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ABSTRACT A 3-D frequency-selective rasorbers (FSR) with wide absorption bands at both sides of
the transmission window based on stepped impedance resonator (SIR) is presented and investigated in
this article. The proposed FSR features thin thickness, wide absorption bands and lumped-element-free
characteristics. The transmission channel is constructed from a parallel waveguide based on SIR to provide
the transmission path and reduce the thickness of the whole structure. The absorption channel is filled
with magnetic absorber to provide a wide absorption band, while meander-line in shunt connection with
the absorber is used to avoid lumped components and to obtain a low insertion loss at the passband. The
detailed design concept and analysis are illustrated and the fundamental operating principle of the FSR is
demonstrated with the help of an equivalent circuit model (ECM). A design example is provided and it
exhibits a passband at 7.1 GHz with a transmission bandwidth of 22.6% for less than 3 dB insertion loss and
fractional bandwidth of 128.0% with reflectivity less than —10 dB. Moreover, one dual-polarized FSR is
also designed and analyzed to generalize the design strategy. Both single- and dual-polarized prototypes are
designed, fabricated, and measured to verify the design concept. Good agreement can be observed between
the simulated and measured results.

INDEX TERMS 3-D frequency selective rasorber, absorber, frequency-selective surface, stepped-impedance

resonator.

I. INTRODUCTION

Frequency-selective rasorber (FSR) [1], also termed
as absorptive frequency-selective transmission structure
(AFST) in [2]-[4] and absorptive frequency-selective sur-
face (AFSS) in [5], [6], has attracted increasing interest
due to its importance in numerous applications aiming to
reduce radar cross-section (RCS) of antenna systems and
to improve the communication security. The FSR structure
was introduced as an idea for the first time in [11]. Unlike
traditional FSS, the FSR exhibits in-band transmission and
out-of-band absorption characteristics instead of reflecting
the out-of-band electromagnetic (EM) waves, which can be
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seen as a combination of FSS and absorber. The key benefit
of FSR is its ability to provide a specific transmission window
and a low RCS over a wide frequency band at the same time.

In terms of their structures, the FSRs can be divided into
two types. One is to use cascading multilayer 2-D frequency-
selective surface (FSS) layers [10]-[24], and the other is
employing 3-D structures where each unit is a multi-mode
cavity [25]-[32]. In terms of performance, the FSR structures
can also be divided into two types: 1) those with a one-
sided absorption band with either lower or upper transmission
band [5]-[7] and 2) those with a transmission band with
two-sided absorption bands [2], [23]. As required in many
practical FSR applications, the most important challenge is
to expand the absorption bands, reduce the thickness of the
whole structure and implement the polarization insensitivity
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at the same time. For the 2-D FSRs, most designs are con-
structed by stacking 2-D FSSs. The transmission bands are
related to the pass band of these bandpass FSSs. The absorp-
tion bands are provided by the resistive FSS layers, which
are mostly constituted by lossy components. Several designs
have been proposed to achieve dual polarization characteris-
tics [18]-[22]. However, it is difficult for 2-D FSR to expand
the absorption bandwidths by using multiple resonators and
their narrow absorption bands cannot meet the bandwidth
requirements of many radar systems. Under these circum-
stances, the 3-D FSRs were proposed to overcome these
drawbacks of 2D FSRs recently.

Instead of cascading a bandpass FSS with a lossy layer, the
transmission and absorption paths of 3-D FSR are separated
and can be designed independently. Due to this feature, they
can be readily designed to widen the absorption bandwidth
and reduce the insertion loss in the transmission band. The
transmission window is achieved when the transmission path
resonates and the length of the passband equals to A./2,
where ). is the guided wavelength at the center frequency
of the passband. For the absorption path, part of the incident
EM wave enters the absorption path and may be absorbed,
resulting in a large insertion loss. However, this high insertion
loss in the transmission window can be resolved by bypass-
ing the lossy components at the frequency of transmission
window [27]-[29]. In [2], a short-circuit in shunt connection
with the source of losses was used to bypass the losses.
The technique of inserting a series L-C circuit in front of
the absorption path was introduced in [31]. At the resonant
frequency of the LC resonator, the absorption path is short-
circuited and the incident EM wave is then blocked from
entering the absorption path. Low insertion loss can then be
obtained within the passband of the FSR. An FSR without
lumped elements was also provided in [4]. In addition, several
methods to broaden the absorption bandwidth were proposed
recently. Prototypes using multiple resonances were reported
in [28] and [29] to realize frequency responses with wide
absorption bands. Constructions based on ferrite materials
were also implemented to increase the absorption bands of
3-D FSR [31], [32]. Moreover, the electrical sizes of the
unit cell of 3-D FSRs are relatively small, leading to stable
filtering responses over a large range of incident angles of
EM waves.

