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ABSTRACT A novel dual-polarization frequency selective rasorber with one transmission band and two
absorbing bands is proposed in this paper. The structure is composed of a lossless frequency selective surface
layer and a resistive layer. The resistive layer is a combination of split ring resonators and Jerusalem crosses.
The frequency selective surface layer is a combination of grids and square rings. Split ring resonators are
used to generate parallel resonances in this paper. When the parallel resonant frequency of the split ring
resonators and that of the frequency selective surface layer are the same, a passband is obtained. Split ring
resonators, Jerusalem crosses, and lumped resistors are used to create the absorbing bands. When surface
current flows through two different paths on the split ring resonator, absorbing bands are obtained on each
side of the passband. A frequency selective rasorber prototype is fabricated and measured to validate our
design. The results show that the center frequency of the passband is 5.74 GHz, with an insertion loss
of 0.25 dB. The lower and higher absorption bandwidths with absorption coefficient higher than 80% range
from 1.92 to 3.73 GHz and from 7.41 to 9.34 GHz, respectively, and the reflection band with reflection
coefficient less than −10 dB ranges from 1.96 to 9.32 GHz.

INDEX TERMS Frequency selective surfaces, frequency selection rasorber, radar cross section, absorption,
transmission.

I. INTRODUCTION
Frequency selective surfaces (FSSs) are metallic arrays that
are periodically arranged in a two-dimensional direction
and act as bandstop or bandpass filters in three-dimensional
space [1], [2]. Different FSS structures exhibit different trans-
mission and reflection responses, which are essential for a
wide range of applications in antennas, radomes and elec-
tromagnetic (EM) shields [3]–[5]. Radomes enclose antennas
to protect them from external environments [6]. FSSs can
be loaded on the radomes to ensure low transmission loss
in the operating band while reflecting signals outside the
bands for reducing the out-of-band monostatic radar cross
section (RCS) of the antenna. However, with the develop-
ments of bistatic radars and multi-static radars, FSS radomes
have been unable to meet the stealth requirements of the
antennas. Absorbers have been widely used in various
applications. They can reduce the reflection EM waves by
absorption [7]–[9]. However, EM waves cannot pass through
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the absorber, so it is difficult to apply the absorber to the
radome.

To reduce the strong RCS outside the operating band of
the FSS radome, researchers have proposed a structure called
frequency selective rasorber (FSR) that can be loaded onto
a radome and has the properties of a FSS and an absorber
at the same time. FSRs allow signals to pass through an
antenna’s operating band. They also absorb signals within
a certain range outside the passband to protect the antenna
system from out-of-band signals and reduce the RCS of the
radome. In recent years, there has been an increasing amount
of literatures on FSRs. In general, FSRs can be divided into
2-D and 3-D types. A 2-D FSR consists of one resistive layer
and one lossless FSS layer separated by air. In [10], [11],
low-frequency transmission and high-frequency absorption
FSRs (T-A) are proposed. In [10], a FSR which consists of
a square loop resistive film array and a metallic interdigitated
Jerusalem cross array is proposed. The metallic array forms
a passband at the lower band, and the resistive film absorbs
EM waves in the reflection band. Magnetic materials have
been used as resistive layers [11]. The structure can achieve
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angular-stable performance. However, the problem is that the
absorbing band and the passband are far apart. In [12]–[15],
high-frequency transmission and low-frequency absorption
FSRs (A-T) are proposed. Parallel resonances can be intro-
duced into the resistive layer to produce an infinite impedance
which results in one transmission path. A tiny strip-type
parallel LC structure is inserted in the center of a metallic
dipole element. When the trip-type structure is parallel res-
onant, one passband is obtained [12], [13]. A dipole array
loaded with lumped resistors is used as a resistive layer.
Only one lumped resistor is loaded in each unit cell to
reduce fabrication cost [14]. In [15], the lumped resistors and
circular spiral resonators are loaded on a hexagonal metal
ring. Compared with other structures, this structure shows
a smaller size and a wider passband. Since the above two
types of FSRs can only achieve one-side absorbing (T-A and
A-T), FSRs having one absorbing band on each side of the
transmission band (A-T-A) have been proposed in [16]–[20].
The resistive film has also been used in resistive layer to
achieve A-T-A [16], [17]. Although such a design is simple,
there still exist surface current on the resistive film in the
passband, resulting in high insertion loss. In [18], the square-
loop hybrid resonator is used in the resistive layer to gen-
erate parallel resonance. The results show that the FSR has
a wide operating bandwidth (|S11| < −10dB), but it is
sensitive to both TE and TM polarizations. As the incident
angle increases, the insertion loss increases rapidly. In [19],
the inductor and the capacitor are simplified to a microstrip
structure, and the parameters of the equivalent circuit model
can be calculated from the actual physical size. However,
the absorption coefficient near the transmission band is not
sufficient, which is disadvantageous for the reduction of the
RCS. In [20], eight resistors are loaded on one miniaturized
cross-frame unit. The FSR has wide operating and passband
bandwidths, but too many resistors lead to higher costs and
fabricating difficulties. Compared to 2-D FSRs, 3-D FSRs
show wider bandwidths, higher selectivity and better stability
under oblique incidences. Unfortunately, they are large in size
and not easy to fabricate [21]–[24].

