sub-
strate allows broadening the spectral response of the absorber.

Another advantage lies in the fact that a simple structure can be used in the sub-
strate, while the first metallic layer can be structured in more complex manner. Since
the substrate is typically perforated or recessed using mechanical methods (such as
drilling or punching), a simple structure for the recesses is able to enhance the proper-
ties considerably.

Advantageously, and in order to simplify production, openings extending
through the substrate, are used. If recesses are used, such recesses advantageously
extend from the first side (i.e. the side of the structured metallic layer) into the sub-
strate thus that they have an influence on the resonant properties of the structured first
metallic layer. However, manufacturing the recesses requires an accurately controlled
process for drilling the substrate and consequently adds to the fabrication cost.

In a particularly advantageous embodiment, the absorber further comprises a
lossless carrier layer, wherein the first metallic layer is arranged on a surface of this
carrier layer. Such a carrier layer mechanically stabilizes the first metallic layer, in
particular at the locations of the recesses or openings of the substrate. In addition, it

further simplifies the total fabrication process.
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The invention also relates to a method for manufacturing such an absorber.
Such a method comprises the steps of

providing the substrate,

mounting the first metallic layer to the substrate, and

mounting the second metallic layer to the substrate.

Advantageously, as mentioned above, the absorber comprises a lossless carrier
layer, with the first (structured) metallic layer arranged on a surface thereof. This de-
sign provides mechanical support for the first metallic layer where it extends over the
openings or recesses of the substrate. When manufacturing this type of absorber, the
metallic layer is advantageously mounted to a surface of the carrier layer and then the
carrier layer and the first metallic layer are mounted to the substrate. In that case, the
carrier layer provides mechanical support for the first metallic layer during the manu-
facturing process.

Other advantageous embodiments are listed in the dependent claims as well as

in the description below.

Brief Description of the Drawings

The invention will be better understood and objects other than those set forth
above will become apparent from the following detailed description thereof. Such de-
scription makes reference to the annexed drawings, wherein:

Fig. 1 is a sectional view of a first absorber,

Fig. 2 shows (a) a parameterization scheme for a unit cell of the structured first
metallic layer, (b) a parameterization scheme for the openings or recesses in a unit
cell with several openings or recesses, and (c) two possible arrangements of openings
or recesses for a unit cell with a single opening or recess,

Fig. 3 is (a) a sectional view of a second absorber and (b) of a third absorber,

Fig. 4 are graphs of (a), (b) the complex relative permittivity € and (c), (d) the
complex relative permeability p of a lossy substrate material,

Fig. 5 schematically illustrates the measurement setup for characterizing the ab-
sorbers,

Fig. 6 shows the reflection as a function of frequency for a homogeneous lossy
substrate with ground plane on one side,

Fig. 7 shows the reflection coefficient as calculated for an absorber according to
the last row of Table I, ‘

Fig. 8 shows (a) the geometry of a unit cell, (b) the reflection as a function of
frequency and (c) the reflection as a function of angle for an absorber with homoge-

neous, non-perforated substrate, and
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Fig. 9 shows (a) the geometry of the first metallic layer of a unit cell, (b) the
geometry of the openings or recesses in the unit cell, (c) the reflection as a function of
frequency and (d) the reflection as a function of angle for an absorber with perforated

substrate.

Modes for Carrying Out the Invention

In the following, some terms used in the description and claims are defined in
more detail. Then, the basic geometry of an absorber is described in Section I. In Sec-
tion II, a design procedure for such an absorber is described. Section III discusses a
possible fabrication process and the measurement setup. The resulting absorbers are

presented in Section IV. Some final notes are added in Section V.

Definitions:

The term “lossy substrate” refers to a substrate whose complex relative permit-
tivity € = €’ — 1.£” and complex relative permeability 4= x4’ - i-4” have non-zero
imaginary components. Advantageously, the permittivity and permeability are such
that

1>(” u)/ (e pu)>10"2.

This relation ensures that the lossy substrate is sufficiently lossy in order to
substantially broaden the resonances of the metallic structures without damping them
excessively.

