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ABSTRACT: This letter presents a high-selectivity three-dimensional (3-D) dual-polarized frequency-selective rasorber (FSR). The pro-
posed design comprises a 3-D array of multiple lossy strip-type resonators integrated with a planar bandpass frequency-selective surface
(FSS). While the multiple resonances of the strips provide wideband absorption, a parallel LC structure is loaded within each resonator
to achieve a low-loss transmission band. Numerical and experimental results demonstrate an ultra-wide low-reflection band with a frac-
tional bandwidth (FBW) of 162.2% from 2.0 to 19.2 GHz. This includes a transmission band at 10 GHz with an insertion loss of 0.47 dB,
alongside a lower frequency absorption band (2.0-9.5 GHz, FBW 130.4%) and an upper frequency absorption band (10.5-19.2 GHz,
FBW 58.6%). The operating mechanism is further validated by an equivalent circuit model and measurement of a fabricated prototype,

showing good agreement between theory and experiment.

1. INTRODUCTION

The design of a frequency-selective rasorber (FSR) is one
of the most attractive techniques in target stealth engineer-
ing. Because it can substantially absorb out-of-band signals, the
FSR can potentially replace the traditional frequency-selective
surface (FSS) to achieve out-of-band bi-static radar cross sec-
tion reduction (RCSR) for antenna or radar systems [1].

Currently, there are two main design approaches for con-
structing FSR structures. The first is the conventional two-
dimensional (2-D) structural design. 2-D FSRs are typically
realized by constructing a specially designed lossy layer above
a bandpass FSS. The absorption performance depends on the
lossy layer, which is usually achieved by loading appropri-
ate lumped resistors onto unit cells [2-22]. By introduc-
ing parallel resonances, a passband with a low insertion loss
can be achieved either outside [3,9, 11, 13] or within [2,4—
8,10,12,14-17] the absorption band. Although reported 2-
D FSR designs are usually low-profile, low-cost, and easily
dual-polarized, their relatively narrow absorption bandwidth
and large periodicity are their main practical limitations.

The other approach to FSR design is based on three-
dimensional (3-D) FSSs. By independently constructing
transmission and absorption paths, some outstanding 3-D
FSR designs have been developed [23-31]. The transmission
path, usually realized by an open-circuited parallel-plate
waveguide (PPW) section loaded with a metallic post at the
center, produces a passband with a sharp roll-off perfor-
mance [23]. The absorption path, which can be implemented
by loading the lumped resistors at appropriate locations in
a short-circuited PPW section, provides a one- or two-sided
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absorption band around the passband. Recent research has
focused on integrating lossy layers with FSSs [24-31] to
overcome the fundamental limitations of traditional absorbers.
This combined approach is pivotal for achieving broadband
absorption to suppress radar signatures while maintaining
high-selectivity windows for signal transmission. Owing to the
additional design dimension and smaller unit cell, 3-D FSRs
can achieve excellent performance, such as higher selectivity
and better angular stability. Nevertheless, the relatively
narrow absorption bandwidth is the main practical challenge in
applying 3-D FSRs, and the complicated 3-D topology limits
their implementation in arrays and dual-polarized applications.

While recent 3-D frequency-selective rasorbers (FSRs) ex-
hibit excellent filtering performance, they often suffer from
complex spatial topologies and relatively narrow absorption
bandwidths, which limit their implementation in dual-polarized
and large-scale applications. To overcome these limitations, we
propose a new 3-D FSR based on an orthogonally interlocked
printed circuit board (PCB) topology. By integrating the struc-
tural features of existing 2-D and 3-D FSR designs, our pro-
posed structure significantly simplifies the fabrication process
while achieving an ultra-wide absorption band and stable dual-
polarization capability. The main contributions of the proposed
3-D FSR are summarized as follows:

1. By introducing multiple resonances into the 3-D structure,
the proposed FSR achieves an ultra-wide low-reflection
band with a —10dB fractional bandwidth (FBW) of
162.2% from 2.0 to 19.2GHz. Two wide absorption
bands (absorptivity > 90%) span from 2.0 to 9.5 GHz
(130.4% FBW) and from 10.5 to 19.2 GHz (58.6% FBW),
respectively.
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FIGURE 1. Geometrical structure of the proposed 3-D FSR unit cells
(2 x2array). (Dimensions inmm: p = 11.308,1 = 21.5,¢; = 0.508,
ta = 0.25.).