In this paper, a dual-polarized FSR with a passband and
two absorbing bands, which is realized through combination
of split ring resonators and Jerusalem crosses is proposed.
The equivalent circuit model (ECM) and surface current dis-
tribution are given to illustrate the principle of absorbing and
transmitting. The performance of the FSR under oblique inci-
dence is investigated.Moreover, the bistatic RCS reduction of
FSR under normal incidence is also studied. To validate our
design, a prototype is fabricated and measured.

II. DESIGN AND ANALYSIS OF THE FSR
A two-layer FSR which consists of a resistive layer and an
FSS layer is proposed in Fig. 1 (g). Fig. 1 (a) - (e) show the
evolution of the resistive layer. Fig. 1 (a) and (b) display the
dipole with end loadings and SRR, respectively. Fig. 1 (c) is
the combination of (a) and (b), in which the SRR is placed
in the center of the dipole unit and two resistors are loaded

FIGURE 1. (a) dipole with end loading, (b) SRR, (c) the simple single
polarized resistive layer, (d) the simple dual polarized resistive layer,
(e) one unit of the resistive layer with folded arms, (f) one unit of FSS,
(g) one unit of FSR. (F = FSS, j = jc and s = SRR) (Physical dimensions:
pF = 15, gF 1 = 1.25, wF 2 = 0.825, wF 2 = 2.25, pR = 20, lj1 = 4.65,
lj2 = 7, lj3 = 2.8, gj1 = 0.15, wj1 = 1.8, ls1 = 2.5, ls2 = 7, ls3 = 2,
ls4 = 4.1, gs1 = 1, ws1 = 0.25, p = 60, h = 13, hs = 0.5. Unit: mm,
R = 130 �).

on the dipole near the SRR. Fig. 1 (d) is the dual-polarization
model which is modified from (c). A dual-polarized SRR is
loaded at the center of the Jerusalem cross. Since the inner
arms of the dual-polarized SRR overlap each other, the inner
arms in the other direction are loaded on the back layer of
the substrate and are connected to the upper layer through
the metallized vias. In (e), the four corners of the ring of the
SRR are folded. Vertical arms are printed near the resistors
but away from the SRR. The size of the resistive layer unit is
different from that of the FSS unit. The ratio of the number
of cells in the resistive layer to the FSS layer is 9:16, and
the period of the FSR p = 60 mm. The resistive layer and
the FSS layer are supported by F4BM, which has a relative
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FIGURE 2. The ECM of the FSR. (Circuit parameters: C0 = 0.2 pF, L0 = 7.28
nH, R = 280 �, L1 = 2.38 nH, Cgap = 0.047 pF, L2 = 0.75 nH, C3 = 0.23
pF, L3 = 2.72 nH, LF 1 = 4.6 nH, CF 2 = 0.13 pF, LF 2 = 1.55 nH, h = 13 mm,
Z0 = 377 �).

permittivity of 2.55, a loss tangent of 0.0007, and a thickness
of 0.5 mm.