A “lossless” layer, on the other hand, refers to a layer where

(e - u) /(e p)<1074

I. Basic Absorber Structure

Fig. 1 shows an absorber having a substrate 1 of a lossy material. Substrate 1 is
planar and has a width and length much larger than its thickness. Openings or re-
cesses 2 are arranged in substrate 1. On a first side 3 of substrate 1, a structured me-
tallic layer 4 is provided, and on a second side 5 a typically unstructured (i.e. continu-
ous, without any openings) and grounded second metallic layer 6 is mounted.

Lossy substrate 1 is advantageously of a slightly conducting material having a

relative permittivity € and relative permeability x in the range defined above. It is e.g.
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a conducting polymer or a semiconductor. It is typically not a metal because the
imaginary parts of the electric permittivity £ of a metal are generally too high.

In the embodiment of Fig. 1, openings 2 extending all the way through the sub-
strate 1 are used. As mentioned above, instead or in addition thereto, recesses (as de-
noted in dotted lines 7) could be used as well.

The recesses 7 or openings 2 can be empty or they can be filled with a gas or
with any other lossless material. However, it is better not to fill with lossy materials
since they may reduce the strength of the resonance in the substrate.

To simplify the manufacturing process, the recesses or openings 2 in substrate 1
are advantageously arranged at regular intervals.

In a particularly advantageous embodiment, the recesses or openings 2 have
circular cross section, which simplifies the manufacturing process.

Also for manufacturing reasons as well as in order to simplify mathematical
modelling, first metallic layer 4 has a lattice structure which is periodic along the two
dimensions of the surfaces of substrate 1 with a geometry built up from identical lat-
tice unit cells, with each unit cell covering an identical arrangement of recesses or
openings 2.

A typical periodicity (i.e. the unit cell width and height) is in the order of
c/fmax> With ¢ being the speed of light and f;,;, a maximum desired absorption fre-
quency of the absorber. For f,,, being 30 GHz, the size of the unit cellsis e.g. 1 cm
x 1 cm.

Advantageously, each unit cell has mirror symmetry with respect to the direc-
tions x and y with x and y being two directions parallel to the surface of absorber 1
and y being perpendicular to x. In addition, each unit cell has mirror symmetry with
respect to the bisectrix of x and y. This results in a substantially isotropic response of
the spectral reflectance under 90° rotations of the absorber about an axis perpendicu-

lar to its surface.

II. Methodology

In structures of the type described above, there are numerous scatterers ar-
ranged periodically in a host medium, which gives rise to multiple scattering effects.
Furthermore, when the periodicity is of the order ot a wavelength, the well-known
homogenization techniques fail and the field behavior becomes more sophisticated.
Because of the complexity of the effects, one cannot design such structures based on
physical intuition. Therefore, the design of absorbers based on homogeneous or per-
forated substrates is advantageously carried out using appropriate optimization algo-
rithms.
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There are four main steps in the design of a planar absorber: First, an electro-
magnetic field analysis method is selected and tailored to efficiently analyze and
evaluate all possible solutions. Second, an optimization algorithm should be chosen,
which is able to efficiently find optimum structures in a fitness evaluation. Third, the
optimization domain is defined, and finally a proper fitness function for the particular
application must be defined. After fulfilling these tasks, optimizations are run to pro-
duce structures, which are expected to perform optimally. In the following, each of

the above steps as well as their results are discussed.

II.A Analysis Method

Fitness evaluation is carried out on an absorber as shown in Fig. 1 and de-
scribed in Section 1. The problem is to calculate the power reflection coefficient when
a plane wave illuminates the planar structure with various frequencies, incidence an-
gles and polarizations.

The goal of the design of radar absorbers is to obtain very small values of the
reflection coefficient. Because of numerical cancelations in the computation of small
values, a high accuracy of the analysis method is advantageous. Additionally, the
method should be efficient enough to make numerical optimizations possible. The
periodic method of moments meets the above requirements [15] for the analysis of
FSS structures on unperforated substrates. In order to handle the perforations, it is
combined with the transmission line method (MoM/TL) [14]. There are two choices
for the MoM basis functions, namely rooftop [16] and entire domain basis functions
[17]. Because of the existence of several patches (metallic regions) in the unit cell,
using entire domain basis functions results in high computation costs. Therefore,
rooftop basis functions are the superior choice for our purpose. To decrease the num-
ber of frequency points in the analysis, model based parameter estimation (MBPE) is

used to efficiently obtain the reflection spectrum [18].

