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This work investigates the design of a frequency selective rasorber (FSR) operating in L, S, and C bands 
with an absorption-transmission-absorption response, characterized by a wide transmission window. 
The FSR structure comprises a three-layer FSS stack-up with two air gaps in between, presenting a 
considerably reduced thickness of 31.275 mm (0.156λL, free space wavelength at the lowest operating 
frequency). The design process exploits an equivalent circuit analysis supported by accurate numerical 
simulations, providing comprehensive guidelines and optimizing the computational burden. Accurate 
numerical simulations and measurements on fabricated PCB prototypes were carried out, and a 
satisfying agreement was obtained. The proposed FSR solution achieves a -3 dB transmission window 
from 2.75 to 5.55 GHz, i.e. a 68% fractional bandwidth. Conversely, the −10 dB absorption bands 
extend from 1.5 to 2.75 GHz for the lower absorption band (LAB), and from 5.55 to 8 GHz, for the 
upper absorption band (UAB), with an overall 137% fractional bandwidth for the − 10 dB reflection 
coefficient. Additionally, the structure shows stable performance for oblique incidences up to 30° 
and achieves the widest transmission bandwidth with the thinnest electrical profile among previous 
literature results. These remarkable capabilities will help advancing the FSR state-of-art, promising 
significant contributions to applications spanning from electromagnetic interference (EMI) shielding to 
low-observability antenna systems.

Frequency selective rasorbers (FSRs) are multifunctional metasurfaces that exhibit electromagnetic (EM) 
transparency in certain frequency bands and absorption properties in others1.

Recently, FSRs are thriving due to their broad range of potential applications, from electromagnetic 
interference (EMI) shielding for communication systems to radar cross-section (RCS) reduction in stealth 
platforms. In particular, electromagnetic interference (EMI) can disrupt the functioning of sensitive devices, 
thereby affecting the performance of the whole system. Conversely, low observability antennas configurations 
can significantly benefit from FSRs, preserving communication capability while lowering the radar signature. To 
obtain this complex response, FSRs structure encompasses both frequency selective surfaces (FSSs) and circuit 
analog absorbers (CAAs)2–4. If standalone employed, absorbers block all transmissions, effectively isolating the 
system from external signals. In contrast, FSSs allow signals within their passband to transmit while completely 
reflecting out-of-band interference, potentially interfering with other devices and producing scattering hot 
spots. Due to their unique properties, FSRs overcome these limitations, resulting in a prominent area of research 
within the electromagnetic community.

In details, a functional classification for FSRs can be performed according to the relative position of the 
transmission and absorption bands, resulting into three main categories. These include the transmission band 
below the absorption (T-A)5–7 the transmission band above the absorption (A-T)6,8,9 and the transmission 
band inserted among two absorption regions (A-T-A). In5,6 T-A and A-T arrangements are initially examined 
individually as independent functional layers before being cascaded into an A-T-A arrangement. In particular,6 
showcases an A-T rasorber that employs the harmonic suppression principle to generate a multi-octave low 
insertion loss (IL) transmission window above the lower absorption band. Zhu et al. in8 present an A-T FSR 
exhibiting an ultrawide absorption band. This structure is developed by relying on the equivalent circuit 
approach, thus providing effective design guidelines for lossy dual-layer FSR design. In recent years, given the 
increasing demand for wideband operation in antennas used for radar and communication systems10, FSRs with 
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a broad transmission passband and dual absorption bands, crucial for enhancing the survivability of stealth 
platforms in complex detection environments, are flourishing11–21.

Additionally, FSRs can be also classified according to their structures and implementation principles, i.e. 
two-dimensional (2-D), 2.5-dimensional (2.5-D), and three-dimensional (3-D)22–26. Within these categories, 
3-D FSRs exhibit a wider passband and better oblique performance at the cost of thicker profile, higher cost, and 
complex construction, making them impractical under space constraints or for conformal deployment.

