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This study proposes a dual-polarized frequency-selective rasorber (FSR) with a switchable
wide passband. The FSR is made up of two layers: the first is a lossy frequency-selective
surface (FSS), which is made up ofmeander lines and lumped resistors that absorb energy.
The position of the lumped resistors can be determined via characteristic mode analysis.
Another layer is a lossless FSSwith PIN diodes for the reconfigurable function. The lossless
FSS is made up of three layers for a wide passband. When PIN diodes are turned off, the
absorption bands in the lower band vary from 2.73 to 3.76GHz, while the upper band
ranges from 6.07 to 7.94 GHz. Meanwhile, the reflect band with a value greater than −3 dB
spans the frequency range from 4.21 to 5.88 GHz. When the PIN diodes are turned on, the
passband with insertion loss less than −1 dB extends from 3.82 to 5.3 GHz. At the same
time, the absorption band ranges from 5.9 to 7 GHz. Due to the nonlinearity of PIN diodes,
there is a certain difference between the simulated and the measured results. Also, we
analyzed the influence of the inductance value of PIN diodes on the whole structure.

Keywords: frequency-selective rasorber, frequency-selective surface (FSS), characteristic mode analysis (CMA),
parallel-plate waveguide (PPW), characteristic mode theory (CMT)

1 INTRODUCTION

FSR is a device that transmits waves in the working band and absorbs waves out of the working band.
Because of its spatial filtering characteristics, it has received extensive attention in recent years, so it is
usually used to design a radome because it can realize the antenna in-band transceiver function, and
at the same time, the stealth function is realized outside the working band of the antenna, which
greatly reduces the RCS of the antenna.

In most literature works, the FSR is usually a two-layer structure, a lossy layer and a lossless layer,
and the passband frequency of the lossy layer and the lossless layer are the same. When designing an
FSR, the method of equivalent circuit is usually used to fit the simulation results so as to adjust the
frequency by changing the parameters of the structure. Some studies have proposed a method for
mapping the equivalent circuit’s lumped element to the geometric size of FSS (Shang et al., 2013).
However, some advanced theories can also be applied to the analysis and design of antennas and FSS.
Garbacz (1965) first proposed the characteristic mode theory (CMT) in 1965 and pointed out that
CMT can perform the mode analysis of metal targets with an arbitrary shape. Before the 1990s, the
application of CMT mostly focused on scattering control, pattern synthesis, and antenna shape
synthesis (Shi et al., 2019; Elias et al., 2021; Shi et al., 2021). Since the 1990s, the application and
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development of CMT have been focusing on antenna engineering
and have become one of the mainstream choices for the antenna
system analysis and design. It can provide a clearer physical
insight into radiation behavior compared to the equivalent circuit
method (Vogel et al., 2015; Zha et al., 2021). In recent years, some
articles try to analyze absorbers by using CMT (Guo et al., 2020;
Wu et al., 2021).

The lossy layer is often composed of metal meander lines and
lumped resistors (Shang et al., 2014a; Wang et al., 2020).
Meanwhile, resistive ink is sometimes used for designing the
lossy layer in some literature (Costa and Monorchio, 2012). In
recent years, a three-dimensional (3D) FSR has also been
proposed (Yu Y. et al., 2019). The structure of the FSR is
more complicated than the multilayered structure, but it has
great selectivity and angular stability (Yu W. et al., 2019). In
addition, with the development of wireless communication, the
development of reconfigurable FSR has gradually attracted
attention. At present, there are many reconfigurable methods,
such as the use of mechanics, optics, and liquid state, but in
contrast, electronic control is the most efficient method, which is
also more suitable for wireless communication systems. The
reconfigurable FSR can create a switchable rasorber with a
passband, which can be shifted into an absorption band to
produce in-band stealth performance when the FSR is utilized
as a radome (Chen et al., 2017; Li et al., 2020; Li et al., 2021; Yuan
et al., 2021; Zhu et al., 2021). The switchable function of
reconfigurable FSRs is often achieved by PIN diodes.

By far, the passband of the reconfigurable FSR mentinoned
before is not wide enough to match a wide-band antenna. In this
work, we design a lossy FSS by using characteristic mode analysis.
Also, a three-layer lossless FSS with PIN diodes is proposed to
broaden the passband. Then, we cascade the lossy FSS and lossless
FSS to build a reconfigurable FSR, which can provide a wide
passband when the PIN diodes are operating and a reflect band
when the PIN diodes are turned off.

2 DESCRIPTION OF THE CONCEPT

2.1 Theory of the Characteristic Mode
The basic assumption of the characteristic mode theory (CMT) is
that the scattering or radiation mode of any object is a linear
combination of its modes. Characteristic modes are decided by
the shape of the metal object and excited by the incident field (the
object acts as a scatter).

