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ABSTRACT In this paper, a frequency selective absorber (FSA) with an anisotropic reflection band is
proposed for radar cross section (RCS) reduction applications. The presented design is a 2-D triple-layered
structure consisting of a lossy frequency selective surface (FSS) at the top, a lossless FSS at the intermediate,
and a metal plane at the bottom. All the layers of the proposed structure are printed on the low-cost FR4
substrate and separated by air spacers. The lossy FSS layer loaded with lumped resistors leads to a wide
absorption band. The reflection band with anisotropic property is attained using the intermediate lossless
FSS layer, constituted of two intersecting non-perpendicular dipole-shaped patches in each unit cell of the
structure. By adjusting the angle between two dipole-shaped patches (2«), the location of the reflection
bands can be tuned across the absorption band. Under the normal incidence, the presented design covers a
wide absorption frequency range of 2.4 GHz to 8.3 GHz, where the reflection coefficient is below —10 dB
(fractional bandwidth = 110%). Considering o = 35°, the reflective notch frequencies at frp = 4.47 GHz
and fr)r = 5.74 GHz are attained under transverse-electric (TE) and transverse-magnetic (TM) polarizations,
respectively. To validate the performance of the proposed design, a prototype was fabricated and measured.
The results demonstrate good agreement between the measured and simulated data.

INDEX TERMS Frequency selective surface, frequency selective absorber, radar cross section, anisotropic
reflection band, equivalent circuit model.

I. INTRODUCTION the functional ground of the antennas [17]. In this case, the

Over the past years, absorbers have found a wide variety of
applications, such as interference reduction and radar cross-
section (RCS) reduction [1], [2], [3], [4]. Unlike traditional
absorbers, frequency selective absorbers (FSA) have either
a transmission band (FSA-T) or a reflection band (FSA-R)
[5], [6], [7], [8]. The FSA-T are the structures placed in front
of the antennas as radomes, allowing electromagnetic (EM)
waves of a certain frequency to transmit with low insertion
loss while absorbing the out-of-passband waves [9], [10],
[11], [12], [13]. On the contrary, FSA-R reflects EM waves
at a specific frequency instead of transmission and absorbs
the incoming waves in the other range [14], [15], [16]. The
most common usage of this type of FSA is exploiting it as
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FSA-R is designed such that its reflection band coincides
with the operating band of the antenna to maintain or enhance
the antenna’s gain and absorbs out-of-band impinging waves
upon the antenna for substantial backscattering reduction
[18], [19], [20], [21], [22], [23].

FSA-Rs can be constructed in 2-D or 3-D forms. In [19],
Sharma et al. introduced a polarization-independent 2-D
triple-layered FSA-R with a flat reflection band between
two absorption bands. In [20], Han et al. designed a
dual-polarized, two-layered planar FSA with a notched
band within a broad absorption frequency range. In [24],
a 3-D FSA-R was reported, demonstrating a flat reflec-
tion band and two wide absorption bands on both sides.
Although 3-D structures offer advantages, such as achieving
higher-order filtering responses, they come with increased
fabrication complexity and higher costs. On the contrary,
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the 2-D structures feature simple and flexible designs,
making them suitable and preferable for various applica-
tions [19], [25]. Besides, all of the aforementioned studies
on FSA-R have a symmetric shape and offer the same
electromagnetic responses to orthogonal transverse-electric
(TE) and transverse-magnetic (TM) polarized waves. How-
ever, many realistic applications require distinct frequency
characteristics for different polarizations to improve detec-
tion and anti-interference performance [26], [27], [28]. For
instance, these structures are well-suited for military applica-
tions where directionality, beamforming, and signal control
are essential for secure and reliable communication [29].
Anisotropic structures can be attained by incorporating asym-
metrical elements in the design of unit cells within the
periodic structures.