Besides the mentioned wideband operation, also polarization insensitivity and angular stability are key 
performance indicators for FSRs evaluation. Currently, methodologies for designing FSRs with enhanced 
angular robustness revolve around unit-cell miniaturization. This approach has proven to be highly effective in 
mitigating response degradation when the structure is subjected to significant incidence angles, as demonstrated 
in27–32. Instead, dual-polarization capability, as emphasized in33–38, plays a critical role in enhancing the versatility 
of rasorbers, unlocking a wide range of applications and operative scenarios.

Finally, more recent works have proposed actively reconfigurable rasorbers, broadly categorized into tuneable 
and switchable types, each with distinct operational characteristics and design challenges39–46.

In this general context, the renewed growing interest towards L-S-C band radars, especially in the military 
sector, has dramatically intensified the demand for FSRs with low-frequency stealth capabilities. Despite this, the 
availability of low frequency rasorbers remains scarce due to the inherent design complexity.

Indeed, although some of the above-mentioned solutions presented in the literature perform satisfactorily in 
higher frequency bands, they are not easily scalable to lower frequencies. As a matter of fact, the conventional 
scaling factor widely used in applied electromagnetics is not reliable for multilayer media including metasurfaces. 
Therefore, a new design procedure must be adopted.

To address this gap, this manuscript proposes a novel A-T-A FSR that simultaneously enables broadband 
transmission and dual-band absorption across the L-S-C band. To the best of our knowledge, the proposed 
FSR sets a new benchmark in the state of the art by achieving a transmission fractional bandwidth at least 15% 
wider than previously reported designs5,8,9,34. This substantial enhancement makes it exceptionally suited for 
modern wideband applications in low-frequency stealth systems. In contrast, the FSR in8 supports only a single 
absorption band from the L-band upward and restricts its transmission to the X-band, limiting its use in L-S-C 
applications. Similarly, designs in34,47 operate in the L-S bands but exhibit narrow transmission bandwidths, 
thus lacking suitability for broadband scenarios. In addition, unlike prior literature solutions, the proposed 
work introduces a fully traceable and systematic design methodology, including a step-by-step synthesis process 
supported by a dedicated equivalent circuit model (ECM) and reproducible design guidelines, ensuring seamless 
adaptation to platform specific requirements.

Finally, the proposed structure guarantees continuous low-reflection behaviour across the L-S-C bands 
and features a miniaturized unit-cell, further enhancing its suitability for practical deployment and space 
constrained surfaces. Combined with the wide transmission bandwidth, dual-band absorption, and rigorous 
design methodology, these features enable integration into a broad range of low-frequency stealth platforms, 
including unmanned aerial vehicles (UAVs), naval systems, and ground-based radar installations.

The remainder of the paper is organized as follows. In the Design Methodology section, a description of 
the investigated structure is presented, along with the equivalent circuit model analysis. The Experimental 
Validation section reports the numerical results obtained through accurate full-wave simulations and confirmed 
by experimental validations. Finally, concluding remarks are drawn in the Discussion and the Conclusion 
sections.

Design methodology
Figure 1a illustrates the ideal frequency response of the proposed A-T-A FSR, which presents two absorption 
bands, respectively at lower frequency f1 and higher frequency f3. Amid the absorption bands, the rasorber 
originates a transmission window centered at f2. The structure comprises three FSS layers each with peculiar 
functionalities, opportunely engineered to provide a polarization insensitive, low profile, wide bandpass, 

Fig. 1.  Illustration of the A-T-A behavior. (a) Desired frequency response of the A-T-A FSR presented in this 
article. (b) Functioning diagram of the proposed FSR
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and angularly stable FSR. The functioning pictorial diagram of the A-T-A FSR is shown in Fig.  1b. The 
electromagnetic wave impacts on the structure from the top direction. In the lower band at f1, the top layer 
has a low-pass transmission window. Since the bottom layer acts as a band-pass filter centered at f2, it provides 
a strong reflection at f1. Therefore, it represents a suitable ground plane for the lossy middle layer, achieving 
absorption at f1. In the transmission window at f2, all the three layers work together to provide the transparency 
response. Finally, in the higher band at f3, both the bottom and middle layers act as reflective ground planes for 
the top lossy layer, ensuring absorption at f3.