II.B Optimization Algorithm

In [19], a thorough and detailed study is carried out to find an optimization al-
gorithm that is well suited for FSS problems. It was demonstrated that a binary hill
climbing (RHC) algorithm with random initialization and random restart outperforms
well-known stochastic optimizers - such as genetic algorithms and evolutionary
strategies - in both the probability of finding the global optimum and the number of
required fitness evaluations for obtaining sufficiently good sub-optimal solutions. The
RHC algorithm may be described as follows:
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(1) Perform random initialization and fitness evaluation of the first generation
with N,,, individuals. (2) Perform bit-fitness value evaluation. (3) Select the best in-
dividual (strict elitism) as the parent for the next generation with N (length of the bit
string) individuals. (4) Generate child number n by flipping bit number n of the par-
ent. (5) Repeat step 2 until the parent is better than all of its N children. When this
happens, (6) reinitialize the first population using bit fitness proportional (BFP) muta-
tion and continue with step 2 until the stopping criterion is met.

In this study, the algorithm with N,,, = 2 is employed and stopped when the
number of fitness evaluation exceeds 5000. This stopping criterion avoids long com-
putation times but it does not guarantee that the global optimum is reached. However,

it is sufficient for finding very promising solutions.

I1.C Optimization Domain

The remaining two steps, i.e. definition of the optimization domain and the fit-
ness functions directly depend on the specific absorber to be manufactured. There-
fore, the goal of the design should first be set and the above aspects are defined ac-
cordingly. Here, a thin, planar absorber which has an optimum bandwidth and angular
stability within the intervals 0 GHz < f <30 GHz and 0° < 8 < 90° is to be obtained.
As usual for the absorbers, similar characteristics for § and —8 (mirror symmetry) as
well as x and y directions (azimuthal symmetry) are desired, with x and y denoting
two orthogonal directions parallel to first surface 3 of substrate 1.

First of all, we assume that the thickness of the substrate is fixed and needs no
optimization. The reasons are the interest in thin radar absorbers, which delimits the
thickness to small values, and the commercial availability of substrates with certain
thicknesses. In addition, to prevent propagation of high order diffraction modes, the
periodicity of the substrate is fixed, based on the desired operation frequency. Thus,
the lattice constant for the periodic structure is presumed to be 1 cm.

To optimize the FSS patch unit cell configuration, it is subdivided to 14 x 14
pixels on a regular grid. The optimizer then decides whether a pixel contains a metal-
lic layer or not. Therefore, the patch unit cell is easily encoded into_a bit string with
14 x 14 bits. However, due to symmetry consideration only a fraction of fhe whole
pixels need to be coded and the other ones are obtained from symmetry operations.
Fig. 2(a) illustrates these pixels. As shown in the figure, a bit string with 28 bits en-
codes the whole patch unit cell. Since we decided to keep substrate thickness and pe-
riodicity constant, there is no variable regarding the substrate that should be opti-
mized, as long as no perforations of the substrate are considered. Thus, the optimiza-
tion domain is fully defined by a bit string of 28 bits. As a consequence of the consid-
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ered subdivision and symmetries, the Fourier series in the MoM analysis should be
truncated at M = £14. This leads to a computation time of 0.6 sec to calculate the re-
flected power in 30 frequency points for normal incidence and an additional 2 sec for
oblique incidence in 8 incidence angles for both polarizations. The corresponding
code is written in MATLAB and run on a 8x AMD Opteron Processor 2384
@2.71GHz with a Linux platform.

The recesses or openings 2 in substrate 1 need to be optimized as well. For the
following, it is assumed that they are in the form of openings extending all the way
through substrate 1, even though similar computational methods can be used for
modelling recesses as well. Further, it is assumed that the openings are in the form of
circular cylindrical holes in order to be easily manufactured. Second, the holes are not
manufactured so easily as the patch layer. Therefore, a low number of holes per unit
cell area is desirable. One way is to analogously subdivide the substrate unit cell by a
grid and encode it with a second bit string, in which one indicates the existence of a
hole in the pixel center. To avoid a large number of holes, a 6 % 6 grid is considered
in our study (a string of 6 bits) and the hole diameters are fixed to 1 mm (Fig. 2(b)).
Another approach is to assume only one hole per unit cell and optimize its radius and
position. Due to the symmetry constraints, the position can be either in the center or
on the corners of the unit cell. This is encoded by 1 bit and the radius is chosen by the
optimizer among a discrete set of values, namely » € {0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4}
mm (Fig. 2(c)). As will be shown, the second approach is the superior choice because
it leads to better results. It should be mentioned that there is room for refinement of
the optimization of both types of perforations. In principle, one might combine and
generalize these approaches by considering several perforations with diameters and
locations to be optimized. This could provide better radar absorbers, but it leads to
large bit strings and long computation times and finally to a more demanding manu-
facturing process.