It is noted that most of these 3-D FSRs mentioned above
only operate under a single polarization, which further lim-
its their applications. In [27], a 3-D FSR was designed
for dual-polarization based on parallel-plate waveguides and
lumped resistors. However, its absorption band is very nar-
row and the lumped resistors are difficult to be imple-
mented and can introduce large soldering and assembling
tolerances. To meet the requirements of practical antenna
systems, a dual-polarized FSR with wide absorption bands,
low insertion loss, thin profile and stable angular response is
imperative to be realized.

In this article, a design of 3-D FSR based on mag-
netic absorber and SIR with wide absorption bands, thin
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thickness and lumped-component-free characteristics is ini-
tially presented for single-polarized applications. The mag-
netic absorber is utilized to produce a wide absorption
band. The parallel-plate waveguide with SIR structure is
constructed aiming to minimize the thickness of the FSR
and to provide a selective transmission window inside the
absorption band. Meander-line is used to subduct the lumped-
elements and replace the series L-C circuit, resulting in a
short circuit at the resonant frequency of the passband and
a low insertion loss can then be achieved within the transmis-
sion band. Furthermore, based on this construction, a dual-
polarized FSR employing a symmetrical structure is further
proposed. Resonators for both transverse electric (TE) and
transverse magnetic (TM) polarizations are accomplished
by adopting two sets of parallel-strip lines that are orthog-
onal to each other in each unit cell. Operating principles
of both prototypes are analyzed in detail with the help of
equivalent circuit models (ECMs). Both single- and dual-
polarized examples are demonstrated to verity the feasibility
of the design methodology. The proposed FSRs feature thin
thickness, wide absorption bands characteristics and no extra
lumped components are required. The single-polarized prac-
tical realization exhibits a passband at 7.1 GHz with a trans-
mission bandwidth of 22.6% and a 128.0% bandwidth with
reflectivity less than —10 dB under the normal incidence.
The dual-polarized design operates at the center frequency
of 7.25 GHz with a passband bandwidth of 25.5% and an
absorption bandwidth of about 121.1%.

The remaining of this article is organized as follows. The
principle of operation is proposed and analyzed in detail
along with the demonstration of an ECM in Section II
In Section 11, a single-polarized, low-profile, and broadband
3-D FSR with high-selectivity is presented. Furthermore,
its extension to dual-polarized design is further introduced
for realizing a polarization-insensitive FSR in Section IV.
Fabrication and measurements are conducted, and mea-
sured results are discussed in Section V. Good agreement
is observed between the measured and simulated results.
Finally, conclusion and discussion are given in Section VI.

Il. STRUCTURE AND CONCEPT OF 3-D FSR BASED ON SIR
Based on the aforementioned designs [25]-[32], a 3-D FSR
generally consists of independent transmission and absorp-
tion channels, as shown in Fig. 1. The incident EM wave will
propagate through the transmission channel at the passband
frequency and be absorbed by the lossy materials in absorp-
tion channel outside the transmission band. Therefore, we can
divide the design procedure into two regions: the operating
frequency band of transmission (f;) and absorption bands (f,;
and f;»).

A. CONFIGURATION OF THE UNIT CELL

The geometry of the proposed FSR is illustrated in Fig. 2(a).
The 3-D and side view of the unit cell is also shown in the
figure. The size of the unit cell is important for the overall
performance of the 3-D FSR under oblique incidence. The
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FIGURE 1. Illustration of 3-D FSR (a) Typical structure. (b) Reflection and

transmission coefficients of an ideal FSR.
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FIGURE 2. (a) 3-D view of the proposed FSR and detailed unit cell of the
prototype. (b) Simulated S-parameter results of the FSR using full-wave
EM simulator CST-MWS (Physical dimensions: Dy =2 mm, h = 12 mm,
hqg =9.5mm, hy; =2.5mm, hy; = 1.1 mm, | = 13 mm, g =9 mm,

Im =3.8 mm, Ip; = 4.9 mm, [p; = 1.6 mm, w = 9.5 mm).