The corresponding FSR unit cell CAD model is shown in Fig. 2.
All the design process and numerical simulations have been performed with CST Microwave Studio (Dassault 

Systemes, France). The unit-cell presents an overall periodicity p = 24 mm and a thickness of d = 31.275 mm. The 
top layer is etched on a  t1 = 0.1 mm thick ISOLA I-Tera MT40 dielectric substrate (εr  = 3.45, tan δ =0.0031, 
depicted in green). Below it, the other lossy layer consists of two identical and orthogonal FSSs loaded with 
resistors and etched on the opposite sides of a t2 = t3  = 0.5 mm thick FR4 dielectric substrate (εr  = 4.3, tan δ 
=0.002). The bottom layer has the same middle layer geometry, but it is lossless. An air gap of h1 = 20 mm is 
enclosed between the middle and the bottom layers, while an air gap of h2 = 10 mm separates the top from the 
middle layer. The substrate materials were selected not only for their structural functionality in each FSS layer 
but also for their impedance loading effect on the FSS unit cells, making them an integral part of the overall 
rasorber design to achieve the intended performance.

In the following, a detailed discussion about the design strategy and the analysis with the equivalent circuit 
model for each FSR layer is developed.

Upper absorption band layer
The Upper Absorption Layer (UAB Layer) is designed to enable an absorption band for the frequency range 
above the band-pass at f2 (f3 with respect to Fig.  1). The stand-alone absorber is first analyzed to assess its 
absorption performance. Therefore, a metal-grounded air substrate h2 = 10 mm thick is placed beneath the 
FSS configuration, as shown in Fig.  3a, and the reflection coefficient is numerically evaluated with periodic 
boundary conditions and for a normally impinging plane wave. For subsequent fabrication purposes, we 
already considered at this stage the periodic unit-cell etched with a 35 μm thick copper on the top side of a t1 = 
0.1 mm thick ISOLA I-Tera MT40 dielectric substrate (εr  = 3.45, tan δ =0.0031). The basic FSS shape is a cross 
interrupted in the central region by four 0.5 mm wide gaps. These gaps host four corresponding resistors of R1= 
46.4 Ω. The values of the resistors are determined through a parametric analysis aided by circuital modelization 
aimed at achieving the desired absorption behavior. The geometrical parameters of the UAB layer unit-cell are 
reported in Fig. 3b. At this point, the reflection coefficient is numerically evaluated, and the results are shown 
in Fig. 3c, showing a − 10 dB absorption band spanning from 5.5 to 7.2 GHz. Physical considerations based on 
the transmission line equivalent circuit model (ECM) prove highly beneficial in determining effective design 
guidelines for FSRs. The real and imaginary components of the UAB FSS impedance are depicted in Fig. 4a. The 
UAB FSS acts as a capacitor in the lower frequency range (where it behaves as a transparent medium in the FSR 
full structure, Fig. 1) but, after the resonance, its impedance changes to inductive. Therefore, the response can be 
modelled through a series RLC circuit, as expressed in (1):

	 ZUAB = RUAB + jωLUAB + 1
jωCUAB

� (1)

The transmission line schematic representation of the UAB FSS is shown in Fig. 4b.

Fig. 2.  Three-dimensional geometry of the proposed FSR unit cell
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The overall input impedance is equal to the parallel connection between ZUAB  and the grounded substrate 
impedance Zg :

	 ZIN,UAB = ZUABZg

ZUAB+Zg
� (2)

	 Zg = jZT E,T M
m tan (βh2) � (3)

where β is the propagation constant within the substrate medium and ZT E,T M
m  is its characteristic impedance. 