In the analysis of the absorber with periodic substrate, again the same Fourier
series truncation order is considered. The computation time for the normal incidence
on the same computer as before is about 83 sec in 30 frequency points. For the
oblique incidence, an additional 200 sec will be needed to calculate the reflected en-

ergy for 8 incidence angles and both TE and TM polarizations.

11.D Fitness Function

After defining the optimization domain, fitness functions should be defined to
run the optimizers. Their definition should properly contain the goal of the design. As
mentioned before, a radar absorber with optimum bandwidth (BW) and angular sta-
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bility (AS) is desired. Concerning the first target the following fitness function may

be considered:

A
L= M
30GHz
where Afis the frequency interval (in GHz) over which the power reflection coeffi-

cient is less than a certain value, namely R;. An appropriate fitness function for the

angular stability is similarly defined as follows:

AG
fo =59 )

where A = O, — 0 is the angle interval (in degrees) with the power reflection coef-

ficient for both polarizations less than R;. In order to save computation time, this in-
terval only is computed for the frequency with maximum absorption.

The challenging part is to define a compound function that maximizes the
above criteria properly. A simple possibility is to define a weighted sum of the above
function. However, this may incur one function to have a large value and the other
one to have a value even below an acceptable limit. For example, the bandwidth
which is the most important measure of an absorber may decrease drastically. In this

work, the following function is considered for the optimizations,

f= (arctan( 1000~ 0-9)) O fon+ o) O

with the normalized functions defined as

wasz/fa)max and f&sze/meax (4)

where f;, max and fp max are maximum of f,, and fp obtained by the optimizer. The sec-
ond term in fis simply the addition of the normalized functions. The first term gives a
large weight to the cases with bandwidths of more than 90% of the maximum band-
width and a low weight to the ones with narrower bandwidths.

Employing the arctan function or any similar continuous function is advanta-
geous since an abrupt change at bandwidth limit may preclude the optimizer from
converging to the optimum.

Consequently, the optimization process begins with running the optimizer for
each of the definitions (1) and (2). This returns f;, max and fgmax as the result. Subse-
quently, the optimizer is run again for the compound function. To assist the optimizer
to find the optimum faster, one can use the results of the previous runs as initial

guesses for the last one.
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II1. Specific Embodiments, Fabrication and Measurement

Before the design results are presented, some points about the fabrication proc-
ess and measurement system-are worth being mentioned. As emphasized previously,
a lossy substrate should be used. Unfortunately, there exists no appropriate substrate
on the market, which is both lossy and have a printed copper layer, which could be
used for etching the absorber. Fabricating and pasting the structured first metallic
layer 4 on a lossy, perforated substrate 1 would lead to a cumbersome process. There-
fore, it is advantageous to mount the first metallic layer 4 on a lossless carrier layer
10, as shown in Fig. 3(a), and then mount carrier layer 10 on lossy substrate 1.

In particular, first metallic layer 4 can be applied to carrier layer 10 before me-
tallic layer 4 is structured. Then, metallic layer 4 is structured, e.g. by covering it with
an etch mask, e.g. using photolithographic or printing techniques. Etching is then
used to structure metallic layer 4.

The recesses or openings 2 in substrate 1 are advantageously formed prior to
mounting carrier layer 10 and first metallic layer 4 to substrate 1, thereby simplifying
the manufacturing process for substrate 1.

It must be noted that the optimized absorber is operating based on resonance ef-
fects. Thus, inserting a carrier layer 10 in between the first metallic layer 4 and lossy
substrate 1, such as shown in Fig. 3(a), can deteriorate the performance drastically. A
solution is to paste carrier layer 10 and first metallic layer 4 in upside-down orienta-
tion on lossy substrate 1, i.e., in such a way that first metallic layer 4 is arranged be-
tween carrier layer 10 and substrate 1, as shown in Fig. 3(b).