transmission channel is formed from an air path based on
SIR with a metallic via in the middle. When the equivalent
transmission length of the air path equals to A,/2, where
A is the guided wavelength, the transmission channel res-
onates at f; and a passband can then be realized. The middle
metallic via produces an additional transmission pole forming
a second-order resonator, leading to a wider transmission
band and a sharper roll-off for the transmission window.
The diameter D, of the via controls the coupling between
these two resonant frequencies. The absorption channel is
mainly constructed by a short-circuited parallel-plate waveg-
uide filled with magnetic absorber at the end and a bypassing
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FIGURE 3. Magnetic material used in our design. (a) Complex permittivity
(er*) and permeability (x,*) and (b) Simulated reflection coefficient with
back grounded.

network in the front. The air section is introduced to improve
the impedance matching for better and wideband absorption.
A meander line inductor in series with a gap capacitor in front
of the absorption channel is designed as a band-stop FSS and
employed as the bypassing network, instead of the series L-C
circuit used in previous FSR designs. The reflection band
of the absorption path is so designed to overlap with the
transmission window to short-circuit the absorption path at
the passband frequency. As a result, low insertion loss can
then be obtained within the transmission band.

B. ABSORPTION CHANNEL FILLED WITH

MAGNETIC ABSORBER

The broadband absorption effect is accomplished by the
absorption channel filled with magnetic absorber partially.
The complex relative permittivity & (¢f = ¢,” — je,”) and
complex permeability u¥ (us = u,” — ju,”) of the absorber
used in our article are shown in Fig.3(a). The reflectivity of
the conductor-backed magnetic material is shown in Fig.3(b).
As a wide band absorber, the bandwidth of reflection coeffi-
cient (|S11|) less than —10 dB is from 3.22 GHz to 12.11 GHz.
Compared with those using conventional resistors, the cost
of magnetic absorber is high though it has the advantage of
broadband absorption. Furthermore, the magnetic absorber
has high power handling capacity, which is desirable for high-
power applications.

For the sake of reducing the insertion loss caused by EM
waves propagating through the lossy material, the 2D band-
stop FSS located at the front of the absorption path is regarded
as a replacement of the series L-C circuit and can avoid the
use of lumped components, compared with the technique
described in [30]. The reflection band of the FSS is designed
overlapping the transmission band, resulting in a shielded
absorption path at the operating transmission frequency f; and
the incident EM waves can be blocked from propagating into
the absorption path. The ECM of the absorption channel is
illustrated in Fig 4.

The absorption channel can be mainly divided into three
cascaded sections: one band-stop FSS and two equivalent
transmission line (TL) sections ((Z,, ®,) and (Z,,, ©,,),),
as shown in Fig. 4. The parallel resonator (Ly and Cy) denotes
the band-stop FSS structure, while C, represents the series
capacitance between the FSS and the metal plate. The broad-
band magnetic absorber is demonstrated by a lossy TL. The
characteristic impedances (Z, and Z,,,) and electrical lengths
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FIGURE 4. ECM of the absorption channel shown in Fig. 2.

(®, and ©,,,) of the air and lossy TLs are related to their
physical dimensions. According to the TL theory, the relevant
parameters of the absorption channel can be calculated as

Zy = noha/w §))
Zn = noha/wy/ 17 [€F )
Ba = w/10g0 3)
Bn = o /1og0y/ nier )
O =pBixl, i=am )

where n9 = 120 2 = 377 2 is the characteristic impedance
in free space. w = 2xf is the operating angular frequency. S;
(i = a, m) is the phase constant of each corresponding TL
section.

Furthermore, the propagation constant of the lossy TL can
be represented by

Y = iBn = jo/l0g0y/uief 6)

The input impedance of the lossy TL and the absorption
channel can then be obtained as

Zin-m = Zn tanh(ym m) (7)

iZ,tan ©,
Zln a — Z Zm m+.] (8)
+ jZin—mtan O,

Hence, the reflection coefficient (|Si;|) of the absorption
channel can be expressed as
Zof — Zin—
Fap = S ©)
ZOf +Zin—a
It can be obtained that the frequencies of absorption are
dependent upon the lengths of TL sections. Meanwhile, based
on the equations provided above, we can also calculate dif-
ferent values of physical dimensions of the required FSR for
pre-design and optimization.