Therefore, by starting from a preliminary numerical simulation and exploiting (1)-(3), the value of the real 
component of the ZUAB  alone is determined by:

	 RUAB = Re (ZUAB) � (4)

Fig. 4.  Upper Absorption layer equivalent circuit model analysis: (a) comparison between ZUAB  obtained 
from full wave simulations and reconstructed via ECM (b) schematic transmission line diagram

 

Fig. 3.  Upper absorption band layer investigation. (a) UAB acting as a stand-alone metal-grounded absorber. 
(b) Unit-cell geometric parameters L1 = 7.6 mm, L2 = 1.8 mm, w1 = 2 mm, p = 24 mm. c Numerically evaluated 
reflection coefficient

 

Scientific Reports |        (2025) 15:40469 4| https://doi.org/10.1038/s41598-025-24194-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Instead, considering the imaginary part of ZUAB  alone as an LC series, we can adopt the following procedure 
to retrieve the values of LUAB  and CUAB . By computing the derivative with respect to ω of Im (ZUAB) and 
evaluating it at ωres,UAB , i.e. the resonance frequency (approximately 7.8 GHz, Fig. 4b), LUAB  can be obtained:

	 LUAB = 1
2

{
∂

∂ω
[Im (ZUAB)]

}
atω = ωres,UAB � (5)

Consequently, the value of CUAB  is established from the resonance condition:

	
CUAB = 1

ω2
res,UAB

·LUAB � (6)

Figure 4a features the superposition of the numerical obtained and the ECM reconstructed curves, confirming 
the accuracy of the ECM retrieval procedure. This results in a UAB layer impedance characterized by 
RUAB = 262Ω, LUAB = 14nH , CUAB = 0.0287pF . Once the lumped parameters are determined, they can 
be used to easily guide the numerical simulations towards the desired performance by opportunely acting on 
the FSS geometry.

Lower absorption band layer
The Lower Absorption Layer (LAB Layer) is meant to dissipate the impinging electromagnetic waves around 
f1 (Fig. 1). It comprises two lossy FSSs placed on the opposite sides of a t2 = t3  = 0.5 mm thick FR4 dielectric 
substrate (εr  = 4.3, tan δ =0.02). As for the UAB, also the LAB layer is examined as a stand-alone absorber to 
evaluate its absorption response. Thus, a grounded air substrate h1 = 20 mm thick is positioned beneath the 
configuration, as shown in Fig. 5a. The low frequency range (L-band) requires substantial miniaturization of the 
unit cell to prevent grating lobes onset in the upper C-band. Large periodicity in FSS can lead to higher-order 
harmonics and unwanted interference, reducing overall effectiveness. Therefore, this unit-cell is engineered 
employing a meandering approach to increase its electrical length, thus achieving a reduced periodicity with 
low frequency operation. Besides grating lobes avoidance, this approach enhances also the robustness against 
increasing wave incidence angles. In detail, the FSS shape features a meandered I-shaped unit cell, etched on 
the top and on the bottom side of the FR4 substrate, but respectively 90° rotated to cover both TE and TM 
polarizations. The two FSS layers are interrupted by a 0.5 mm wide gap, conceived to host one corresponding 
R2= 130 Ω resistor to confer the absorptivity property. Geometrical parameters of the unit cell are reported in 
Fig. 5b. The numerically retrieved reflection coefficient for a normal impinging plane wave is shown in Fig. 5c, 
indicating a narrow − 10 dB absorption bandwidth spanning from 1.3 to 1.7 GHz. This is expected, since the 

Fig. 5.  Lower Absorption Band layer investigation. (a) LAB acting as a stand-alone metal-grounded absorber. 
(b) Unit-cell geometric parameters: L3 = 11.6 mm, L4 = 22 mm, L5 = 2 mm, L6 = 2.6 mm, L7 = 2 mm, L8 = 3.8 mm, 
L9 = 3.6 mm, w2 = 0.2 mm. c Numerically evaluated reflection coefficient