The thickness of carrier layer 10 is advantageously at least 100 um (depending
on the operation wavelength) such that it has good mechanical stability for supporting
first metallic layer 4 and in addition it is thin enough to have a negligible effect on the
whole performance.

In a specific embodiment, carrier layer 10 is a lossless RT/Duroid 5880 Smil
substrate (gr = 2.2). Lossy substrate 1 is the MF-112 absorber material from the
ECCOSORB® MF series with thickness 1.87mm. A measurement was carried out for
obtaining the complex relative permittivity £ and relative permeability u of the mate-
rial. The results of this measurement are shown in Fig, 4.

Fig. 5 schematically illustrates the measurement setup for characterizing the ab-
sorbers. The manufactured absorber is placed in front of two horn antennas 11, 12,
which are located very close to each other and far from the absorber. Since the ex-
periment is carried out in an anechoic chamber, the two antennas are communicating
only through the absorber. The transmitted energy between the two antennas is meas-
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ured once with the absorber and then with a perfect electric conductor (PEC) plane of
the same size. Subtracting the obtained two values extracts the reflected energy from
the absorber under test. Using a time-gating concept [22], the effects of other scatter-

ers in the setup like the holder and antenna legs are eliminated.

IV. Resulting absorbers
To demonstrate the benefits of the absorbers, first the absorption properties of a
homogeneous layer with a ground plane on one side is illustrated in Fig. 6. In this
figure, the power reflection coefficient is sketched in terms of the frequency for nor-
10  mal incidence of a plane wave. As seen from the curve, the maximum absorption
achieved by this absorber is 12 dB. Note that the antenna and its feeding system fail
to perform well at low frequencies. Thus the measurement results at low frequencies
are not reliable. Moreover, there are some sources of errors in the measurement pro-
cedure which lead to the observed discrepancies in Fig. 6. For instance, diffraction
15  from the edges, errors in the measurement of dielectric and magnetic constants using
NRW technique, and the small incidence angle in the setup are some of these sources.
The results obtained by the optimizers are tabulated in Table I.

TABLE I
THE OPTIMIZATION RESULTS FOR DIFFERENT ABSORBER STRUCTURES
substrate R, ?an ASfIIﬂX ) Funax
30GHz a0°¢ BL) ( AS y
30 GHz 20°
15dB 0.22 0.60 0.22 0.5:
homogeneous

20dB 0.09 0.50 0.09 0.35
periodic 15dB 0.36 0.63 0.36 0.52
6 x 6 grid 20dB 0.20 0.53 0.20 04
periodic 15dB 0.50 0.74 0.50 0.53
one hole 20dB 0.37 0.54 0.37 0.19

20
The RHC optimizer is run for the three unit cell configurations shown in Fig. 2.
Two different values of R, namely 15 dB and 20 dB, in the fitness functions f,,
(BWmnax), f6 (ASmax) and f are assumed. Since listing the values of fmay not be
meaningful, the corresponding values of f,, and fy that result in the maximum value of
25  fare presented.
The first conclusion from Table I is the influence of a structured first metallic

layer 4 in increaéing both the absorption and its bandwidth. Furthermore, the optimi-
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zation results impart that using a periodically perforated or recessed substrate 1 can
strongly improve the absorber performance. Both maximum bandwidth and maxi-
mum angular stability are enhanced. For the combined fitness function, except in the
case with one opening in the substrate and R; =20 dB (last row), a similar effect is
observed. The reason for the results in the last row lies in the failure of the fitness
definition. The maximum absorption for the optimum result occurs at a frequency
very close to the bandwidth edge, as shown in Fig. 7. Hence, the angular stability
computed at this frequency is low compared to the other ones. This confirms the criti-
cal role of the fitness definition in the optimization. A better fitness definition - which
might result in longer computation times - should result in structures with better an-
gular stability. For instance, if the angular stability would be calculated at the center
frequency or averaged over different frequencies, this problem might be solved. Of
course, the fitness definition is highly determined by the particular application for
which the absorber is designed.