To the author’s best knowledge, previous papers have not
demonstrated FSA-R with an anisotropic reflection band.
Therefore, this paper focuses on the design and structure
implementation of a 2-D FSA-R with an anisotropic reflec-
tion band. The top layer of the proposed structure is a lossy
FSS whose contribution is producing a wide absorption band.
Owing to the symmetry of this layer, the absorption band
for both TE and TM polarizations is the same. The bottom
layer is a copper-cladded sheet that acts as the ground plane.
A lossless FSS is embedded as the intermediate layer of the
structure to introduce a notch in the absorption band. In order
to have distinct notch frequencies for different polarizations
and make the reflection band anisotropic, two intersecting
non-perpendicular dipole-shaped patches are considered as
the unit cell of the intermediate layer. The frequencies of the
reflection band can be adjusted by varying the angle between
the dipole patches (2«). Both the FSS layers of the presented
structure are printed on the low-cost FR4 (¢, = 4.4, tan
6 = 0.02) substrate. All the metallic parts of the proposed
FSA-R are made of 0.035 mm thick copper, with a conduc-
tivity of 5.8 x 107 S/m. Under the normal incidence, the
presented design covers a wide absorption frequency range of
2.4 GHz to 8.3 GHz, where the reflection coefficient is below
—10 dB (fractional bandwidth = 110%). By considering o =
35°, the reflective notch frequencies of frp = 4.47 GHz
and fryy = 5.74 GHz are attained under TE and TM polar-
izations, respectively. The results prove that the proposed
FSA-R is a suitable candidate to serve as the ground plane of
the antennas operating in distinct frequencies for orthogonal
polarizations, aiming to reduce RCS. The complete specifica-
tions and design procedure are provided in great detail in the
following sections. Also, an equivalent circuit model (ECM)
accompanies the presented descriptions to provide a deeper
physical insight into the proposed structure.

The rest of the paper is organized as follows: Section II
argues about the theoretical analysis of the proposed struc-
ture. The design methodology of the proposed FSA-R is
explained, and some simulations were carried out to evaluate
the performance of the presented structure in Section III.
In Section IV, additional simulations are performed to further
assess the design’s validity. A prototype of the proposed
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FIGURE 1. Frequency response of (a) a typical absorber and (b) an FSA-R.

FSA-R was fabricated and measured, and a performance
comparison with previous works is given in Section V.
Finally, concluding remarks are provided in Section V1.

Il. THEORETICAL ANALYSIS

Fig. 1(a) illustrates the frequency response of a typical
absorber. In the working band, both reflection and trans-
mission coefficients are small, meaning that this structure
absorbs all incident waves. However, the mentioned char-
acteristic does not meet all requirements in several RCS
reduction applications. In these cases, there is a need to pro-
vide a bandstop filtering response within the absorption band.
This kind of FSA structure is known as FSA-R. The general
frequency response of an FSA-R structure is illustrated in
Fig. 1(b). A strong reflection is inserted in the middle of the
absorption band [23]. Theoretical analysis and design proce-
dure of the FSA-R are provided in the following sections.

A. THEORETICAL ANALYSIS OF ABSORBER
The first step of designing the proposed FSA-R is construct-
ing a wideband absorber.

As represented in Fig. 2(a), a typical dual-layered absorber
comprises a lossy FSS layer and a metal plane separated by a
dielectric spacer with the thickness of t [30], [31]. With regard
to the transmission line theory [32], the general ECM of this
structure can be considered, as shown in Fig. 2(b). The shunt
impedance of Zr denotes the equivalent impedance of the
lossy FSS layer. Due to the lossy property of the top layer,
ZR is a complex impedance and is expressed as Zr = Rr +
jXR. Assuming the bottom layer is a perfect metal plane, its
impedance is considered near zero (short circuit). Zo = 1207
and Zs = Zy/ ./, are the characteristic impedance of the free
space and the dielectric spacer, respectively.

An ideal absorber should fully absorb incoming waves
without any power being transmitted or reflected. In other
words, both |S11| and |S21| should equal zero, well-known as
the perfect absorption condition [33]. |S21 | = O1is satisfied due
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FIGURE 2. (a) Structure and (b) ECM of a typical dual-layered absorber.

to the presence of a metal plane on the back of the absorber
structure. To fulfill the criteria of |S;i| = 0, the reflection
coefficient formula has to be investigated.