 

Scientific Reports |        (2025) 15:40469 5| https://doi.org/10.1038/s41598-025-24194-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


LAB standalone impedance does not consider the contribution conferred by the other FSR layers through the 
unavoidable coupling and required to guarantee the desired absorbing performance. By replicating the same 
procedure reported for the UAB layer, real and imaginary parts of the standalone ZLAB  can be extracted 
(Fig. 6a). In the frequency interval from 1 to 3 GHz, the FSS unit cell can be recognized as an LC series (Fig. 6b), 
which constitutes the first branch of the ECM and can be expressed as in (7):

	 ZLAB,1 = jωLLAB + 1
jωCLAB,1

� (7)

At this point, LLAB  and CLAB,1 can be calculated with the same Eqs. (5) and (6). By moving upward within the 
frequency range, the retrieved LC series is to be positioned in parallel with a capacitance indicated as CLAB,2 
and with a resistance RLAB . The value of RLAB  can be directly evaluated at the parallel resonant point, as in 
the following expression:

	
RLAB = max

f
Re[(ZLAB)] � (8)

Finally, the value of CLAB,2 can be now computed calculating the value of ZLAB,1 at ωres,LAB,2, i.e. the 
parallel resonance frequency, when the series ZLAB,1 acts as an inductance:

	 ZLAB,1 = jωLeqatω = ωres,LAB,2 � (9)

	
CLAB,2 = 1

ω2
res,LAB,2·Leq � (10)

The overall resulting ZLAB  deducted from the analyzed ECM can be expressed as:

	
ZLAB = Z

p
1 ZC

2
Z

p
1 +ZC

2
� (11)

where Zp
1  and ZC

2  are specified in (12) and (13):

	 Zp
1 = ZLAB,1RLAB

ZLAB,1+RLAB
� (12)

	 ZC
2 = 1

jωCLAB,2 � (13)

Figure 6a features also the comparison between the imaginary component of ZLAB  obtained from full wave 
simulations and reconstructed via ECM, confirming the accuracy of the ECM retrieval procedure. The resulting 
lumped parameters for the LAB impedance are RLAB = 2.06kΩ, LLAB = 31.2nH , CLAB,1 = 0.209pF , 
CLAB,2 = 0.0677pF . Again, once the lumped parameters are retrieved, it is straightforward to understand the 
direction required to customize the FSS response in terms of numerical CAD model geometrical optimization.

Transmission layer
As briefly described in the beginning of the section Design Methodology, a t2 = t3  = 0.5  mm thick FR4 
dielectric substrate is adopted for this layer, etching two lossless, identical but 90° rotated versions of the 
same meandered I-shaped unit cell, for a polarization independent response. Geometrical parameters are 
listed in Fig. 5b. Incorporating meandering patterns introduces additional capacitance and inductance along 
the trace, enhancing its ability to pass a wide range of frequencies with minimal attenuation. In addition, this 
configuration is meticulously designed by considering the proximity between the FSS layers, separated by an 
ultrathin dielectric substrate, leading to the manifestation of a parallel LC behavior necessary for achieving the 
bandpass filter’s functionality.

Fig. 6.  Lower Absorption layer equivalent circuit model analysis: (a) comparison between ZLAB  obtained 
from full wave simulations and reconstructed via ECM; (b) schematic transmission line diagram
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By considering the transmission performance of the standalone lossless layer, the corresponding filtering 
response for a normally impinging plane wave is reported in Fig. 7a. As evident, a wideband behavior is achieved, 
with the − 3 dB transmission band extending from 2 to 6.6 GHz, meaning a fractional bandwidth exceeding 
105%. The Insertion Loss level is approximately 0 dB in correspondence with the passband central frequency, 
confirming its excellent performance.