Using several openings or recesses per unit cells enables one to design with
more degrees of freedom, which leads to longer computation times. First results re-
veal that using one recess or opening 2 per unit cell in substrate 1 leads not only to a
simpler fabrication process, but also to a better performance. The reason of this effect
is understood by studying the reflection curves of each absorber. As will be seen, the
main cause of the bandwidth improvement is the additional resonance points intro-
duced by the periodic substrate. Relatively large openings are required for introducing
additional resonances, which allow one to broaden the bandwidth. The openings in
the multi-hole example are too small for this purpose. This shows that one does not
necessarily find better solutions by adding more degrees of freedom, i.e., additional
optimization parameters. At the same time, one cannot simply conclude that a single
opening per unit cell is optimal for all applications. For example, one might obtain
even better solutions by introducing four relatively large holes per unit cell and by
optimizing positions as well as locations. However, such configurations would make
the fabrication more difficult.

Two absorbers were selected from those of Table I for fabrication; first, the FSS
absorber with R; = 15 dB and homogenous, i.e. non-perforated substrate, second the
absorber with perforated substrate, again with Rj= 15 dB, namely the absorber with

. one opening per unit cell. The unit cell geometry as well as the simulation and meas-

urement results for each absorber are illustrated in Figs. 8 and 9. The simulation re-
sults are presented in two groups, namely the reflection curve computed with and
without lossless carrier layer 10 covering substrate 1. They are designated in the fig-

ures as the “fabricated” and the “original” absorber, respectively.
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As seen from the curves in Figs. 8(b) and (c), the thin lossless carrier layer 10
has a small effect on the absorption properties. Thus, optimizing without assuming
carrier layer 10 seems reasonable. A fairly good agreement is observed between the
results. An important source of error in the measurements is a thin glue layer between
first metallic layer 4 and lossy substrate 1. As mentioned before, since the absorbers
are resonating structures this small perturbation can incur tangible distortions in the
reflection properties. Measurement of the oblique incidence needed a larger anechoic
chamber than the available one. Hence, measurements are only accomplished for
normal incidence. The obtained bandwidth based on the simulation results is Af =
6.85GHz with f. = 15.42GHz as the center frequency, and from the measurements we
obtain Af'= 6.61GHz with f, = 15.07GHz.

In Fig. 9(a), there are some gray areas shown in the unit cell of first metallic
layer 4. The optimum result indeed included these patches. However, they cause dif-
ficulties in the fabrication process since they are placed in close proximity without
being electrically connected. In addition, omitting these patches decreases the normal-
ized bandwidth by a negligible value (from 0.5033 to 0.4983). Therefore, the manu-
factured absorber does not contain the gray patches in Fig. 9(a).

From Fig. 9(c) and (d), it is observed that the carrier layer 10 has a higher im-
pact on the performance compared to the unperforated absorber of Fig. 8. The reason
is mainly the low average permittivity and permeability of the substrate, which makes
it sensitive to the small changes in the upper medium. This pushes the operation fre-
quency to larger values where the thin layer becomes significant. Nonetheless, the
differences are small enough to neglect the covering layer in the optimization. Other-
wise, the simulation cost would increase and the optimization would take a longer.
Note that there are two curves showing the measurement results in Fig. 9(c), which
are obtained using two different horn antennas designed for different frequency bands
- with some overlap around 27GHz. The curves in Fig. 9(d) are both sketched in the
frequency f = 21.2GHz which is the operating frequency of the original absorber.

The obtained bandwidth from the simulation results is Af= 14.4GHz with the
center frequency f. = 21.5GHz and from the measurements Af= 13.1GHz with f, =
21GHz. Compared to the results for the absorber of Fig. 8, a 100% improvement in
the bandwidth and 50% enhancement in the relative bandwidth are observed. From
the reflection spectrum it can be seen that the main reason for the large bandwidth is
the appearance of additional resonances when substrate 1 is perforated. This is the
main reason for achieving better performance when only one opening 2 in the sub-

strate 1 is presumed. Drilling several smaller openings 2 in substrate 1 pushes the
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resonances to undesired high frequencies. As a consequence, the absorber can hardly
benefit from additional resonances in this case.

Also, in order to obtain a broad range of resonances, it is advantageous to pro-
vide the first metallic layer with first metallic structures (denoted in Fig. 9(a) by ref-
erence number 14) arranged vertically over one of the recesses or openings 2 and sec-
ond metallic structures (reference number 15) not arranged over the recesses or open-
ings 2 but rather over the solid bulk of substrate 1.