[S11]

|- (Rrcosé + Xgsind) +j[(Rr — Zp) sin§ — Xg cos §]

" | (Rrcosd — Xgsind) 4 j[(Rg + Zo) sin 8 + Xg cos 8]
(H

where § = Bt = 27”/1 = sz/c is the equivalent phase
path of the dielectric spacer. According to equation (1), Rg
and Xg should be in the following form to meet the perfect
absorption condition (|S{| = 0):

Rr =7y sin%§ ()
Xr = —Zpsind cosd 3)

In practice, designing a perfect absorber with a fixed value of
6 over a wideband frequency range is very difficult. Instead
of perfect absorptivity, a general absorption condition (GAC)
is considered for real and imaginary parts of the lossy layer
impedance in which [S1;| < —10 dB (Fig. 3) [34].

B. THEORETICAL ANALYSIS OF THE FSA-R

As illustrated in Fig. 4(a), one can form an FSA-R structure
by inserting a lossless FSS between the lossy FSS and the
metal plane of an absorber. Indeed, adding the lossless FSS
layer introduces a notch in the absorption band, as shown in
Fig. 1(b) [19].

The theoretical analysis, which is performed in the fol-
lowing, indicates that notch frequency is solely determined
by the specifications of the lossless FSS layer. The ECM of
a typical FSA-R structure is provided in Fig. 4(b). In this
equivalent circuit, the lossless FSS is modeled as a shunt
impedance of Zp, which is purely imaginary (Zp = jXp). Zs|
and Zg; are the characteristic impedances of the upper and
lower dielectric spacers, respectively. The ABCD matrix of
the ECM of Fig. 4(b) is a product of two cascaded matrixes
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FIGURE 4. (a) Structure and (b) ECM of an FSA-R.

as follows [22]:

A B 1 0 cosd;  jZsisind
= 1 in 8
|:C D:| — 1 jSlnl cos d1 )
ZR Zs1

where §; = Bt) = 2nt / o)f is the total phase path of the
upper dielectric spacer. Based on the relationship between
the transformation ABCD matrix and the S-parameter matrix,
the reflection coefficient (S11) can be expressed in the form
of equation (5) [32]. The lossless FSS, the lower dielectric
spacer, and the metal plane, which are marked with a red
dotted box, together can be treated as a reactive load of Zy =
JjXn for the sake of simplicity.
AZN + B — CZyZy — DZy

IS11] = (5)
AZy + B + CZoZy + DZo

Anideal FSA-R structure should reflect all the incident waves
at the reflective notched band. In other words, |S{| should be
equal to 1. By doing so, Zy would be in the following form:

Zy = jXN = —jZptan 6y (6)
Hence, the notch frequency fy is:
fv = 5 arctan (-2 ™
= arctan | ——
N 2mH Zy
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As is clear, the lossy layer (Zg) impedance has no effect on
the notch frequency. Supposing the thickness of the upper
dielectric spacer would be fixed, the notch frequency only
depends on the value of the reactance Xy . Thus, the structure
of the lossless FSS layer determines the reflection frequency.

Ill. DESIGN OF THE STRUCTURE

Fig. 5(a) and (b) illustrate the frequency response of a typical
FSA-R with an anisotropic reflection band under TE and
TM polarization incident waves, respectively. As seen, the
absorption bands of both polarizations are the same, while
the position of the notch frequencies is different.

The design procedure to realize an FSA-R with an
anisotropic reflection band is as follows. The initial step is the
design of a wideband absorber consisting of a lossy FSS layer
at the top and a metal plane at the bottom. Next, a lossless FSS
layer is inserted between two layers to incorporate a reflection
band within the absorption band of the absorber. To realize an
FSA-R with an anisotropic reflection band, an asymmetrical
design should be considered for the mentioned lossless FSS
layer, which leads to different notch frequencies under the TE
and TM polarizations.