Since the geometry of the Transmission layer is a duplicate of the Lower Absorption layer, except for the 
absence of the two 130 Ω resistors and the corresponding gaps, the strategy to derive the ECM is the same. 
Figure 7b, depicts the diagram of the Transmission layer, while Fig. 7c reports the representation of real and 
imaginary parts of ZT L obtained from full wave simulations is depicted. The circuital model validity is supported 
by the good superposition with the full-wave curve (Fig. 7c). The retrieved values of the ECM components are: 
RT L = 5.7kΩ, LT L = 41.5nH , CT L,1 = 0.204pF , CT L,2 = 0.0566pF .

A-T-A rasorber implementation
Finally, the unit cell of the overall rasorber in A-T-A configuration is constructed by cascading the two absorbing 
and the transmitting layers. As a result, the conductive ground plane of the UAB layer is substituted with the LAB 
layer, while the lossless Transmission layer replaces the ground plane of the LAB layer, as indicated in Fig. 1b. The 
high-impedance condition, associated with the parallel resonance in the structure, enables passband operation 
while the series resonances allow absorption in the stopbands.

Numerical simulations assuming a plane wave impacting on the top layer of the FSR with different incidence 
angles (from 0° to 30°), and for TE/TM polarizations were performed. In particular, reflection and transmission 
coefficients of the designed FSR under a TE polarized plane wave for different incidence angles are reported 
in Fig. 8a. As expected, under normal incidence, the rasorber showcases a transmission band (|S21|> -3 dB) 
that covers the frequency range from 2.75 to 5.55  GHz, corresponding to a 67.5% fractional transmission 
bandwidth and exhibiting a very flat response. At 3.85 GHz, a minimum insertion loss of − 1.2 dB is achieved. 
Conversely, the Lower Absorption Band layer (LAB, |S11|&|S21|< -10 dB) spans from 1.5 to 2.75 GHz, meaning 
a 58.8% fractional absorption bandwidth. As for the Upper Absorption Band layer (UAB, |S11|&|S21|< -10 dB), 
it ranges from 5.55 to 8 GHz, achieving a fractional absorption bandwidth of 36.2%. It is worth noting that no 
significant degradations are observed within the transition bands from absorbing to transmitting behaviors. The 
presence of the two lossy layers effectively suppress reflection in the transition band to below − 10 dB, achieving 
a continuous low-reflection bandwidth spanning from 1.5 to 8 GHz with a fractional bandwidth of 136.8%. The 
exception is at 5.2 GHz, where the reflection reaches − 9.5 dB. Meanwhile, the transmission band remains largely 
unaffected. As the angle of incidence increases up to 30°, the transmission coefficient remains above -3 dB in the 

Fig. 7.  Transmission layer: (a) when acting as a stand-alone filter: transmission coefficient. Equivalent circuit 
model analysis: (b) schematic transmission line diagram; (c) comparison between ZT L obtained from full 
wave simulations and reconstructed via ECM
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overall transparency bandwidth, proving a very stable behavior. Similarly, also very good absorption stability is 
observed, except for a slight reduction at 30° in correspondence of 2 GHz.

The same analysis is conducted for the TM polarization hypothesis, with the corresponding results displayed 
in Fig. 8b. Notably, due to the symmetry of the proposed unit-cell, TM polarization shows consistent behavior. 
Indeed, the reflection and transmission coefficients are coherent with respect to the results obtained for TE 
polarization.