In terms of angular stability, the reflected power from the designed absorber at
the frequency with maximum absorption remains lower than —15 dB for the incidence
angles smaller than 50°. In case of the absorber with perforated substrate 1, this inter-
val calculated at the center frequency is 8§ < 52°. Hence, despite the possibility to
reach structures with higher angular stability, this factor remains almost unchanged.
The reason is mainly the constraint introduced to the optimizer that makes the band-

width a more important issue than the angular stability.

V. Conclusions and Notes

A procedure for designing and manufacturing planar radar absorbers based on
FSS technology is presented and discussed. The idea of employing perforated sub-
strates for FSS absorbers is investigated as well. To this end, two types of absorbers,
“FSS absorbers” and “perforated FSS absorbers”, have been studied.

The design procedure comprised the following four steps:

(1) For absorbers with homogenous (unperforated) substrate 1 MoM and for ab-
sorbers with perforated substrate 1 MoM/TL codes are chosen to analyze each test
case.

(2) The RHC (binary hill climbing with random restart) optimizer is selected for
all optimizations.

(3) The optimization domain is defined for each absorber type. The unit cell of
first metallic layer 4 is subdivided into pixels on a regular grid and the pixels to be
metalized are found by the optimizer. For the absorber with perforated substrate, two
choices are considered; first inciuding one hole per unit cell and optimizing its radius
and second assuming several holes per unit cell and optimizing their positions. It was
shown that the first assumption can lead to better performance.

(4) A fitness function should be defined based on the desired specifications of
the absorber, which depends on its application.

The optimization results show that absorption properties of the absorber can be

strongly enhanced by using one opening per unit cell in substrate 1. In the design ex-
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ample considered above, a 100% improvement of the bandwidth was observed while

the angular stability is remained nearly unchanged.
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Claims

1. An absorber for electromagnetic radiation comprising a lossy substrate (1), a
first, structured metallic layer (4) arranged on a first side (3) of the substrate (1) and a
second metallic layer (6) arranged on a second side (5) of the substrate (1), character-
ized in that a plurality of openings or recesses (2, 7) is arranged in said substrate (1).

2. The absorber of claim 1 wherein said openings or recesses (2, 7) in said sub-
strate (1) are arranged at regular intervals.

3. The absorber of any of the preceding claims wherein said openings or re-
cesses (2, 7) in said substrate (1) have circular cross section.

4. The absorber of any of the preceding claims wherein said first metallic layer
(4) has a lattice structure that is periodic along two dimensions with a geometry built
from identical lattice unit cells, wherein each unit cell covers an identical arrange-
ment of openings or recesses (2, 7).

5. The absorber of claim 4 wherein there is one opening or recess (2, 7) for each
unit cell. :

6. The absorber of any of the preceding claims wherein said first metallic layer
(4) comprises first metallic structures (14) arranged over one of said openings or re-
cesses (2, 7) and second metallic structures (15) not arranged over said openings or
recesses (2, 7\)

7. The absorber of any of the preceding claims further comprising a lossless
carrier layer (10), wherein said first metallic layer (4) is arranged on a surface of said
carrier layer (10), and in particular wherein said carrier layer has a thickness of at
least 100 pm.

8. The absorber of claim 7 wherein said first metallic layer (4) is arranged be-
tween said carrier layer (10) and said substrate (1).

9. The absorber of any of the preceding claims wherein said openings (2) ex-
tend through said substrate (1).

10. The absorber of any of the preceding claims wherein said recesses (7) ex-
tend from said first side (3) into said substrate (1).

11. The absorber of any of the preceding claims wherein said substrate (1) has a
complex relative permittivity £= £’ —i-£” and permeability y= g’ —i-uwith 1 > (¢”-
uy (e u)>10-2.

12. A method for manufacturing the absorber of any of the preceding claims
comprising the steps of

providing said substrate (1),

mounting said first metallic layer (4) to said substrate (1) and
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mounting said second metallic layer (6) to said substrate (1).

13. The method of claim 12 wherein said first metallic layer (4) is mounted to a
surface of a lossless carrier layer (10) and then said carrier layer (10) and said first
metallic layer (4) are mounted to said substrate (1).

5 14. The method of claim 13 wherein said recesses or openings in said substrate
(1) are formed prior to mounting said carrier layer (10) and said first metallic layer
(4) to said substrate (1).

10
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