2. Owing to the simple construction of interlocked PCB el-
ements etched with multiple strip resonators and a bot-
tom planar metallic bandpass FSS, the proposed 3-D FSR
design significantly simplifies dual-polarized implemen-
tation and fabrication processes.

2. DESIGN AND DISCUSSION

2.1. Structure of the Proposed 3-D FSR

The geometrical structure of the proposed 3-D FSR unit cell
is illustrated in Fig. 1. The FSR consists of an array of 3-D
hollow symmetric structures backed by a planar FSS ground
plane. The top 3-D hollow structure comprises PCB elements
etched with multiple resistor-loaded strip resonators, which are
interlocked orthogonally in both the vertical and horizontal di-
rections. Owing to this orthogonal configuration, the PCB ele-
ments are independently responsible for TE and TM polariza-
tions. For the planar backplane, a slot-type cross-frame-shaped
FSS is employed, providing dual-polarized reflective and trans-
missive performance. In this design, Rogers TMM4 (e, = 4.5,
tand = 0.002) and F4B (e, = 2.65, tand = 0.003) substrates
were used for the top hollow structure and the bottom FSS layer,
respectively.

Figure 2 presents the geometrical details of a single PCB and
FSS element within a unit cell. Four separate U-shaped metal-
lic strips were etched in series from the top to the bottom of
the PCB element, with a straight strip positioned between the
two incident-side U-type strips. To achieve the desired absorp-
tivity, two resistors were loaded along the edges of the three
incident-side U-type strips and the straight strip. Furthermore,
a parallel LC resonator was integrated into the center of each
resistor-loaded strip, comprising a meandering line and a paral-
lel strip acting as the inductor and capacitor, respectively. Ad-
ditionally, the slot-type cross-frame element serves as a band-
pass FSS, exhibiting polarization-insensitive transmission and
ultra-wide out-of-band reflection, thereby acting as an effec-
tive ground plane for absorption. By matching the resonant
frequency of the parallel LC' structure with the passband of the
FSS, the proposed FSR achieves a highly-selective transmis-
sion window with a low insertion loss.
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FIGURE 2. The geometrical details of a PCB structure and the unit
cell of the FSS. (Physical dimensions (mm): p1 = 10.6, a1 = 0.8,
az = 1.4, a3 = 1.3, w1 = 0.25, w2 = 0.25, w3 = 0.7, wyg = 0.1,
ws = 0.2, ll = 9.85, lz = 3.8, l3 = 4.7, l4 = 5.7, ls = 1.9, lc =
0.7, ws = 0.15, g = 0.1, ds1 = 0.35, ds2 = 0.8, pli = 11.308,
ple = 7.5, wli = 1.2, wly = 0.9. Lumped resistors: R; = 4302,
Ry =200, Rz =300, Ry = 350€2.).

2.2. 3-D Ultra-Wideband (UWB) Absorber

Similar to the tailoring methodology of the reported 3-D FSRs,
the construction of a 3-D Ultra-Wideband (UWB) absorber is
the fundamental building block for the proposed 3-D FSR de-
sign. Fig. 3 illustrates the proposed 3-D UWB absorber. In
the unit cell, four in-series U-type strips and a straight strip
are etched on two cross-inserted PCB pieces backed by a PEC
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FIGURE 3. Tllustration of the proposed 3-D UWB absorber and its
equivalent circuit model. (Physical dimensions (mm): p = 11.308,
[l = 21.5, w1 = 025, wa = 025, ws = 0.7, wa = 0.1,
ws = 0.2, pP1 = 10.6, l1 = 9.85, l2 = 5.3, l3 = 4.7, l4 = 5.7,
dr1 = 4.75, dre = 5.325, dvs = 6.625. Lumped resistors:
Ry = 4309, R2 = 20082, R3 = 30012, R4 = 350Q. Circuit
parameters: R, = 860€2, R, = 40012, R. = 60082, Rq = 700,
Li = 7.04nH, Ly = 2.4nH, Ly = L4 = 6.1nH, Cs; = 381F,
Cs2 = 2601F, Cs3 = Csa = 341F, Zy = Z, = 377, ©1 = 23.4°
at 3 GHz, ©2 = 15.3° at 3 GHz, and ©3 = 38.7° at 3 GHz).
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FIGURE 4. The reflection results of the original and proposed absorbers under normal incidence obtained by CST and ECM. (a) Original absorber;