The definition of the ECM for the whole FSR in the A-T-A configuration is derived by cascading the ECMs 
of its constituent layers. The layers are therefore separated by free-space dielectric substrates with thicknesses 
h1 and h2, modeled as equivalent transmission lines characterized by specific lengths h1 and h2  and relative 
permittivity εr = 1. The ECM diagram is depicted in Fig. 9a. Consequently, it is reasonable to express:

	 Zv,1 = ZT LZ0
ZT L+Z0

� (14)

	
Zv,2 = Zv,1+jZ

T E,T M
m tan(βh1)

Z
T E,T M
m + jZv,1tan(βh1)

� (15)

	 Zv,3 = ZLABZv,2
ZLAB+Zv,2

� (16)

	
Zv,4 = Zv,3+jZ

T E,T M
m tan(βh2)

Z
T E,T M
m + jZv,3tan(βh2)

� (17)

	 ZAT A = ZUABZv,4
ZUAB+Zv,4

� (18)

The obtained expression of ZAT A is employed to derive the ECM-retrieved reflection coefficient of the overall 
FSR rasorber with the following formulation:

	 S11 = ZAT A−Z0
ZAT A+Z0

� (19)

Fig. 9.  A-T-A FSR equivalent circuit model analysis: (a) schematic transmission line; (b) comparison between 
the numerical and ECM reconstructed reflection coefficient of the overall A-T-A FSR

 

Fig. 8.  Numerical reflection and transmission coefficients of the designed A-T-A rasorber under a plane wave 
with incident angles equal to 0°, 10°, 20°, 30°: (a) TE polarization (b) TM polarization
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The expression in (19) is compared with the reflection coefficient obtained from full-wave simulations when a 
normal incident wave impinges on the top layer of the FSR. This comparison is reported in Fig. 9b, proving the 
efficiency of the Equivalent Circuit Modelization strategy.

Experimental Validation
Fabrication of the FSR
To validate the proposed design, an FSR experimental prototype with a size of 31.8 cm × 31.8 cm was fabricated. 
Since the three FSSs layers share the same periodicity, they were all implemented by printing a 12 × 12 array of 
unit cells on the designated dielectric substrates through PCB technology. As specified in Section II, ISOLA 
I-Tera MT40 (εr  = 3.45, tan δ =0.0031) was used for the Upper Absorption layer, while FR4 (εr  = 4.3, tan δ 
=0.002) for the remaining ones.

The SMD resistors were in the 0603 package and were soldered on each unit cell accordingly to the design 
choices reported in Sect. 2. The single layers of the fabricated A-T-A FSR prototype are reported in Fig. 10a, b, 
and c. They were finally assembled and inserted in the measurement set-up as shown in Fig. 11a. Nylon screws 
were used as mechanical support for the dielectric substrates and to control the spacing distance between the 
layers.

Measurements Results
The measurement procedure described in25 was applied to acquire the transmission/reflection coefficients 
describing the FSR behavior. The measurement set-up is shown in Fig. 11b. Experimental measurements were 
performed in a semi-anechoic environment, where a pair of horn antennas (1–9 GHz) connected to a calibrated 
Vector Network Analyzer (N9918A 26.5 GHz FieldFox Vector Network Analyzer, Keysight Technologies, Santa 
Rosa, CA, USA) were used as transmitter and receiver, respectively. In particular, to attain the transmission 
coefficient, the two antennas were placed on both sides of the prototype, equally spaced from it by 60 cm. The 
measurements with a specific angular inclination were carried out by positioning the antennas according to the 
required orientation. Conversely, to characterize the absorption capability of the FSR, reflection measurements 
were carefully conducted by placing the two horn antennas on the same side of the panel, always maintaining 
the same 60 cm distance.

Experimental results of reflection and transmission coefficients of the FSR under a TE polarized plane wave 
are illustrated on Fig. 12a. The − 10 dB reflection band ranges from 1.61 to 8 GHz, with a fractional bandwidth 

Fig. 10.  Single layers of the fabricated A-T-A FSR prototype: (a) Upper absorption layer, (b) Lower absorption 
layer, (c) Transmission layer
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of 133%. Conversely, the -3 dB transmission fractional bandwidth achieves 65.5%, covering the 2.57–5.07 GHz 
band. Similarly, the overall absorption performance at out-of-band frequencies results as expected, with the 
LAB spanning from 1.5 to 2.75  GHz, corresponding to a 58.8% fractional absorption bandwidth, and the 
UAB ranging from 5.55 GHz to 8 GHz, achieving a fractional absorption bandwidth of 36.2%. Finally, the FSR 
behavior for variable incident angles well matches the numerical simulation results, with a considerable angular 
stability up to 30°.

