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Abstract: This article designs a frequency-selective rasorber (FSR) with a broadband transmission
window. It is synthesized by a broadband absorber and a frequency-selective surface (FSS). The
resistive layer achieves broadband absorption by introducing a tortuous Jerusalem cross load with
lumped resistors, and the lossless FSS adopts a three-layer metal structure to realize the broadband
transmission window. The absorption mechanism of the resistive layer is analyzed using the theory
of characteristic mode. The position of the resistor is determined according to the analysis of mode
current distribution and parameter optimization. Prototypes of the structure were fabricated and
measured, and the simulation results show that the 1 dB transmission window and the absorption
band with |S11| < −1 dB are 36.4% and 97%, respectively. Therefore, the designed FSR has potential
application prospects in electromagnetic stealth technology and radar cross-section reduction.

Keywords: characteristic modes analysis; broadband transmission; frequency selective rasorber;
frequency selective surface; radar cross-section

1. Introduction

With the development of electromagnetic metamaterials, frequency-selective surfaces
(FSSs) have attracted much attention [1–3]. The FSS radomes are capable of reflecting
out-of-band energy while ensuring the communication window within the operation band.
However, the reflected out-of-band signal can be ineffective for bistatic or multistatic radar
cross-section (RCS) reduction. In order to solve this imperfection, a frequency-selective
rasorber (FSR) with a transmission/absorption window was proposed [4]. FSR is generally
used for reducing RCS by absorbing out-of-band energy instead of reflecting it.

In recent decades, some FSRs have been widely proposed and published [5–10].
Existing FSRs can generally be classified into three categories based on the relative positions
of the transmission window and absorption bands: (1) the transmission window below
an absorption band (TA-FSR) [5,6], (2) the transmission window above the absorption
band (AT-FSR) [7,8], and (3) the transmission window within the absorption bands (ATA-
FSR) [9,10]. However, in the previous literature, a common feature of FSRs is that they are
narrow transmission windows. For some practical applications, for example, the stealth
radome of the broadband antenna systems, the broadband transmission property is crucial.
The transmission band of the FSR directly affects the radiation performance of the antenna
system. There are many methods to achieve the broadband transmission of the FSR [11–19].
For instance, in [11], the researchers achieved a broadband transmission window by using
lossless resonators in parallel wave guides with a metal post in the center. In [12], the
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broadband transmission is achieved by two layers of patches coupled through an aperture-
coupling layer. However, in the above-mentioned literature, the maximum value of the 1 dB
transmission band is less than 33.5%. Moreover, ref. [18] adopts an array of the cascaded
square patches with two types of modified slot structures in the middle layer to realize
three transmission poles to obtain broadband characteristics. Unfortunately, it achieves
broadband transmission but does not absorb EM. Some recent work on Jerusalem-cross-
based FSS has been published [20–23]. However, it only has narrow pass and stop bands, in
addition to the 2D FSR. Several 3D FSRs have been proposed to achieve transmission and
absorption [24,25]. In [25], a low-profile 3D FSR with two-sided, wide absorption bands
was proposed utilizing a wideband magnetic material and a 3D FSS. However, due to the
complexity and higher cost of fabrication, its application is limited.

The equivalent circuit method (ECM) has been widely used to analyze the design
of absorption structures [9,16]. However, the ECM has some limitations for complex
structures. Some advanced theories in computational electromagnetics can be used to
guide the design of absorbing structures. In 1965, Dr. Garbacz first proposed the theory
of characteristic mode (TCM) [26]. The TCM is a complete set of orthogonal modes for
expanding any induced currents and far-field characteristics due to external sources. With
the development of TCM, it has been widely used in various antenna designs [27,28].
Recently, some researchers have begun to use the TCM to analyze the absorbers [29–32].

This paper proposed an FSR with a broadband transmission and low insertion loss
(IL). The absorption mechanism of FSR is analyzed utilizing TCM. Moreover, the position
and the value of the lumped resistors are decided according to the analysis of the mode
current and parameter optimization. The broadband transmission window is achieved by
a three-layer metal structure, in which two layers of cascaded square plate resonators are
coupled through three rotating C-type apertures in the middle. Finally, the designed FSR
has a 1 dB transmission window between 9.3 GHz and 13.45 GHz, corresponding to the
FBW of 36.4%, and a one-sided absorption bandwidth of 97%.

2. Theory of Characteristic Mode

The theory of characteristic mode can be utilized to perfect electrical conductors,
dielectrics and magnetic materials [30]. In general, there are two important evaluation
parameters that are often used to judge whether a certain characteristic mode can be
effectively excited in the analysis of eigenmode theory, namely, eigenvalue and mode
significance (MS).