(b) Proposed absorber.

ground plane. Three near-source U-type strips and a straight
strip provide the desired absorption at certain frequencies. To
effectively dissipate the incident power along the strips for bet-
ter absorption performance, two resistors were inserted along
each edge of the strips.

Here, we employ a similar 3-D absorber structure but with-
out etching the lossy straight strips, referred to as the “original
absorber.” The reflection results of the original and proposed
absorbers under normal incidence for TE polarization (£ along
the y axis, § = 0°), simulated by CST Microwave Studio, are
shown in Fig. 4. The original absorber exhibited an absorption-
reflection-absorption frequency response. A perfect reflection
band with a reflection coefficient |S7;| = 1 at approximately
14 GHz and two-sided wide absorption bands with an absorp-
tion rate of more than 90% were achieved. The two absorption
bands are realized at 2.1-11.1 GHz (136.3% FBW) and 15.6—
18.9 GHz (19.1% FBW), respectively. Notably this original ab-
sorber with a reflection band has potential applications in an-
tenna out-of-band RCSR if it is used as a ground plane or re-
flector in an antenna system.

Furthermore, by loading appropriate lossy straight strips into
suitable locations of the unit cell, the impedance of the original
absorber can be made to match the characteristic impedance
of free space within the reflection band. Hence, the desired
UWB absorber can be realized using this design. As shown
in Fig. 4(b), the proposed absorber exhibits an ultra-wide low-
reflection band with a —10dB FBW of 162% from 1.94—
18.5 GHz. The total thickness was 0.14 )\, at its lowest absorp-
tion frequency.

The equivalent circuit model (ECM) of the proposed ab-
sorber is presented in Fig. 3, and its circuit includes four series
RLC resonators and a short-circuited transmission-line (TL)
section consisting of three cascaded TL subsections with differ-
ent electrical lengths (01, ©4, and ©3, where O3 = ©1 + ©5).
The inductors (L1, L3, L4, and L) denote the inductances of
the U-type strips and the straight strip, respectively. C's1, Cgs,
and Cs,4 denote the coupling capacitors between the U-type
strips of adjacent unit cells along the direction of the electric
field. Cg- is the coupling capacitor between the straight strip
and the neighboring U-type strip in the unit cell. The resistors
(R4, Ry, R, and Ry;) denote the equivalent resistance values of
each strip.
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For the original absorber, corresponding to the circuit ex-
cluding the series Ry L2Cjo resonator, the absorption band has
resonant frequencies fi, f2, and fy4, and the reflection band is
around f3, as shown in Fig. 4(a). It is easy to calculate that,
at f1, the total electrical length ©; (©; = 203) of the short-
circuited TL section corresponds to a quarter wavelength, and
the resonant frequency of the R, L1C}; resonator is designed
around f;. In this case, the equivalent impedance of the origi-
nal absorber is close to the pure resistive value R,, |S11]| ap-
proaches zero; thus, substantial absorption can be achieved.
At fo and fy, since ©; corresponds to three-quarter wave-
lengths at f; and five-quarter wavelengths at f4, the absorp-
tions at these two resonant frequencies are the harmonic re-
sponses of the R, L;Cs; resonator. Furthermore, at f3, where
O, is equal to half the wavelength, the loaded resistors are by-
passed by the short-circuited air TL resonator, and the equiva-
lent impedance of the original absorber approaches zero (short
circuit condition). Thus, a perfect reflection band with |S11| =
1 was produced around f5. In addition, by loading R.L3C5s3
and RyL4Cy4 circuits at the electrical length ©3 of the short-
circuited TL resonator, which corresponds to a quarter wave-
length of approximately 6.5 GHz, good impedance matching
can be achieved between f; and fs.