The above observations can also be confirmed for TM polarization, as depicted in Fig. 12b, further validating 
the dual-polarized nature of the proposed structure. The minor discrepancies from the numerical simulations 
can be mainly attributed to the susceptibility of the measurement results to environmental influences.

Discussion
A comparison with relevant literature about similar FSRs configurations is summarized in Table 1.

The comparison confirms a superior performance of the designed FSR in terms of both thickness and 
angular stability with respect to the state-of-the-art, with competitive advantages concerning the transmission 
fractional bandwidth (FBW). The FSRs properties in terms of physical dimensions were specifically evaluated 
by introducing the Effective Medium Ratio (EMR), which quantitatively reflects the unit-cell compactness and 
level of miniaturization:

	 EMR = λL
p � (20)

where λL is the free space wavelength at the lowest operating frequency, and p is the periodicity of the unit-cell.
Although the FSR in7 exhibits a wider transmission bandwidth, no information is provided regarding its 

angular stability. Moreover, the higher frequency range used in that case facilitates the design in correspondence 
of both the lower absorption band and the transmission window. Only the A-T-A FSRs proposed in34,36 offer 

Fig. 12.  Measured results of reflection and transmission coefficients of the designed rasorber under a plane 
wave with incident angles equal to 0°, 10°, 20°, 30°: (a) TE polarization (b) TM polarization

 

Fig. 11.  Measurement set-up in the semi-anechoic chamber: (a) fabricated prototype of the assembled A-T-A 
FSR (b) measurement set-up
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superior angular stability, but with narrower transmission bandwidth. Finally, even though the proposed 
structure comprises two lossy layers, the overall thickness is comparable to other works, and even smaller 
than5,7. Only the rasorber in18 exhibits a smaller thickness; however, the transmission bandwidth is reduced, 
and the Effective Medium Ratio (EMR) is lower, and no angular stability is provided. The A-T-A structure in30 
demonstrates superior compactness performance, while still achieving a reduced transmission band (FBW).

Therefore, the proposed FSR demonstrates a clear advancement over the current state of the art, offering a 
distinctive combination of wide transmission bandwidth, continuous low-reflection performance across the L, S, 
and C bands, and a highly miniaturized unit-cell design. These attributes effectively overcome key limitations of 
existing approaches, paving the way to relevant advancements in electromagnetic interference (EMI) shielding 
and low-observability antenna systems.

Conclusion
In this manuscript, a frequency selective rasorber (FSR) in A-T-A configuration for wideband transmission and 
dual-band absorption in L-S-C bands was presented and analyzed. The FSR comprises a three-layer Frequency 
Selective Surface (FSS) structure, with two lossy layers loaded with lumped resistors, and a lossless passband 
layer. The design procedure was discussed sequentially, describing each layer through a transmission line 
equivalent circuit analysis. The Equivalent Circuit Model (ECM) was derived, offering general design guidelines 
for the development of wideband FSRs. The FSR was subsequently fabricated exploiting PCB technology, and its 
performance carefully characterized. The proposed FSR achieves a substantially extended reflection suppression 
band spanning from 1.5 to 8 GHz, while simultaneously maintaining a low insertion loss and wide transmission 
window within the S-C bands.

Both simulation and experimental results demonstrate that the proposed dual-polarized rasorber effectively 
meets the intended performance criteria.

This work, due to its attributes of wide passband, low profile, polarization insensitivity, and angular stability, 
holds significant potential in the field of low-frequency stealth capabilities.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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