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Abstract— In this paper, we propose a simple technique to analyze
absorber/transmitter frequency selective surfaces (FSS). The
structure is formed by two FSS, one resistive and one conductive.
Both FSS are printed on an FR4 dielectric substrate. The square
loop and crossed dipole are the geometries considered in this paper.
The technique combines two simple approaches, the equivalent
circuit method, and the scattering matrix method. Two prototypes
were built for validation purposes. Simulated and measured results
are in good agreement.

Index Terms— Absorber/Transmitter FSS, Simple Numerical Technique.

I. INTRODUCTION

With the rapid advances of wireless communications, electromagnetic wave absorbers are

becoming increasingly important for space field applications such as anechoic chambers, radar

systems, and military applications [1]. Recent researches on electromagnetic wave absorbers have

been developed in order to improve indoor environments due to the proliferation of wireless local area

network (WLAN) systems [2], [3].

In the middle of World War II, aircraft were detected through the radar cross-section (RCS), and

due to this feature, studies were started to reduce the RCS. The first efforts were devoted to radar

absorption (RAM) materials. One particular type of RAM studied was called the analog absorber

circuit, because it depended on the layers of the conductive material of the geometrical arrays, which

acted as combinations of resistive, capacitive, and inductive circuit components, such as Salisbury

screens and Jaumann absorbers [4].

Alternatively, it is proposed to use two cascading FSSs, which results in a configuration called an

absorber/transmitter FSS. This proposal has been investigated by several researchers [2], [3], [5]. This

structure is similar to the Salisbury screen; however, has the great advantage that it allows signals

outside of the absorption band of interest to be transmitted through the structure.

To analyze microwave absorbers implemented with FSS there are different techniques in literature

that are applied in several commercial electromagnetic problem analysis software. Those softwares

use full wave analysis methods and generally require considerable computational effort. In addition,

they have a limited number of optimization techniques [6] - [8].
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The idea of this paper is to propose an absorber/transmitter FSS analysis technique that can be used

in conjunction with any artificial intelligence technique that demands low computational effort. The

proposed technique combines the equivalent circuit method [9], [10] with the scattering matrix

technique [11], [12]. This work is an extension of [13], in which we improve the proposed modeling,

analyze a second geometry, the square loop; construct two prototypes, and validate the proposed

technique with experimental results.

II. PROPOSED STRUCTURE
The proposed structure is similar to the Salisbury screen, but differs from the classical structure in

that it uses periodic structures in both the resistive layer and the metallic ground plane. It has a

resistive screen, which is the first FSS away from the first FSS, comes the second FSS, at a distance

of approximately 1/4 wavelength. This second FSS is conductive and acts as a ground plane for the

frequencies to be absorbed, allowing all other frequencies to pass through the structure with a

minimum of attenuation. Fig. 1 illustrates the structure considered. The periodicities of the two FSS

are identical, p. The dimensions of the resistive FSS are loop strip thickness, w1, loop side length, d1,

dielectric thickness, h1 and loop spacing, g1 = p – d1. The conductive FSS dimensions are: loop strip

thickness, w2, loop side length, d2, dielectric thickness, h2 and loop spacing, g2 = p – d2.

Fig. 1. Absorber/transmitter FSS.

The incident wave is considered a plane wave. The conductive FSS acts as a stopband filter,

reflecting the desired frequency range and strongly attenuating these frequencies in the transmission

direction. The resistive FSS, on the other hand, should strongly attenuate the reflected wave to the

frequencies of interest, dissipating the electromagnetic energy in the resistive material cells. Thus, the

composite structure functions as an absorber/transmitter FSS. Then, the absorption characteristics are

achieved by placing a second FSS layer consisting of resistive square loops. A Nelco4000 substrate
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with thickness of 0.254 mm supported by a FR4 substrate was used and the surface resistance of the

resistive square loops is chosen as RS = 50 /□.

The main difference between the proposed structure and the Salisbury screen is that the latter

reflects all frequencies outside the absorption frequency range, which can lead to a significant

increase in multiple paths in the vicinity, while the FSS only attenuates the frequencies of interest,

allowing the others to be transmitted through the structure with minimal attenuation.

The versatility of this structure has led to the interest in developing an analysis technique that can

be used in combination with various computational intelligence and optimization techniques; and with

low computational effort. A disadvantage of the technique is that the periodicities of the resistive and

conductive structures must be identical.