C. TRANSMISSION CHANNEL BASED ON SIR

In the early design of the transmission channel, the parallel-
plate waveguides based on uniform impedance resonator
(UIR) with half guided wavelength were used mostly for the
advantages of simple design and stable structure. However,
in some application scenarios where compact dimensions are
strictly required and the effects of the parasitic resonant fre-
quency occurring at the integer multiples of the fundamental
frequency need to be avoided, the defects and limited design
parameters of the UIR structure cannot meet the demands.
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FIGURE 5. ECM of the transmission channel shown in Fig. 2.
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FIGURE 6. Equivalent circuits of dual-mode resonators.

To reduce the physical dimension, high dielectric constant
materials and lumped elements can be used in the design. For
the specified substrate, the volume can be reduced by chang-
ing the geometry of the resonator. In this article, SIR structure
is introduced into the transmission channel to achieve the
desired thickness reduction, as shown in Fig. 2(a). It contains
a wide path in the middle and one narrow path at each end.
Besides, a metallic via is embedded to separate two sides of
the whole path, which is responsible for producing a second-
order passband. Based on this construction, the ECM of the
transmission channel is then established in Fig 5.

Two sets of TL sections are included and used to describe
the low- and high impedance TLs, respectively. Inductor
L, denotes the inductance of the metalized via hole, which
controls the coupling coefficient. Capacitor C; represents the
step discontinuity capacitance at the interface between the
narrow and wide regions in the transmission channel. C; is
the edge capacitance of the open end. Zor = 5o x hiw is the
port impedance. The characteristic impedances (Z;1 and Z;»,)
and electrical lengths (®;; and ®;;,) can be written as

®[/ = W\/M0EQ X lt/’ ] = 172 (10)

On the basis of the corresponding equivalent TL model
in Fig. 5, the symmetrical structure can be regarded as a
centrally loaded resonator and divided into two symmetrical
sections, each contains two TLs ((Z;2, ©;7) and (Z;1, ©y1),).
Therefore, the two-port network can be deep analyzed by
odd-even mode analytical method and elaborated into two
single-port networks, as shown in Fig. 6.

The input impedances of even- and odd-mode can be
expressed as

Zyj = nohpj/w,

. Rztan®4 + X(1 — wCsZ;, tan ©4))
Zin—even =JjZr> (11)
R, — X(wCsZyp + tan ©yp)

tan ©;1 +Rz tan O;» —wCZ;s) tan Oy tan O

Rz —tan ®, tan O —wCZ;) tan B4
(12)

Zin—odd =JjZr2
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where Rz represents the impedance ratio of the two TL
sections and is termed to be (Z;2/Z;1), X = QwL, + Z;1 -
tan ©;1)/(Z;1 — 2wL, - tan Oy1).

Moreover, any excitation can be seen as a superposition
of even- and odd-mode excitations, therefore, the electrical
parameters of symmetric networks can be calculated by the
even- and odd-mode scattering coefficients. The S-matrix
parameters of the two-port symmetric network in Fig. 5 can
be obtained as

Zin—evenZin—odd — ng
(Zin—even + ZOf) “(Zin—oda + ZOf)
Yozf — Yin—evenYin—odd

Si=8»=

— (13)
(YQf + Yin—even) - (YOf + Yin—odd)
Zin—evenz()f — Zin—odd ZOf
S =8 =
(Zin—even + ZOf) “(Zin—odd + ZOf)
Yin—odd YOf — Yin—even YOf (14)

B (YQf + Yin—even) - (YOf + Yin—odd)

where Y is the admittances of the TL equivalent circuits.
By using Eq. (11) to (14), we can obtain the S-parameter
results of the ECM by extracting the electrical parameters.

It is noted that the capacitance C; is very small, the dis-
continuity at the step and the open edge capacitance can be
neglected. Based on the formulated ECM, the transmission
matrix ABCD for the A/4 SIR is (15), as shown at the bottom
of the page, When the terminal is short-circuited, the input
admittance Yj, can be expressed as

D cos ©;1 cos Oy — % sin ©;1 sin O,

B - J (Zs1 sin Oy cos Oy + Z;3 cos Oy sin O2)

i th — Zl‘l tan ®l‘1 tan ®l‘2 (16)
JZ12(Z;1 tan O + Zy; tan Op3)