For the proposed absorber, to achieve the desired UWB ab-
sorption performance, an R, LoCo circuit is loaded between
the R,L1Cs and R.L3Cyj3 circuits. The corresponding elec-
trical length ©,(0, = O3 + O3) of the short-circuited TL
resonator is equal to three-quarter wavelengths at f3. By op-
timizing the equivalent impedance with suitable resistance, in-
ductance, and capacitance, good impedance matching can be
achieved around fs, resulting in an ultra-wide absorption per-
formance. The reflection results of the absorbers under normal
incidence calculated by the ECM are also presented in Fig. 4,
and it can be seen that the ECM results agree well with the full-
wave simulation results.

2.3. 3-D Dual-Polarized FSR

In the conventional 3-D FSR design approach, a transmission
path is usually constructed in parallel with the unit cell of the
absorber along the polarization direction, and a series LC' res-
onator is loaded in front of the unit cell to short-circuit the ab-
sorber at the passband frequencies for low insertion-loss trans-
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FIGURE 5. The performance of the proposed FSR under normal incidence obtained by CST and ECM. (a) S-parameters; (b) Absorption rate.
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FIGURE 6. Sensitivity analysis of the equivalent circuit model (ECM). (a) Simulated frequency responses under varying parallel capacitance Cpq
(163 {F, 172 {F, and 180 fF); (b) Simulated absorption responses under varying equivalent resistance R, (8102, 860 2, and 910 Q).

mission. Here, based on the proposed 3-D UWB absorber de-
sign, the transmission path is constructed by adding parallel LC
structures to multiple series RLC' resonators to produce infi-
nite impedance, and by replacing the PEC ground plane with a
slot-type cross-frame-shaped bandpass FSS. In contrast to ex-
isting 3-D FSR approaches, this design not only maintains the
compact dimensions of the unit cell but also reduces the man-
ufacturing complexity. The proposed 3-D dual-polarized FSR
structure is illustrated in Fig. 1.

The simulated S-parameters and absorption rate of the pro-
posed 3-D dual-polarized FSR under normal incidence for TE
polarization obtained by CST are shown in Fig. 5. It can be
seen that the FSR has an ultra-wide low-reflection band at
2.0-19.2 GHz with a —10dB FBW of 162.2%. Two absorp-
tion bands with absorption rates of > 90% are realized at
2.0-8.9 GHz (126.6% FBW) and 11-19.2 GHz (54.3% FBW).
Meanwhile, it exhibits a highly selective transmission band
with the lowest insertion loss of 0.47 dB at 10 GHz.

To further evaluate the robustness of the proposed equivalent
circuit model, a sensitivity analysis of critical ECM parame-
ters was conducted. As depicted in Fig. 6(a) and Fig. 6(b), we
investigated the influence of varying the parallel capacitance
Cp1 and the equivalent resistance R, by approximately +5%.
Specifically, C},; was swept across 163 fF, 172 {F (the nominal
value), and 180 fF, while R, was evaluated at 810 €2, 860 €2 (the
nominal value), and 910 €. The analysis demonstrates that the
variation in C); causes a slight shift of less than 0.2 GHz in the
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transmission frequency, and the variation in R, results in neg-
ligible degradation in the absorption band. These parametric
sweeps confirm the strong robustness of the established circuit
model against minor modeling or manufacturing perturbations.