(1) Eigenvalue:
According to the TCM, the total distribution of currents is regarded as the modal

weighting coefficients (αn) and the mode current (Jn):

αn =

〈−→
E i(
−→r ),
−→
J n

〉
1 + jJn

(1)

J = ∑
n

αn Jn (2)

where λn stands for the eigenvalue of mode current (αn), Ei is called the impressed electric
field, and the inner product,

〈−→
E i(
−→r ),
−→
J n

〉
, represents the modal excitation coefficient

when the external excitation source is coupled with each characteristic mode.
(2) Modal Significance (MS):
MS is an inherent feature of each characteristic mode, to a certain extent. It shows

the degree of excitation of each mode in the external excitation sources. The MS can be
defined as:

MS = | 1
1 + jJn

| (3)
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When MS = 1, i.e., |λn| = 0, shows that the model can be effective incentive near its
resonant frequency. In the actual simulation analysis, MS > 0.707 can be considered as the
resonant mode.

For the absorption structure, the impressed electric field (Ei) induces mode currents J
on the perfect electric conductor (PEC) metallic structure of unit cells. The mode current
will motivate a scattered field, which can be analyzed and directed to the design of the
absorber by observing the scattered field and mode current. Therefore, we use the TCM to
guide the design of the absorption structure.

3. Design and Analysis of the FSR

Figure 1 demonstrates the profile sketch of the proposed FSR. According to the figure,
we can conclude that the FSR consists of a resistive layer and a three-layer bandpass FSS
structure. The two parts of the structure are separated by air. As shown in Figure 1b, the
resistive layer achieves broadband absorption by introducing a tortuous Jerusalem cross,
loaded with lumped resistors. Four lumped resistors are loaded to the appropriate location
and their resistance value is 150 Ω. The resistive layer is printed on a 0.813 mm-thick
Rogers 4003C. The relative permittivity and the loss tangent of the dielectric substrate are
3.38 and 0.0027, respectively. As illustrated in Figure 1c,d, the bandpass structural unit
is coupled with two layers of cascaded square-plate resonators and three rotating C-type
apertures in the middle. The relative permittivity of the bandpass substrate layer is εr = 3,
the loss tangent is µr =1 and the thickness is 2 mm.

Figure 1. Topology and dimensions of the proposed FSR. (a) Overall FSR diagram. (b) Resistive
layer. (c) FSS I and FSS III layer. (d) FSS II layer (h = 0.813 mm, t = 9 mm, h1 = 2 mm, l1 = 0.4 mm,
l2 = 0.8 mm, l3 = 4.5 mm, l4 = 4.7 mm, l5 = 3.7 mm, l6 = 5.1 mm, w1 = 0.2 mm, w2 = 0.2 mm,
w3 = 0.3 mm, w4 = 0.3 mm, g1 = 0.1 mm, lr = 4.8 mm, wr = 1 mm, r = 1.6 mm).

To investigate the radiating character of the designed FSR from a physical mechanism,
the theory of characteristic mode is introduced to analyze the structure of the resistive
layer. The radiation patterns and mode currents are simulated by applying moments-based
TCM. Figure 2a shows the mode significance (MS) of the tortuous Jerusalem cross. Within
1–16 GHz, there are four modal resonances whose MS are greater than 0.707 at 3.77 GHz,
4.1 GHz, 10.1 GHz, and 12 GHz, respectively. However, since the bandwidths of MS > 0.707
are not broad at these frequencies, the top structure only owns a narrow absorption band.
Figure 2b shows four modal fields of tortuous Jerusalem cross. It illustrates that, since the
main lobes of M1 and M2 are perpendicular to the unit cell, the first mode and the second
mode are effective modes under normal incidence. M3 and M4 have weak fields in the Z
direction and are not effective modes.
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Figure 2. Characteristic mode analysis for the designed absorption structure. (a) Modal significance
without R. (b) Modal radiation patterns. (c) Mode current at 3.8 GHz; (d) mode current at 10.2 GHz;
(e) mode current at 12.0 GHz.

As shown in Figure 2c–e, we also concentrate on the mode current at the resonant
frequencies. At 3.8 GHz, the strong current flows to the top of the Jerusalem intersection
along the tortuous line, as shown by the red arrow. Moreover, we analyze the mode current
at the frequency points of 10.2 GHz and 12 GHz. It can be observed from Figure 2d,e that
the direction of current flow was changed at points M and N. It is shown that the resistive
layer structure not only generates strong resonance at three frequency points but also affects
different ranges of resonance.