Then, according to the resonance condition Yj, = 0 in [34],

the resonance condition of SIR can be depicted as

Yin =

th - Ztl tan ®t1 tan ®t2 =0 (17)
which is
Z
tan ®; tan O, = — = Ry (18)
Zn

Based on Eq. (18), the resonance condition of SIR is
determined by the impedance ratio R, and electrical lengths
(®;1 and ©;,,) of the TLs. On the contrary, as for the com-
monly used UIR, the resonance condition depends only on
the electrical length of the TL, which means that the SIR

has more degrees of freedom in the design than the UIR.
It is worth mentioning that Rz is an important electrical
parameter that characterizes SIR features and the first few
resonance frequencies can be adjusted by changing the value
of Rz. At the same time, when designing a miniaturized FSR,
a smaller Rz can be considered to obtain a smaller resonator
size.

D. RESONANT FEATURES AND PARAMETRIC ANALYSIS
The effects of several key parameters on the resonant features
of our FSR structure are also examined. The absorption char-
acteristics of grounded magnetic absorber has been illustrated
in Fig. 3(b). When the transmission channel is added, the port
impedance Zys is increased, resulting in impedance mis-
match. To analyze the influence on the absorption feature, the
transmission channel is replaced by a metal block of the same
size, as shown in Fig. 7(a). The reflection coefficients of the
absorption channel can be calculated by Eq. (9). According to
Eq. (8), the input impedance of the absorption channel is dif-
ferent with different values of [,. Fig. 8(a) demonstrates that
the absorption performance is improved with an increased
I, within a suitable range, on account of the matched input
resistance with the port impedance. In addition, according to
the previous analysis, the transmission window is determined
by the electrical lengths of TLs and the impedance ratio Ryz.
To facilitate the analysis, the magnetic absorber has been
removed for explicit demonstration as well as the band-stop
FSS, as shown in Fig. 7(b). The simulated transmission fre-
quency with respect to different values of impedance ratio R,
has been demonstrated in Fig. 8 (b). The results are expressed
through different values of /. With a reducing value of 7y,
the transmission window moves to lower frequency band.
It also indicated that the physical length of the channel can
be reduced with smaller Rz under the same required resonant
frequency, leading to a size-miniaturized structure. Mean-
while, the remaining physical parameters are also given in the
legend. Moreover, the sensitivities of other parameters on the
performances can also be studied to examine the tolerances
allowed in the manufacturing process through the methods
described in [30].

E. DESIGN GUIDELINES

Based on the ECM and its analysis of the FSR, brief guide-
lines are formulated to design an FSR with a transmission
window within the absorption band.

A B [ cos O jZ;rsin Op cos O
= | .sin®p sin ®;
C D cos O J
Zt2 Ztl

Zpy . .
cos ©;1 cos Oy — 7 sin ®;1 sin Oy

J

Zp Z
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. tl,
= (cos ®;1sin Oy, 4 sin ®;1 cos O

JZ sin ©4

cos By

J (Zs1 sin Oy cos Oy + Z;5 cos B;1 sin Or)

(15)
) Ccos ®;1 cos Oy — % sin ©;; sin O
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(@) (b)

FIGURE 7. Side view of the structure for parametric analyses.
(a) Analytical model of the absorption channel. (b) Analytical model of
the transmission channel.

S, (@B)

12 14 2 4 6 8 10 12 14

8 b
Frequency (GHz) Frequency (GHz)

(@) (b)
FIGURE 8. (a) Calculated reflection coefficients of the absorption channel
(Physical parameters: / = 18 mm, w = 10 mm, h = 12 mm, hg = 10 mm),
(b) Calculated transmission coefficients of the transmission channel
(Physical parameters: / = 15 mm, I =9 mm, I;; = 3.8 mm, Ip; = 1.6 mm,
w =9.5mm, h =12 mm, hg = 9.5 mm, hp; =2 mm, Dy = 1 mm).

1) Determine the desired frequency of the absorption
bands and choose an appropriate magnetic material.

2) We assume that the transmission frequency f;.is located
in the middle of the absorption band. According to the
ECM, the absorption channel can be designed. The 2D
band-stop FSS with an equivalent parallel resonator
(Ly and Cy), which exhibits a reflection zero at f; =
1/ (271 Ly C,«) Then, the whole absorption channel is
designed for a good absorption performance.