The characteristic mode theory is based on the moment
method (MOM) and whose eigenequations are:

XJ
→
n � λnRJ

→
n. (1)

It is not easy to observe because the rank of λn is wide.
Therefore, mode significance (MS) and characteristic angle
(CA) are introduced in engineering to represent the resonance
of each mode of a metal conductor.

MS � 1
∣∣∣∣1 + jλn

∣∣∣∣
, (2)

CA � 180° − tan−1λn. (3)
As the λn gets closer to 0, theMS gets closer to 1, and the mode

is easier to be excited. Otherwise, the mode is difficult to be
excited whoseMS is away from 1. Similarly, the mode is easier to
be excited when the CA is closer to 180°.

2.2 Impedance Conditions of a
Frequency-Selective Rasorber
A typical FSR can be modeled with a two-port network according
to Shang et al. (2014b), as shown in Figure 1.

ZA � RA + jXA is the equivalent impedance of lossy FSS, and
ZF � jZF is the equivalent impedance of lossless FSS. In addition,
the characteristic impedances of the free space and dielectric
spacer are expressed by Z0 and Z1, respectively.

For the ideal FSR, |S11| = 0 and |S21| = 0 at the absorption band,
and |S21| = 1 and |S11| = 0 at the passband. However, in the
practical FSR design, the absorption rate (AR) in the absorption
band is usually not less than 80%, and the insertion loss is less
than 3dB at the passband. The absorption rate of FSR is defined as
follows:

AR � 1 − |S11|2 − |S21|2. (4)
To simplify the impedance conditions of a lossy FSS, we

assume that ZF = 0 at the absorption band; meanwhile,
ZF → ∞ at the passband, Z1 � Z0 � 120π. So we can calculate
input impedance Zin as follows:

Zin

∣∣∣∣ZF�0 �
(jRA −XA)Z0 sin θ

RA cos θ + j(XA cos θ + Z0 sin θ), (5)

S11
∣∣∣∣ZF�0 �

Zin

∣∣∣∣ZF�0 − Z0

Zin

∣∣∣∣ZF�0 + Z0

� −(RA cos θ +XA sin θ) + j[(RA − Z0) sin θ −XA cos θ]
(RA cos θ −XA sin θ) + j[(RA + Z0) sin θ +XA cos θ] .

(6)
In the FSR design, we usually consider S11 and S21 less than

−10dB as the absorbing condition. Therefore, we can deduce
the value range of RA and XA when S11 is less than −10dB from
the formula of Eq. 6. Figure 2 clearly shows the cover of RA

and XA during the absorption band. The purple and green
parts represent the real and imaginary ranges of ZA,
respectively.

FIGURE 1 | Two-port network of FSR.
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3 DESIGN OF A FREQUENCY-SELECTIVE
RASORBER
3.1 Design of the Lossy
Frequency-Selective Surface
To design a lossy FSS, we replace the lossless FSS with a ground
plane. The lossy FSS is designed by using a metal meander line
and lumped resistors which is similar to the structure in Shang
et al. (2014b). The structure of the absorber is shown in Figure 3,
in which the blue part represents the dielectric layer whose
dielectric constant is 2.2. The purple part is the air gap with a
thickness h2=15 mm. The dimensions of the lossy FSS are l1 =
14mm, l2 = 3.2mm, l3 = 4mm, l4 = 6.2mm, w1 = 0.3mm, s1 =
0.2mm, and h1 = 0.5 mm.

To absorb the incident wave, some lumped resistors should be
inserted into the structure. The position and the value of lumped
resistors are chosen by using characteristic mode analysis. In this
study, the mode significance (MS) shown in Figure 4 is obtained
by using CST Studio Suite 2019. Mode 4 and mode 5 are invalid
modes because their mode significance is too small to be excited.

FIGURE 2 | Impedance range of ZA at the absorptive band with S11 < −10dB and S21 < −10 dB.

FIGURE 3 | Structure of the lossy FSS.

FIGURE 4 | Mode significance of the meander line.

Frontiers in Materials | www.frontiersin.org June 2022 | Volume 9 | Article 9129133

Wang et al. Reconfigurable FSR With Wide Passband

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


Figure 5A shows the mode fields of modes at their respective
resonant frequencies. Mode 1, mode 2, and mode 3 are effective
modes for normal incidence because the main lobes of mode 1,
mode 2, and mode 3 are normal to the unit cell.

As shown in Figure 5B, the red part represents the high
characteristic current when the incident wave is arriving. To
absorb the energy, we then put the lumped resistors where the
characteristic current is high. The structure and S-parameter of the
lossy layer are shown in Figure 6A. There is a passband at around
4.2 GHz. We can determine the position of the absorption band
through the impedance of the lossy layer, as shown in Figures
6B,C. It can be seen that if the lossless layer is a metal plate, its
absorption bands are in the range of 1.5–3 GHz and 5.3–6.8 GHz.