A. DESIGN OF ABSORBER

The unit cell of the designed wideband absorber is shown in
Fig. 6. It consists of a lossy FSS, a supporting FR4 substrate,
an air spacer, and a metal plane. The FR4 substrate has a
relative permittivity of &, = 4.4 and a loss tangent of tan
6 = 0.02. The lossy FSS comprises a Jerusalem cross element
with a resistor-loaded ring loop at the center. Fig. 7(a) shows
the acceptable GAC range of the impedance of the lossy FSS
(Zr = Rg +jXr). The values of Rg and X of the freestanding
lossy FSS are obtained using full-wave simulation software
CST Microwave Studio. CST uses the Floquet analysis to
predict the response of the periodic structures.

This approach reduces the calculations of the complete
structure into a single unit cell and assumes infinite repetition
of unit cells on its four sides to realize periodic boundary
conditions. The exciting wave is defined by Floquet port as a
normally incident plane wave with an electric field polarized
along the y and x axis for TE and TM polarized waves,
respectively [35]. As shown in Fig. 7(a), both Rg and Xr are
well within the GAC range at 2.35 - 8.30 GHz. Fig. 7(b)
illustrates the reflection coefficient of the whole absorber
obtained from the CST. The band of |S11| < —10 dB covers
2.40 to 8.30 GHz.

B. DESIGN OF FSA-R

As stated in Section II, the next step for realizing an FSA-R
is inserting a lossless FSS layer between two layers of the
absorber to introduce a notch in the absorption band. Fig. 8
shows the complete unit cell of the proposed FSA-R. The
geometry of this structure was determined by the built-in
optimization techniques of CST software to meet design
requirements. As seen, the lossless FSS of this structure is
composed of two dipole-shaped patches, which are supported
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FIGURE 5. Frequency response of a typical FSA-R with an anisotropic
reflection band under (a) TE and (b) TM polarization incident waves.
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2.1,s=1.6, hair =115t =1.
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by an FR4 substrate with 0.5 mm thickness. The deforma-
tion at the end of patches increases terminal capacitance,
and hence, notch resonance shifts to a lower frequency
despite the constant dimensions. In other words, a compact
structure with higher angular stability has been achieved
in this way. To make the reflection band anisotropic, the
mentioned diploes are considered non-perpendicular to each
other. By varying the angle between two dipole-shaped
patches (2«), the interaction of the structure with incoming
electromagnetic waves alters in TE and TM polarizations.
Thus, different anisotropic responses can be accomplished.
Fig. 9 illustrates the reflection coefficient of the proposed
FSA-R in the case of a simple cross-dipole patch and an end-
deformed cross-dipole patch as the intermediate layer.

Fig. 10(a) shows the co-polarized reflection coefficient and
absorptivity of the proposed FSA-R under normal incidence.
Due to the presence of a metal plane on the back of the struc-
ture, the absorptivity can be calculated by 1 — |S1|2. These
results prove that an FSA-R with an anisotropic reflection
band is achieved.

By considering a = 35°, the reflective notch frequencies
are frp = 4.47 GHz and fr); = 5.74 GHz with 0.8 dB and
0.9 dB reflection loss under TE and TM polarizations, respec-
tively. Despite using FR4 substrates, the presented work has
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a reasonable loss. To examine the impact of the dielectric,
the simulation was performed again by considering the loss
factor of FR4 equal to the loss factor of Rogers 4350B (tan
6 = 0.0037). By doing so, the amount of loss becomes
0.2 dB for both TE and TM polarized waves, indicating a
slight reduction compared to the previous design specifi-
cation. The cross-polarized reflection coefficient simulation
result is provided in Fig. 10(b) to investigate the polarization
independence of the overall structure. As seen, S is always
lower than —60 dB, indicating that the presented FSA-R has
excellent polarization isolation.

Fig. 11 illustrates the effect of the variation of « angle on
the overall performance of the proposed FSA-R. Based on
the obtained results, notch frequencies alter by changing the
angle between two dipole-shaped patches.
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IV. ECM AND ANALYSIS OF THE PROPOSED FSA-R

A. EQUIVALENT CIRCUIT MODEL

Fig. 12 illustrates the ECM of the proposed FSA-R under
a normal incident wave. The free space and substrates are
modeled as transmission lines of corresponding electrical
length with characteristics impedance of Zy = 377 Q2 and
Zsw = 377//e; = 179.7 R, respectively. The lossy FSS
is equivalent to a series RLC, and the lossless is represented
by a series LC circuit. The capacitance C3 is introduced to
represent the coupling effect between the intermediate layer
and the metal plane. The analytical equations have been used
to obtain the values of the ECM parameters [36], [37].