3) Once the operating transmission frequency f; is deter-
mined, the transmission channel can then be designed.
The thickness can be approximately determined by
I ~ ¢/ (Zﬁ \/8_,) when the transmission channel is
implemented in the UIR structure, where ¢, represents
the relative permittivity of the substrate. When it is
implemented using the SIR structure, it needs to be
optimized again. Generally, a larger impedance ratio
R7 is needed for a smaller thickness of the transmission
channel (/). Moreover, a larger height of the transmis-
sion channel (/1) results in a wider transmission band
though its selectivity may be degraded.

4) Combining the absorption and transmission channels,
the FSR with desirable frequency response can then be
designed.

5) The full-wave simulator HFSS or CST-MWS can be
used to fine-tune the parameters of the FSR.

The above design guidelines are straightforward and quite
simple to follow. The resonance frequencies can be controlled
independently, and the resonance strength of each channel
can also be adjusted independently. Therefore, the consid-
erable flexibility of the guidelines can provide a convenient
design process and a fast optimization procedure of the pro-
posed FSR.
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FIGURE 10. Reflection and transmission coefficients calculated by
CST-MWS and ECM. (Circuit parameters: Zof = 479.1 R, Zg = 377,

©g = 90° at 8.33 GHz, Z;; = 99.2 %, ©;; = 90° at 15.3 GHz, Z;, = 35.7Q,
O, = 90° at 46.9 GHz, Ly = 0.156 nH, L; = 14 nH, Cq = 0.08 pF,

C = 0.008 pF, Cg = 0.07 pF, Cs = 0.006 pF, C; = 0.017 pF).

Ill. FSR DESIGN EXAMPLES

To demonstrate the feasibility of the proposed design theory,
a low-profile broadband FSR based on SIR with a trans-
mission window within the absorption band is first designed
and optimized. Moreover, to achieve polarization-insensitive
performance, a dual-polarized example is then designed and
optimized.

A. SINGLE-POLARIZED FSR

According to the description in Section II, a prototype of
a single-polarized FSR with a center passband frequency
of 7.1 GHz is designed at first. Fig. 2 presents the geometrical
details of the unit cell. With the combination of absorption
and transmission channel, the improved ECM of the proposed
FSR is established and presented in Fig. 9.

The S-parameter results simulated by CST-MWS together
with the results calculated by the ECM are presented
in Fig. 10, where a good agreement can be observed. Both
results indicate that two transmission poles appear at around
6.66 and 7.74 GHz with a sharp roll off transmission window
(]S21] = —3dB) from 6.36 GHz to 7.89 GHz. It can also be
seen that the absorption bandwidth (|S11] < —10 dB) is from
2.73 GHz to 12.43 GHz. It should be noted that the reduction
of the lowest absorption frequency from 3.2 to 2.73 GHz is
due to the increased input impedance caused by the band-stop
FSS.

The simulated S-parameters of the single-polarized FSR
under the oblique incidences and different polarizations are
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FIGURE 11. Simulated performance of the single-polarized FSR under the
oblique incidence. (a) Under the oblique incidence in the xz plane (0°, 9).
(b) Under the oblique incidence in the yz plane (90°, 6).

investigated and plotted in Fig. 11. It illustrated the oblique
incidence scanned in the xz (0°, 8) and yz (90°, 6) planes,
respectively. It is noted that the frequency responses are stable
and the characteristics under oblique incident angle scanned
in the yz plane is more stable compared with the xz plane.
As shown in Fig. 11(a), the transmission window shifts to a
higher frequency along with an increasing incident angle due
to the decreased effective electrical length viewed from the
oblique incidence. Moreover, the characteristic impedances
will also be changed with the incident angle, leading to a
degraded performance. For a better stability, smaller dimen-
sion of the unit cell size may be used through loading and
bending techniques.

B. DUAL-POLARIZED FSR

Based on the above single-polarized FSR, a dual-polarized
design is further proposed. Fig. 12 provides the geometry of
the proposed dual-polarized FSR, which is modified from
the single-polarized one. The structure is symmetrical and
distributed both in the x- and y-axes for dual-polarized FSR,
ensuring that the structure has the same performance under
both TE and TM polarizations. In this design, the band-stop
FSS in the absorption channel is also constructed by a rota-
tionally symmetric meander line to guarantee the good per-
formance for both x- and y-polarized incident plane waves.
The transmission channels are placed around the absorption
channels and are formed by parallel-strip lines inserted with
SIR structure and metallic vias.
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FIGURE 12. Perspective view of the proposed FSR and geometrical details
of the unit cell. (Physical dimensions: Dy = 1.3 mm, h; = 2.5 mm,
hy=13mm,/=14mm,lg =75mm, I =3.8 mm, /s = 1.6 mm,
p=9.5mm, w =12 mm, ws = 6 mm).