However, the bandwidth of MS > 0.707 is narrow. To enlarge the absorption band-
width, the loss elements (such as lumped resistors) are loaded at metal locations with
strong currents. After loading the lumped resistors, the MS of the absorption structure
is shown in Figure 3a. It exhibited that the bandwidth of all modes has been broadened.
As the resistance increases, the bandwidth will broaden accordingly. It can be seen from
Figure 3b that M1 and M2 are effective modes. Therefore, we obtained a bandwidth with
MS > 0.707 ranging from 1.9 GHz to 7.3 GHz. By observing the mode current distribution,
it is obvious that the mode current of the structure is weak and the energy is absorbed by
the resistors. Similarly, we analyze the mode current at 10.2 GHz and 12 GHz. Unlike the
current distribution at low frequencies, the mode current is still strong when the resistors
are added at 10.2 GHz and 12 GHz, as shown in Figure 3d,e. On the other hand, we can
also see that the current changes direction at the point N at 12 GHz, while the current does
not change at the point M at 10 GHz. It implies that the addition of resistors at 10 GHz has
a greater effect than at 12 GHz.
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Figure 3. Characteristic mode analysis for the designed absorption structure with R. (a) Modal
significance with different R. (b) Modal radiation patterns with R. (c) Mode current at 3.8 GHz;
(d) mode current at 10.2 GHz; (e) mode current at 12.0 GHz.

Finally, we obtain the absorption performance shown in Figure 4a. The resistive layer
has a good absorption effect in the range of 2.1 GHz–8.0 GHz. Based on the above analysis
of characteristic mode and mode current, it is found that the resistive layer resonances at
frequency points 10.2 GHz and 12 GHz. In order to better explore the characteristics of
these two resonance points, we studied the transmission/reflection coefficient of a resistive
layer without a ground layer, as shown in Figure 4b. As observed, the resistive layer has a
broadband transmission window ranging from 9.3 GHz to 15.9 GHz. Therefore, we can
replace the metal ground in the absorption layer with a transmission structure to realize an
FSR with absorption and transmission functions.

Figure 4. Scattering parameters of resistive layer: (a) absorption performance with a ground plane;
(b) transmission/reflection coefficients of resistive layer without a ground plane.

In the bandpass FSS layer, we first designed a single-layer C-slot structure, as given in
Figure 5a. It is found that the 1 dB transmission bandwidth of the C-type FSS spans from
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11.7 GHz to 13.46 GHz. Then, a cascaded square-patch resonator with an aperture-coupled
FSS layer was designed to implement the broadband bandpass FSS. It can be shown that
the insertion loss over 7.1–12 GHz is less than 1 dB. To further broaden the passband
bandwidth, the C-type structure and the coupled FSS structure are combined into the
three-layer FSS. The frequency response of the three-layer FSS is depicted in Figure 5b.
As observed, the 1 dB transmission window ranges from 7.56 GHz to 13.46 GHz with
the FBW of 56.1%. Obviously, the proposed three-layer FSS structure achieves a wider
transmission bandwidth.

Figure 5. Comparison of transmission characteristics between different FSS. (a) Transmission/
reflection coefficients of the C-type FSS and coupled FSS. (b) Transmission/reflection coefficients of
the three-layer FSS.

Next, the broadband FSS and resistance layer are integrated to form an FSR with
a broadband transmission window, in order to analyze the effects of varied geometric
and material parameters on FSR performance. The resistance value (R1) of the lumped
resistor and the position (lr) of resistors are two key parameters that dominate frequency
response performance of the FSR. Figure 6 is given to demonstrate the variation trend of
the absorption and transmission performance of the proposed FSR with different lr and R1.
As shown in Figure 6a, the IL at the transmission window of the designed FSR is mostly
influenced by lr. According to the previous TCM analysis, the closer the resistance is to
the tortuous structure, the better the absorption effect. Unfortunately, the position of the
resistors can cause a serious impact on the IL at the passband. As can be seen in Figure 6a,
when lr increases from 1.2 mm to 4.8 mm, the 1 dB transmission window increases from 9.3%
to 36.4%. Figure 6b illustrates the absorption efficiency of the proposed FSR is controlled
by the value of the lumped resistors. A large or small lumped resistor will lead to poor
absorption band performance. After simulation and comparison of several parameters, the
absorbing band and 1 dB transmission band are integrated, lr is 4.8 mm and the resistance
R1 is optimized to be 150 Ω to obtain the best absorption/transmission performance.