3.2 Design of the Lossless
Frequency-Selective Surface
To expand the bandwidth of the passband, the lossless layer is
designed by a multilayer-coupled FSS, whose structure is shown
in Figure 7.

The dimensions of the lossless FSS are: p = 14mm, l5 = 11mm,
t = 3.2mm, m = 3mm, and w1 = 4.5 mm. The black part is a PIN
diode that is chosen to achieve a switchable function. The PIN
diode is modeled according to its data sheet where a small
resistance Rpin = 1.05Ω is connected in series with an
inductance Lpin = 1.5nH in the ON state. Meanwhile, a
capacitance Cpin = 0.15pF connected in series with Lpin during
the OFF state is considered. When PIN diodes are turned on, the
principle is the same as that of the coupled FSS. When PIN diodes
are turned off, the structure of the coupled FSS is destroyed,
resulting in a reflection effect. In addition, the equivalent circuit
of lossless FSS is given in Figure 8A. The circuit simulation is
conducted with following optimized values: L1 = 0.501nH, C1 =
0.125pF, L2 = 20nH, C2 = 38.06pF, L3 = 3.1nH, C3 = 0.08pF, and
C4 = 0.98pF.

Figures 8B,C show the S-parameter simulated by CST and
ADS of the multilayer-coupled FSS. A wide passband ranging
from 3 to 5 GHz is obtained when the PIN diodes are in the ON
state. When the PIN diodes are turned off, the lossless FSS plays
the same role as a plane ground.

FIGURE 5 | (A) Mode fields of the modes. (B) Characteristic current of resonant frequencies.
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3.3 Design of a Reconfigurable
Frequency-Selective Rasorber
The final structure of the reconfigurable FSR is formed by cascading
lossy FSS and lossless FSS, which are mentioned before in Figures 6,
7. The distance between the lossy FSS and the lossless FSS is h2 =
15.5 mm. The S-parameters are shown in Figure 9.

Figure 9 shows the S-parameter of reconfigurable FSR. For
TE-polarized incident waves, the FSR can switch between
transmission and reflection states. When PIN diodes are
turned ON, a wide passband is generated at about 4.5GHz,
and there is also an absorptive band ranging from 5.9 to
7 GHz. When PIN diodes are turned off, it will become an
A-R-A FSR, the absorption bands are in the range of
2.73–3.76 GHz at a lower frequency, while the upper band
ranges from 6.07 to 7.94 GHz. Meanwhile, the reflective band
with a value greater than −3 dB spans the frequency ranging
from 4.21 to 5.88 GHz. In addition, when the TM-polarized

wave is incident, most of its performance is as same as that of
the TE wave. The difference is that when the PIN diodes are
disconnected, the reflective band is reduced to 4–5 GHz, but
the high-frequency absorption band is increased to
5.5–7.5 GHz.

4 EXPERIMENT MEASUREMENTS

In order to facilitate the measurement and reduce the test
space, we use the parallel-plate waveguide (PPW) to measure
it. First, the FSR is processed with a length of 14*7 mm and a
width of 14 mm. The dielectric substrate is an F4B board with
εr � 2.2, and the thickness of copper is 0.035 mm. In the
selection of diodes, we choose SMP1345-004LF. Since the
PIN diode has a certain thickness, we need to make an air
column with a radius of about 1 mm in the upper and lower

FIGURE 6 | (A) Structure and S-parameter of the lossy FSS. (B) Real part of the impedance. (C) Imaginary part of the impedance.
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layers of the lossless layer in order to accommodate the PIN
diodes. So the thickness of air between layers of the lossless FSS
is as small as possible. The FSR fabrication is shown in
Figure 10. To feed electricity, a layer of metal tape is
attached to the sides of the middle layer of the lossless FSS
to facilitate the flow of current.

To save the cost of a large two-dimensional periodic array, we
propose to use a parallel-plate waveguide (PPW). There are two
metal plates up and down the PPW, and the surrounding is filled
with an absorptive material. Due to the mirror effect of the metal
plate, the device of a 1*7 unit in the PPW is equivalent to a two-
dimensional periodic array. Figure 11 shows the experiment
system configurable for the measurement.

The test steps are as follows:

1) First, place the metal block in the middle of the PPW, and take
S11 of test results as the background of reflection. In the same
way, without anything in the middle of the PPW, the
background of S21 is measured.

2) Place the fabricated device in the middle of the parallel-plate
waveguide. Note that since the power is fed on the side of the
middle layer of the lossless FSS, it is best to put a thin layer of paper
on the upper and lower layers when testing to prevent the current
from passing through the parallel plate. Then, tests with and
without electricity are added. Themeasured results are obtained by
subtracting the background from S11 and S21, respectively.