The simulated S-parameter results of the proposed dual-
polarized FSR for both TE and TM polarizations under the
normal incidence are exhibited in Fig. 13, where the results
calculated by ECM have also be shown. It is obvious that the
relevant curves fit well, which demonstrates that the construc-
tion has identical function for both polarizations. Therefore,
one polarization state can be carried out to simplify the design
and experimental process similar to the single-polarized one.
The center frequency of the operating passband is 7.25 GHz
with a transmission window (|S21| > —3dB) ranging from
6.33 to 8.18 GHz and the absorption bandwidth (]S11] < —10
dB) is from 3.45 to 14 GHz. It should be noted that the
ECM in Fig. 9 is only based on two fundamental modes.
It may be mentioned that the ECM can only be used to
predict the performance approximately, not very accurately.
In addition, the couplings between the rotational symmetry
structures for TE and TM polarizations cannot be consid-
ered in the ECM. All these reasons lead to some differ-
ences between full-wave simulation and equivalent model.
The frequency responses of the dual-polarized FSR under
the oblique incidence are also studied and shown in Fig. 14.
As mentioned above, it only shows the results under the
TE polarization and the oblique incidence scanned in the
xz (0°, ) plane. The results are the same under the TM
polarization and the oblique incidence scanned in the yz (0°,
0) plane due to the completely symmetrical structure. Stable
performances can be observed with the increasing incident
angle because of the relatively small dimension of the unit
cell.

It should be mentioned that better angular stability can be
achieved by reducing the size of the unit cell for both of our
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FIGURE 13. Simulated results of the dual-polarized FSR for both x - and
y-polarized incident waves from the CST-MWS and ECM (Circuit
parameters: Zo; = 479.1 9, Zg = 3779, ©q = 90° at 10 GHz, Z;; = 78.5Q,
©4; =90° at 13.9 GHz, Z;, = 40.8Q, O, = 90° at 46.9 GHz,
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FIGURE 14. Simulated reflection and transmission coefficients of the
dual-polarized FSR under various incident angles in the xz plane (0°, 6).

FSR structures, which also requires consideration of the cost
and manufacturing tolerance.

IV. FABRICATION AND MEASUREMENT

To verify the design concept and simulated results, prototypes
of the proposed FSRs are fabricated and tested employing a
parallel-plate waveguide set-up, which is an efficient way to
characterize the periodic structures, as described in [2].

A. SINGLE-POLARIZED FSR

A prototype of the proposed single-polarized FSR is fabri-
cated to validate our design, as shown in Fig. 15(b). It contains
ten cells along the horizontal axis with a total size of 95 mm x
12.6 mm approximately. The thickness is 0.118Az, where Ap
is the free-space wavelength at the lowest frequency of the
absorption band. Herein, the 2D band-stop FSS is printed
on one-layer of Rogers 5880 substrate with a thickness of
0.508 mm. In the fabrication, according to previous research,
the challenge is the accuracy of metallic via, which is impor-
tant for the filtering performance and should be careful man-
ufactured. As shown in Fig. 16, the sample is measured
in a parallel-plate waveguide set-up, which is an efficient
way to characterize the periodic structures under the normal
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FIGURE 15. Fabricated prototype of the proposed FSR. (a) Constructions
of the two band-stop FSSs. (b) Single-polarized FSR. (c) Dual-polarized
FSR.

The FSR under test
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The bottom plate of the

parallel-plate waveguide

Conical disk

N

FIGURE 16. Fabricated FSR within the measurement setup.

o

incidence and the measurement procedures were described
in detail in [2]. A comparison between the measured and
simulated reflection and transmission coefficients under the
normal incidence is shown in Fig. 17. It is seen that the sim-
ulated and measured results are in good agreement. The
measured insertion loss is 0.83 dB, slightly higher than the
simulated one, and the measured reflection coefficient has
some deviations from the simulated ones especially at high
frequency. These differences may come from the inaccuracy
of fabrication and errors in the assembling process. It is
concluded that this structure performs high selectivity feature
with a broad absorption band.
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FIGURE 17. Simulated and measured results of the fabricated
single-polarized FSR under the normal incidence.