Based on the ECM of the previously analyzed UWB ab-
sorber, the ECM of the proposed FSR was constructed as shown
in Fig. 7. Four identical parallel circuits (L,;Cp1), which de-
note the parallel LC structures, are added to the four series
RLC resonators. The added parallel resonance can provide
infinite impedance for the series RLC' circuit and guarantee
that the resistors are isolated for a low-insertion-loss transmis-
sion. In addition, the ECM (L2, Ls2, Cp2 and C;s) represent-
ing the slot-type cross-frame-shaped FSS functions as a spatial
bandpass filter characterized by a broad reflection band. Due
to the geometric complexity of the 3-D interlocked structure,
the specific ECM parameter extraction relies on a hybrid ap-
proach. The initial values of the LC components were first es-
timated using simplified analytical formulas for periodic arrays.
Subsequently, these initial parameters were modeled in Ad-
vanced Design System (ADS) software, where a curve-fitting
optimization algorithm was utilized to fine-tune the final circuit
parameters to achieve a high correspondence with the full-wave
simulation S-parameters. The impedance of the FSS equiva-
lent circuit approaches zero and infinity in the reflection and
transmission bands, respectively. When the circuit operates
in the reflection band, a wideband absorption performance is
achieved, similar to the characteristics of the previously ana-
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FIGURE 7. The ECM of the proposed FSR. Circuit parameters: R, =
86012, R, = 40012, R, = 60012, Rqy = 7008, L1 = 6.24nH,
Ly =1.6nH, Ls = Ly = 5.3nH, L,y = 1.48nH, L,z = 0.52nH,
LSQ = 0.311H, Csl = 38 fF, Cp1 = 172fF, 052 = QGOfF, C53 =
Csy = 381F, Cp2 = 93fF, Cs5 = 265.6fF, Zy = Z, = 3771,
Zp = 231.59, ©1 = 23.4° at 3GHz, ©2 = 15.3° at 3GHz, O3 =
38.7° at 3GHz and ©4 = 1.456° at 3 GHz.

lyzed UWB absorber. When the circuit operates at the desired
transmission frequency (10 GHz), which matches the resonant
frequency of the added parallel LC' circuits, the entire circuit
model of the FSR appears open-circuited (high impedance in
series arms), allowing the incident energy to pass through with
a low insertion loss. The S-parameters and absorption rate of
the proposed 3-D FSR obtained using the ECM are also shown
in Fig. 5.

The S-parameters of the TE and TM polarizations under
oblique incidence were also investigated, as shown in Fig. 8.
Under TE-polarized oblique incidence, as the incidence angle
0 increases to 30°, the absorption performance remains sta-
ble and the transmission characteristics are almost unchanged,
although a slight degradation appears at the upper absorption
band. Analogously, a stable absorption performance was ob-
served under a TM-polarized oblique incidence. Although
the transmission peak degraded slightly, the insertion loss re-
mained less than 1 dB at an incidence of 30° incidence.Under
oblique incidence, the slight discrepancy between TE and TM
response curves arises because the free-space wave impedance
changes differently with incident angle 6 (shifting to Zy/cos 6
for TE waves and Zj cos § for TM waves), leading to varied
impedance matching conditions.

3. MEASUREMENT AND DISCUSSION

To validate the designed 3-D FSR, a 3-D FSR prototype was
fabricated and measured. A photograph of the fabricated proto-
type and its details are shown in Fig. 9. The prototype consisted
of 10 x 10 unit cells with a total size of 215 mm X 215 mm x
21.5mm. Two UWB horn antennas were used as transmitting
and receiving antennas. Since the physical dimensions of the
fabricated prototype are relatively small compared to the free-
space wavelength at the lowest operating frequency, rigorous
measures were taken to ensure measurement accuracy. Specif-
ically, the prototype was surrounded by a substantial amount
of commercial polyurethane foam absorbers to prevent spa-
tial electromagnetic diffraction. Furthermore, the time-domain
gating technique of the Vector Network Analyzer (VNA) was

employed to effectively suppress any residual edge diffraction.
The measurement setup is illustrated in Fig. 9(c).