III. EQUIVALENT CIRCUIT METHOD

Initially, let's model the conductive FSS. Modeling for square loop geometry was developed in [14].

The equivalent circuit for square loop geometry is illustrated in Fig. 2 and corresponds to a series L-C

circuit.

Fig. 2. Equivalent circuit for conductive FSS.

The normalized parameters of the square loop equivalent circuit, considering normal incidence, are:
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where Z0 is the air impedance and l is the wavelength.

The function F(•) was presented in [14] and eeef is calculated as [15]:
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where N is an index that depends on the geometry, the occupied area in each cell by the metal and is

calculated according to the methodology adopted in [15].

The equivalent admittance for this circuit can be calculated as:
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The transmission coefficient is calculated as:
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Considering a perfectly conductive metal the reflection coefficient can be calculated as:

12
21

2
11 =+ CC SS (6)

After this, we need to model the resistive structure. In general, a resistance (R) is added in the

modeling of structures [16]. The equivalent circuit for square loop geometry is illustrated in Fig. 3,

corresponding to a series R-L-C circuit.

Fig. 3. Equivalent circuit for resistive FSS.

The normalized parameters of the square loop equivalent circuit, for a resistive FSS, are:
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where RS is the surface resistance of the material used as resistive surface, which in this work is 50

/, S = p2 and A = 2w1(d1 – w1).

In this case, the total impedance of the structure is:

� = �+ � �� −�� (12)

The reflection and transmission coefficients are calculated as [17]:

�11� =
−�0

�0 + 2�
(13)

https://orcid.org/0000-0001-9874-7468
https://orcid.org/0000-0003-4350-6389
https://orcid.org/0000-0001-5437-9093
https://orcid.org/0000-0001-9591-1701


Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 20, No. 2, June 2021
DOI:http://dx.doi.org/10.1590/2179-10742021v20i21004

Brazilian Microwave and Optoelectronics Society-SBMO received 3 Sept 2020; for review 18 Sept 2020; accepted 15 Apr 2021
Brazilian Society of Electromagnetism-SBMag © 2021 SBMO/SBMag ISSN 2179-1074

�21� =
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(14)

IV. SCATTERING MATRIX TECHNIQUE
With the reflection and transmission coefficients of the resistive and conductive FSS, we can

calculate these coefficients for the cascade structure to obtain absorption/transmission characteristics,

as shown in Fig. 4. The interaction between the two FSS can be calculated using the scattering matrix

technique since the distance between the two is large enough, i.e. the separation distance between the

two FSS cannot be much shorter than the wavelength. Thus, the mutual coupling between the FSS can

be neglected [18].

Fig. 4. Cascaded structures.

Using the scattering matrix technique [18], the final results for the transmission and reflection

coefficients for the cascaded FSS are calculated as:
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where parameters A, B, C and D are calculated as:
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and the scattering matrix of the nth structure is:
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For the proposed structure, the reflection and transmission coefficients are calculated as:
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V. RESULTS AND DISCUSSIONS

In order to validate the proposed numerical technique two FSS square loop prototypes were

constructed and the measured results obtained in [5] were used for the cross dipole case. For normal

incidence measurement, the transmitter and receiver sides were connected to two identical ultra-

wideband horn antennas. The antennas have an average gain of 14 dBi. The distance from both

antennas to the center of the structure was 1.30 m. The frequency response of the prototypes was

evaluated using a network vector analyzer (VNA) connected directly to both transmitting and

receiving antennas. Four measurements were performed with the above-mentioned configuration.

Unobstructed window measurements referred to as free space measurement (FS), and four with the

FSS under test were performed. Fig. 5 illustrates the measurement setup. The equipment used was:

two 700 MHz 18 GHz model SAS-571 horn antennas with wooden tripods, one Agilent Technologies

model N5230A vector network analyzer, operating in the 300 kHz to 13.5 GHz range (with its due

coaxial cables). In addition, one structure was used to support the absorber and has in one side RF

absorbers and conductive foil. With this support, we reduce the noise caused by diffraction

contamination.

Fig. 5. Measurement setup.