During the measurement of lossless FSS, we found that there is a
frequency offset of the passband. Considering that the parameters of
the equivalent circuit of PIN diodes are nonlinear, wemeasureLpin of
the SMP1345-004LF, which is 0.7nH that differs from 1.5nH in the
data sheet. In order to match the measured results, we change l3 to

FIGURE 7 | Structure of the lossless FSS.

FIGURE 8 | (A) Equivalent circuit of the lossless FSS. (B) S-parameter of CST and ADSwith PIN diodes OFF. (C) S-parameter of CST and ADSwith PIN diodes ON.
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4mm for the same frequency of passband as the lossless FSS and
bring Lpin = 0.7nH into the simulation.

The measured and simulated results with Lpin = 0.7nH are
plotted in Figure 12. The results of measurement and simulation
are similar. When PIN diodes are turned ON, a passband around
5 GHz is generated, and the absorption band ranges from 7.2 to
7.5 GHz. When the PIN diodes are in the OFF state, the reflection
band less than −3 dB ranges from 4.5 to 5.5 GHz. The high-
frequency absorption band and low-frequency absorption band
range from 3.3 to 4 GHz and 6.5–7.6 GHz, respectively.

Table 1 demonstrates the comparison between different literature
and simulated results of this work. It is clearly observed that this work
has the advantage of being a dual-polarization structure and having a
wide passband with a relative bandwidth of 32.4%.

5 DISCUSSION

Though there is a reconfigurable effect, the frequency of the
passband shifts to 5 GHz and the absorption band fades away
when PIN diodes are in the ON state. The reason for the result

is that the Lpin measured is very different from Lpin given by
the data sheet. In the simulation, the Lpin has a great impact
on the whole simulated results. Figure 13 shows the
simulated results of the lossless FSS with changing Lpin
when PIN diodes are in the ON state. The change in Lpin
not only shifts the frequency but also makes the insertion loss
in the passband larger.

In the general design of FSR, the simulated results are very
sensitive to the parameters of PIN diodes, so we need to
change the steps of design. Measuring PIN diodes should be
considered before you choose a structure of FSR. Then, the
measured results of PIN diodes are matched to the simulation
of FSR, and the structure is debugged to obtain the desired
function.

FIGURE 9 | (A) S-parameter of reconfigurable FSR with PIN diodes ON. (B) S-parameter of reconfigurable FSR with PIN diodes OFF.

FIGURE10 | Structure of fabricated FSR.

FIGURE 11 | Experiment system configurable for the measurement.
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6 CONCLUSION

In this article, a dual-polarization reconfigurable FSR with a wide
passband is presented, and the overall structure mainly consists of
a top lossy layer and a bottom lossless layer. The design of the
lossy layer adopts the method of CMA. Also, the lossless FSS is
different from the traditional FSS, which is a coupled FSS to
achieve a wide passband. Above and below the middle layer of
lossless FSS, there are crossed metal strips with a gap where PIN
diodes are mounted to realize dual-polarization and
reconfigurable function. The simulated results show a wide
passband whose relative bandwidth is 32%. Due to the
nonlinearity of PIN diodes, the measured results have a
frequency offset. Also, the influence of PIN diodes parameters
on the whole simulated results is discussed.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be
directed to the corresponding author.

FIGURE 12 | (A) Measured and simulated results of reconfigurable FSR with PIN diodes ON. (B) Measured and simulated results of reconfigurable FSR with PIN
diodes OFF.

TABLE 1 | Comparison of articles.

Reference Working
band

BWT

(%)
Pol. Rec. Lumped

elements
of one
unit

Dimension
of unit
cell

Thickness A or T or R location

Li et al. (2021) 1–7 GHz 31 (1dB) Single Yes 11 0.083λ 0.118λ ATA/A
Qian et al. (2019) 0.9–3.3 GHz 14.2 (3dB) Dual Yes 16 0.141λ 0.077λ ATA/A
Han et al. (2017) 1.5–5.7 GHz 8 (1dB) Single Yes 9 0.127λ 0.066λ ATA/A
Bakshi et al. (2019) 4–11 GHz 10.9 (3dB) Single Yes 5 0.46λ 0.223λ ATA/ARA
This work 3–7 GHz 32 Dual Yes 6 0.186λ 0.338λ TA/ARA

BWT, fractional bandwidth of passband; Pol., polarization; Rec., reconfigurable; A, a absorption band; ATA, two absorption bands around the transmission band; ARA, two absorption
bands around the reflective band; TA, a absorption band and a transmission band.

FIGURE 13 | Simulated results of lossless FSS with changing Lpin when
PIN diodes are turned OFF.
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