The measured S-parameters of the proposed 3-D FSR un-
der the normal incidence is plotted in Fig. 10(a). A relatively
good agreement was observed between the measured and sim-
ulated results. As verified by full-wave simulations, the in-
herent PCB fabrication tolerance (£0.05 mm) has a negligible
impact on the overall performance. Therefore, the slight fre-
quency shift of the transmission band and the minor perturba-
tions in the curves are primarily attributed to unavoidable man-
ual assembly alignment issues (e.g., microscopic air gaps) and
measurement errors. The extracted absorption rate is also pre-
sented in Fig. 10(b). It can be seen that a measured —10 dB
low-reflection band is achieved from 2.0 to 19.7 GHz (163%
FBW), and a highly selective transmission band with an inser-
tion loss of 0.62 dB is centered at 10.2 GHz. In addition, the
lower and upper measured absorption bands with an absorp-
tion rate of > 90% are achieved from 2.0 to 8.9 GHz (145%
FBW) and from 11.7 to 19.7 GHz (51% FBW), respectively.
The noise floor of the measurement system is approximately
—45 dB, which is well below the lowest measured reflection
levels, ensuring high data credibility. The measured —3 dB
transmission bandwidth is restricted to only 0.64 GHz. From a
physical perspective, this limitation stems from the fundamen-
tal trade-off governed by the single-stage parallel LC resonator
utilized in the 3-D structure. To achieve the demonstrated high
frequency selectivity with sharp roll-off skirts between the ab-
sorption and transmission bands, the resonator must operate
with a high quality factor, which inherently limits its oper-
ational passband. Furthermore, the bottom layer employs a
single-layer FSS that acts essentially as a single-pole bandpass
filter, lacking the wideband flat-top response characteristics.

To demonstrate the advantages of the proposed FSR design,
a comparison with existing FSR designs is presented in Ta-
ble 1. The proposed 3-D FSR achieves significant improve-
ments in the low-reflection bandwidth, absorption rate, and
dual-polarization capability. However, a notable limitation of
the current design is its relatively narrow transmission band.
Physically, this narrow bandwidth fundamentally stems from

TABLE 1. Comparison with reported FSR designs.

FBW LAB UAB 1IL Thickness
Ref. Type Pol.
(%) (%) (%) (dB) (Ar)

[2] 2-D 120 752 355 0.16 0.12 Dual
[4] 2-D 1425 963 48.6 0.38 0.13 Dual
[5] 2-D 1228 599 29.6 1 0.074 Dual
[8] 2-D 1394 925 588 048 0.1 Dual

24] 3-D 1569 120 43 0.4 0.118 Dual
25] 3-D 738 488 277 N.A. 0.25 Single
26] 3-D 462 NA. 462 NA. 0.36 Dual
271 3-D 1356 423 451 1.05 0.108 Dual

3-D 162.2 1304 58.6 047 0.14 Dual
work

FBW = fractional bandwidth of —10 dB reflection. LAB/UAB = lower/upper absorption
bandwidth are for 90% absorption rate. IL = insertion loss. Az, = free space wavelength
at the lowest frequency of —10 dB reflection.
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FIGURE 9. The prototype and measurement setup of the proposed 3-D FSR. (a) Photograph of the prototype. (b) Unit cell of the 3-D hollow structure.

(c) Measurement setup.
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FIGURE 10. The performance of the proposed 3-D FSR under normal incidence obtained by CST and measurement. (a) S-parameters. (b) Absorption

rate.

the single-stage resonance mechanism. The current transmis-
sion window is generated by a single parallel LC resonator cou-
pled with a single-layer FSS ground, which inherently provides
only a single transmission pole and results in a sharp, narrow
resonance peak. To address this limitation and achieve a wider
transmission window, future work could focus on two structural
improvements: (1) cascading multiple parallel LC resonators in
series to introduce multiple, closely spaced transmission poles,
thereby yielding a wider, flat-top passband; and (2) employing
a multi-layer or higher-order wideband bandpass FSS, instead
of the current single-layer narrow bandpass FSS, to fundamen-
tally expand the bandwidth limits of the transmission path.

20

4. CONCLUSION

By employing multiple strip-type resonators, a new 3-D dual-
polarized FSR was proposed with an ultra-wide low-reflection
FBW of 162.2%. Two wide absorption bands with absorptivity
exceeding 90% were observed at the lower and upper frequency
bands, respectively. By loading parallel LC' structures and a
planar bandpass FSS, a passband performance of approximately
10 GHz was achieved. Owing to the construction of cross-
inserted PCB pieces etched with multiple planar resonators, the
proposed 3-D FSR design significantly simplifies the fabrica-
tion process and naturally supports dual-polarized operation.
An ECM was been introduced to elucidate the operating mecha-
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nism of the FSR. Finally, the good agreement between the mea-
sured and simulated results demonstrates the feasibility of the
proposed FSR design.
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