Figure 7 shows the frequency response of the proposed FSR for both TE and TM
polarizations under different incident angles.The absorption performance of the proposed
FSR becomes narrowed with the increase in incident angle under TE polarization, whereas
under TM polarization, the absorption performance becomes deteriorated. The reason
for this phenomenon is that the impedance of the incident EM is different under various
polarizations. As the incident angle increases, the impedance mismatch increases, which
leads to the absorption performance of the structure decreasing. Overall, the proposed
structure can ensure its angle stability in the case of oblique incidence of 30◦. The main
reason for the disturbance at passband under two polarization is that the design size of
the top structure is too large, so grating lobes are generated at higher frequencies. The
disturbance at higher frequency in Figure 7 is mainly caused by the top-layer structure,
because the top structure is four times the size of the FSS layer.
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Figure 6. Parameterization optimization of FSR: (a) position of resistors (lr); (b) lumped resistor (R1).

Figure 7. Reflection/transmission coefficients of proposed FSR for oblique incidence under (a) TE
polarization and (b) TM polarization.

4. Experimental Verification

To further demonstrate the validity of the reflection and transmission performance
of the proposed FSR, a prototype of the proposed FSR was fabricated and measured, as
shown in Figure 8. The overall size of the assembled prototype is 300 × 300 × 13.8 mm3

with 20 × 20-unit cells. The resistive layers are processed on 0.813 mm-thick Rogers 4003C.
For each element, four resistors of 150 Ω with 0603 package are welded on Jerusalem
structural metal strips. Similarly, for the broadband transmission layer, its periodic pattern
of the top layer and the intermediate layer is printed on either side of a 2 mm-thick Teflon
substrate, respectively. The bottom patch pattern is processed on another 2 mm-thick
substrate. Plastic nylon screws were fixed around the sample to achieve a spacing of 9 mm
between the resistive layers and the broadband transmission layers.

Figure 8. Photograph of the proposed FSR and measurement environment: (a) FSR prototype;
(b) metallic patches and rotating aperture; (c) measurement setup.
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The reflection and transmission coefficients of the fabricated prototype were measured
using the free space measurement method. The setup consists of two standard horn
antennas and a network analyzer (Agilent N5230A). Two horn antennas are placed on
both sides of the FSR sample when measuring the transmission coefficient, and two horn
antennas are side by side toward the FSR sample while measuring the reflection coefficient.
Figure 9 shows the measured and simulation results under normal incidence. It is observed
that there is a good agreement between the simulation and experimental results. However,
there is a slight frequency shift occurring between them, mainly due to unavoidable
measurement tolerances and limitations on the electrical dimensions of the prototype.

Figure 9. Measured and simulated results of the normal incidence.

To verify the preponderance of the proposed FSR, a performance comparison between
our proposed FSR with other published FSRs is tabulated in Table 1. It can be seen from
the comparison that the proposed FSR has the advantages in both transmission window
and absorption bandwidth.

Table 1. Performance comparison between the proposed FSR and other published FSRs.

Ref. Transmission Band
(GHz)/FBW Passband ( fm)/IL 10 dB Absorption Band

(GHz)/FBW Periodicity

[13] 8.3–11.07/28.6%(1 dB) N.A. a 2.4–7.1/98.9% 0.096λL
b

[14] 4.8–7.3/41.3%(3 dB) 6.7/0.31 dB 1.6–4.3/91.5% 0.16λL
[15] 9.0–12.62/33.5%(1 dB) N.A. 3.88–7.63/65.2% 0.181λL
[16] 4.3–17.4/19.6%(1 dB) N.A. 3.2–10.7/107.9% 0.117λL
[33] 9.0–12.0/28.5%(1.25 dB) N.A. 3.18–8.16/87.8% 0.21λL
[34] 3.35–4.86/36.8%(3 dB) 4.25/0.26 dB 2.04–6.2/101% 0.109λL
[35] 9.2–10.0/8.3%(1 dB) N.A./0.19 dB 5.8–7.8/29.4% 11.8–18/41.6% 0.19λL
ours 9.3–13.45/36.4%(1 dB) 11.3/0.16 dB 2.35–6.78/97.0% 0.118λL

a the data in the paper is not given; b free-space wavelength at lowest working frequency.

5. Conclusions

In this article, we designed and fabricated a frequency-selective rasorber (FSR) with
broadband transmission window. The TCM was used to guide the design of the resistive
layer with tortuous Jerusalem cross, and the MS > 0.707 determines the range of absorption
band. The position of the lumped resistor is determined by mode current distribution
and parameter optimization. Moreover, the FSS with broadband transmission window is
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realized in a high-frequency band by synthesizing the single-layer C-slot structure and
the cascaded square patch resonator with hole-coupled FSS layers. The FBW of its 1 dB
transmission band and 10 dB absorption window reaches 36.4% and 97%, respectively. At
the same time, due to its small periodicity and rotational symmetry, the proposed FSR also
exhibits good features under the polarization and incident angles. The proposed FSR can
potentially be applied to design stealth radomes for applications from communication to
broadband antennas.
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