The first prototype built has periodicity p = 42.5 mm. The dielectric used in both FSS is the FR4,

with dielectric constant εr = 4.4. The resistive substrate has thickness h1 = 1.854 mm and the

conductive substrate has thickness h2 = 1.6 mm. The conductive FSS has dimensions: d2 = 31.95 mm

and w2 = 2 mm, while the resistive FSS has dimensions: d1 = 33.95 mm and w1 = 4 mm. The distance

between the FSS layers is d = 26.4 mm. The two FSS were cascaded using Teflon spacers. Fig. 6

illustrates the built absorber. In Fig. 7 we can see the comparison between simulated and measured

results for the S-parameters with normal incidence. Continuous line is the S21 and dashed line is the

S11. The results show that the cascading structure suppresses 2 to 3 GHz transmission. Our proposed
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technique shows better results in terms of resonance frequency and for the S11 parameter than results

obtained with HFSS, but for bandwidth, the results obtained with HFSS show better agreement.

However, a good agreement between the results is observed.

The second built prototype has periodicity p = 24 mm. The dielectric used in both FSS is the FR4,

with dielectric constant εr = 4.4. The resistive substrate has thickness h1 = 1.97 mm and the conductive

substrate has thickness h2 = 1.54 mm. The conductive FSS has dimensions: d2 = 21.5 mm and w2 = 2.2

mm, while the resistive FSS has dimensions: d1 = 21.5 mm and w1 = 3 mm. There is a separation d =

14 mm, between the two layers. The two FSS were cascaded using an acrylic spacer. Figure 8

illustrates the constructed structure.

Fig. 6. First built prototype.

Fig. 7. Comparison between simulated and measured results for S-parameters of the first built prototype.
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Fig. 8. Second built prototype.

In Figure 9 we can see the comparison between simulated and measured results, for the S-

parameters. Again, our proposed technique shows better results in terms of resonance frequency and

for the S11 parameter than results obtained with HFSS, and again for bandwidth, the results obtained

with HFSS show better agreement. However, a good agreement between the results is observed.

Fig. 9. Comparison between simulated and measured results for S-parameters of the second built prototype.

The third comparative case was obtained from the results measured in [5]. The considered

periodicity is p = 28.57 mm. The dielectric used in both FSS and FR4, with dielectric constant εr = 4.4.

The resistive FSS has thickness h1 = 0.8 mm and the conductive FSS has thickness h2 = 1.6 mm. The

conductive and resistive FSS square turns have identical dimensions: d1 = d2 = 20.58 mm and w1 = w2

= 3.83 mm. The gap between the two FSS is d = 10 mm. In Fig, 10 we can see the comparison

between the simulated and measured results for the S-parameters. Again, our proposed technique

shows better results in terms of resonance frequency and for S11 parameter than results obtained with

HFSS, and again for bandwidth, the results obtained with HFSS show better agreement. However, a

good agreement between the results is observed.

The results presented in Figures 7, 9 and 10 show a small divergence between the proposed model

and that obtained by full wave simulation, for the three analyzed cases. As is well known, 3D
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numerical approach presents accurate results, but result in high computational costs. The equivalent

circuit analysis, based on the approximation of the FSS as a lumped network, in contrast to the full-

wave simulations, provides a good view of the physical properties and design of the periodic structure,

but with less precise results in relation to the full- 3D wave. Thus, in our opinion, this may be the

main contributor to the disagreement between the numerical results. The experimental results are also

shown in the figures. It can be observed that in all cases, the measured results are closer to this work

than those of full-wave ones. One of the factors that most influence the response of the structure is the

distance between the layers, defined as d in Figure 4. A small variation can cause a large displacement

in the location of the absorption peak. This, together with the fact that the measurements were not

carried out in a controlled environment, may be related to the fact of the displacement in relation to

the results obtained by the HFSS.

Fig. 10. Comparison between simulated and measured results for S-parameters of the built prototype in [5].

VI. CONCLUSIONS
In this paper, an extension of [13] was proposed, investigating the use of a simple numerical

technique for the analysis of absorber-transmitter FSS, with square loop and cross dipole geometries.

The investigation was validated experimentally, with the construction of two square-loop prototypes

and experimental results presented in [5]. The proposed technique allows a combination of

optimization techniques and computational intelligence for absorbers synthesis with low

computational effort. In addition, the work presented the modeling of resistive FSS, using the

equivalent circuit method, which is not widespread in the literature. The simulated and measured

results showed good agreement, which validates the proposed technique. About the HFSS results, a

better convergence can be obtained with a test of convergence, to the refinement of the finite element

mesh or the spectral resolution.
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