B. DUAL-POLARIZED FSR

For demonstration, a sample of the dual-polarized FSR pro-
totype is also fabricated and measured. Fig. 15(c) shows the
photograph of our fabricated sample with a 10 x 1 array
and the physical dimension of the unit cell has been exhib-
ited in Fig. 12. The total size is approximately 122 mm x
12.2 mm and the thickness is about 0.158)\;, where A; is
the free-space wavelength at the lowest frequency of the
absorption band. In addition, as we discussed before, this
structure is symmetrical and the performances under TE and
TM polarizations are the same under the normal incidence.
Hence, only one polarization can be considered to simplify
the experiment. The measurement process is the same as the
previous single-polarized one. The measured reflection and
transmission coefficients of the dual-polarized FSR under
the normal incidence are shown in Fig. 18. Good agreement
can be observed between the measured and simulated results,
while the small difference is attributed to the manufacturing
errors. The minimum insertion loss of the measured passband
is 1.26 dB. Compared with the single-polarized structure, the
dual-polarized one also represents low-profile and broadband
absorption properties and improve the polarization character-
istics simultaneously. However, it should be mentioned that
the performance characteristics of the dual-polarized FSR
is inevitably degraded compared with the single-polarized
one because of design constrains and more assembly errors
faced by dual-polarized design. Furthermore, it is still a
challenge for the dual-polarized FSR to design a simple
and efficient reconfigurable method without scarifying other
performances.

Finally, to clearly understand the performances and advan-
tages of our proposed single- and dual-polarized 3-D FSRs, a
comparison with other reported designs is listed in Table 1.
Obviously, our presented FSRs have wideband absorption
and thin thickness characteristics at the same time. The per-
formance of the dual-polarized FSR is similar with that of the
single-polarized one. It is clear that our design has advantages
in the wide absorption bandwidth and mechanical stability
compared with the 2-D structure. For 3-D structures, the thin
thickness owe to the SIR structure and the dual polarization
characteristics caused by the rotationally symmetric structure
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FIGURE 18. Simulated and measured results of the fabricated
dual-polarized FSR under the normal incidence.

TABLE 1. Comparisons between our proposed FSR and previously
reported FSR designs.

Rer, TomsmissionAbsoptioniickncss LS e potarzaon
components

7] 10% 9%  0.12 4 2D Dual

[9]  NA. 983%  0.13 4 2-D Dual
[17]  38% 92.8%  0.13 6 2-D Dual

2] 20% 92.8%  0.16 9 3.D Single
21]  8.4% 64% 031 1 3-D Single
23] 42.7% 104% 02 2 3-D Dual
Our  22.6% 128%  0.118 0 3-D Single
work o550, 1211%  0.158 0 3-D Dual

' ], is the free-space wavelength at the lowest frequency of the

absorption band.

are accomplished in our design. Moreover, an appropriate
transmission bandwidth (|S>;| > —3dB) and a low insertion
loss can be obtained for both FSRs. Furthermore, the lumped-
element-free feature can highly reduce the complexity of the
manufacturing process and minimize assembly errors.

V. CONCLUSION

In this article, a new design of low-profile 3-D FSR with
two-sided wide absorption bands and no lumped components
has been proposed and investigated by utilizing a wideband
magnetic material with cascaded band-stop and 3-D FSS.
Printed band-stop FSS array is applied to reduce the insertion
loss and avoid the extra lumped components. ECM together
with odd-even mode analysis method has been introduced to
demonstrate and analyze the operational principles in detail.
Furthermore, to expand the effectiveness of the design strat-
egy and improve the polarization-insensitive performance,
one dual-polarized FSR is then presented. Both prototypes
have been designed, fabricated and experimentally verified.
The measured results are in good agreement with the simu-
lated ones. It should be mentioned that only the measurement
under the normal incidence is implemented in the current
parallel-plate waveguide set-up. The results of oblique inci-
dence performance can be measured through the free-space
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test method. However, a large array should be implemented
in the free-space measurements. The proposed FSRs are
expected to find potential applications in some military radar
systems. It should be noted that the passband can be tuned by
altering the resonances of the transmission channel and the
band-stop FSS in front of the absorbing material, including
the introduction of liquid crystals and other reconfigurable
methods. Some future work may be considered to investigate
such tunable feature and eventual integration with antennas
to realize out-of-band RCS reduction.
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