Although there is a complex interaction between the differ-
ent elements, some negligible components are not taken into
account in the ECM for the sake of simplicity. The obtained
values are considered as initial points of the optimization
process in the Advanced Designed System (ADS) to improve
the alignment of the full-wave simulation and ECM results.
By doing so, the optimized values of the equivalent circuit
components are: R = 244 Q, Ly = 8.11 nH, C; = 155 fF,
L2—TE = 6.19 nH, C2—TE = 135 fF, C3—TE = 94.78 fF,
LZ—TM = 12.01 nH, C2_TM = 4944 fF, C3—TM =
69 fF. TE and TM indices distinguish the equivalent values
of the different polarizations. The slight deviations in the
resistance values between the ECM and CST simulations can
be attributed to the use of first-order approximation (lumped)
components in the ECM and variations in resistance with
frequency, primarily due to the skin effect [38].

Fig. 13 compares the reflection coefficient obtained from
CST and ECM. As is obvious, a good agreement exists
between the results. A few discrepancies between the results
can be attributed to the fact that CST software exploits a more
complex and realistic model versus ECM. As stated before,
ECM uses simple lumped elements, and its main objective is
gaining a quick and straightforward insight into EM structure.

B. SURFACE CURRENT DISTRIBUTION

To gain an intuitive insight into the operating principle of
the proposed FSA-R, the current distributions of the lossless
FSS are investigated using the CST software at two reflec-
tion frequencies (4.47 and 5.74 GHz). Fig. 14 (a)-(b) shows
the current distribution for TE polarized wave. In this case,
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an intense surface current is observed at the TE polarization
reflection frequency (frg = 4.47 GHz) and mainly along the
y-direction. On the contrary, the surface current excited on
the lossless FSS at a frequency of fty = 5.74 GHz is very
low. In other words, the lossless FSS allows incoming waves
to pass through, and the FSA-R works as an absorber at this
frequency. Fig. 14 (c)-(d) illustrates the current distribution
for TM polarized wave. A similar discussion as in the case
of TE polarization can be made about the current distribution
for the TM polarized wave.

C. SENSITIVITY TO OBLIQUE INCIDENCE

The performance of the proposed FSA-R under oblique inci-
dence was investigated for both TE and TM polarizations,
as shown in Fig. 15(a)-(b), respectively. The oblique inci-
dence angle is varied from 0° to 30° in steps of 10°. Under
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TE polarization, the reflection band is stable up to 30°;
meanwhile, the lower absorption band is relatively stable,
but the absorption bandwidth at higher frequencies narrows
slightly with the increment of the incident angle. Under TM
polarization, both the reflection and absorption bands are
stable up to 20°.

D. RADAR CROSS SECTION

The bi-static RCS of the proposed FSA-R with dimensions
of 300 mm x 300 mm (15 x 15 unit cells) and a PEC
plate of the same size have been compared using the CST
software to assess the competency of the proposed FSA-R for
RCS reduction applications. The bi-static RCS for both TE
and TM polarized normal incident waves in the E-plane are
depicted in Fig. 16(a)-(c) in terms of reflection angle (Theta)
at three distinct frequencies. At the absorption frequency
of 3 GHz, the bi-static RCS of the FSA-R in all directions
is reduced compared with that of the PEC plate for both
polarizations. At 4.47 GHz frequency, almost all incident
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waves are reflected in TE polarization, as the FSA-R behaves
like a PEC plane. Conversely, for TM polarized waves, the
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FIGURE 17. Photograph of fabricated prototype of the proposed FSA-R.
Enlarged view of (a) lossy layer and (b) lossless layer.
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FIGURE 18. (a) Photography and (b) block diagram of the measurement
setup.
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FIGURE 19. Simulated and measured reflection and absorptivity of the
proposed FSA-R under normal incidence for (a) TE and (b) TM
polarizations.
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RCS is noticeably reduced in the entire space compared to
that of PEC. A similar discussion can be made for RCS at
5.74 GHz.
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FIGURE 20. Simulated and measured bistatic RCS of the proposed FSA-R
at (a) fa =3 GHz, (b) fb = 4.47 GHz and (C) fc = 5.74 GHz.

V. EXPERIMENTAL VERIFICATION

A 300 x 300 mm? prototype consisting of 15 x 15 unit cells
has been fabricated to experimentally verify the proposed
structure as illustrated in Fig. 17. The top and intermediate
layers were printed on the FR4 dielectric substrates using
the printed circuit board technique. Besides, a copper-cladded
sheet was used as the ground plane. The substrate’s relative
permittivity and loss tangent are 4.4 and 0.02, respectively.
Plastic screws and nuts are used to fix the required air gaps
between layers. The lumped resistors of 200 €2 (0805 pack-
age) were soldered manually onto the lossy layer.

Fig. 18 shows the full view of the measurement setup.
The free space technique is exploited to carry out the mea-
surements [39]. The fabricated prototype is fixed within an
absorbing foam frame to eliminate the scattering and diffrac-
tion of electromagnetic waves during measurement.

Two dual-ridged horn antennas (ETS-LINDGREN 3117)
are used for transmitting and receiving the test electromag-
netic wave. Both antennas are placed in front of the fabricated
prototype. The reflection coefficients are measured by a vec-
tor network analyzer (Agilent E§363C). Enough far field
distance is maintained between the antennas and the struc-
ture to comply with the plane wave conditions. In order to
assess the angular stability of the structure, transmitting and
receiving horn antennas are rotated manually to change the
angle of the incident wave.
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FIGURE 21. Measured reflection and absorptivity of the proposed FSA-R
under oblique incidence for (a)-(b) TE and (c)-(d) TM polarizations.

e
~

Fig. 19 demonstrates the comparison of the measured and
simulated performance of the FSA-R under normal incidence.
As is clear, there is a good agreement between the results,
proving the proposed structure’s proper functionality. The
slight discrepancy can be ascribed to the geometry tolerance,
the parasitic effect of the lumped resistors, variation of the
substrates’ dielectric constant, misalignment of the device
under test and horn antennas, measurement errors, etc.
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Fig. 20 shows the comparative analysis of simulated and
measured bi-static RCS for the proposed FSA-R at three
distinct frequencies. The outlined procedure in [13] was uti-
lized to assess the RCS experimentally. The transmitting horn
antenna is kept stationary such that the incident wave falls
perpendicularly onto the fabricated prototype. The receiving
horn antenna is moved gradually in a circular path, and the
reflection coefficient is measured using the network analyzer
at each step. The results prove that a reasonable agreement
exists between simulated and measured data. Also, the per-
formance of the fabricated FSA-R under oblique incidences
is investigated in Fig. 21.

A comparison is provided in Table 1 to verify the perfor-
mance of the proposed FSA-R versus the recently reported
designs in the literature. Since the experimental methods of
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each work differ from the others, it is not fair to compare
them according to the measurement results. Compared with
the reported FSA-Rs, only the proposed FSA-R yields an
anisotropic reflection band.

VI. CONCLUSION

In this paper, a 2-D triple-layered AFSR with an anisotropic
reflection band was proposed. A wideband absorber struc-
ture was constructed by placing a lossy FSS above a metal
plane. A lossless FSS whose unit cell comprises two non-
perpendicular dipole-shaped patches was added between two
layers to produce an anisotropic reflection band. The fre-
quency behavior of the proposed FSA-R was investigated
using the equivalent circuit method. Extensive simulations
were carried out to assess the performance of the presented
structure. The proposed design exhibits the reflective notch
frequencies of frg = 4.47 GHz and fr; = 5.74 GHz under
TE and TM polarizations, respectively. A 300 x 300 mm?
prototype consisting of 15 x 15 unit cells has been fabricated
to validate the performance of the FSA-R. Measured results
were in good agreement with the simulated ones, verifying
the validity of the design concept and procedure.
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