Fig. 2 shows the ECM of the proposed FSR. ZR and ZF
are the impedances of the resistive layer and the FSS layer,
respectively. For the sake of analysis simplicity, we assume
that the impedance of the spacer between the resistive layer
and the FSS layer is equal to the free space wave impedance
Z0 and the thickness of the spacer is h which is usually
one quarter of the passband wavelength f0. In the ECM,
C0 represents the capacitance of Jerusalem crosses in adjacent
cells. L0 and L1 represent the outer and inner arms of the
Jerusalem cross divided by the resistor R, respectively. There
are two capacitances, one is between the inner and outer arms
of the Jerusalem cross, the other is between the inner arm of
the Jerusalem cross and the ring of the SRR. For the sake
of simplicity, we use Cgap to represent their capacitances.
L2 and L3 represent the inductance of the ring and the inner
arms of the SRR, respectively. C3 represents the capacitance
between the end loadings on the inner arms of the SRR. The
FSS is composed of the gridded-square arrays [26]. LF1 and
LF2 represent the inductance of the grid and the square ring,
respectively. CF2 represents the capacitance between the grid
and the square ring.

For the A-T-A type FSR, we assume that its passband is
obtained at f0 and the lower and higher absorbing bands are
obtained at f1 and f2, respectively. In the passband,

|S21| = 1, |S11| = 0 (1)

while in the absorbing band,

|S21| = 0, |S11| = 0 (2)

The absorbing rate can be equivalent to the following:

A = 1− |S21|2 − |S11|2 (3)

When the FSS is illuminated by EM waves, the FSS
reflects or transmits the EM waves. We choose the band-
pass FSS to generate the passband. In the reflection band
of the FSS, the incident EM wave is reflected, which can

FIGURE 3. Equivalent impedance of resistive sheet and GAC for a
13-mm-thick absorber.

be equivalent to a ground plane, so the FSR is equivalent
to an absorber in the reflection band of the FSS. Therefore,
the combined structure of the two can achieve transmission
and absorption in different frequency bands.

When LF1 and CF2&LF2 are in parallel resonance, the cur-
rent does not pass through the FSS layer. Consequently,
a passband is obtained at the resonance point, and its fre-
quency fFp can be written as follows:

fFp =
1

2π
√
(LF1 + LF2)CF2

(4)

When current flows through the resistive layer, energy will
be consumed by the resistor R. So, the resistive layer should
be open-circuited in the passband, which can be achieved by
parallel resonance of L2 and C3&L3. The resonant frequency
fRp can be written as follows:

fLp =
1

2π
√
(L2 + L3)C2

(5)

Only when the current passes through neither the resis-
tive layer nor the FSS layer, one passband can be obtained.
So f0 = fFP = fRP. From Fig. 2, we know that the center
frequency of the passband is 5. 63GHz.

In the ECM, ZR can be expressed as follows:

ZR =
A

jwC0
+

R+ jwL1
1+ wCcap(jR− wL1)

+
jwL2B

B− w2L2C3
(6)

And ZF can be expressed as follows:

ZF =
jwLF1D

D− w2LF1CF2
(7)

in which ω = 2π f , A = 1 − w2L0C0, B = 1 − w2L3C3 and
D = 1− w2LF2CF2.
The FSS passes EM waves in the passband and it reflects

EM waves outside the passband. When we investigate the
absorbing properties of the FSR, we replace the FSS with a
metal plate making the FSR become an absorber. The center
frequency of the absorptive band is approximately one quarter
of the absorber. Fig. 3 shows the general absorption condi-
tion (GAC) of a 13-mm-thick absorber and the equivalent
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FIGURE 4. The S parameter of the ECM results and simulation results
under normal incidence.

impedance of the resistive layer. When the impedance of
the resistive layer meets GAC, good absorbing properties
(|S11| ≤ −10dB) are obtained [27].
ZR is the equivalent impedance of the resistive layer cal-

culated by (6). RR and XR are the real and imaginary parts
of ZR, respectively (ZR = RR+jXR).We can see that ZR meets
GAC when RR meets RR_GAC and XR meets XR_GAC in the
ranges of 2.36 - 4.42 GHz and 6.38 - 8.65 GHz. It means that
the |S11| of the absorber is reduced by at least 10 dB in the two
bands. It is worth noting that at 5.63 GHz, the impedance of
the resistive layer becomes very high, which means that EM
waves are hardly absorbed at this frequency point.

The ABCD matrix of the double-layered FSR can be writ-
ten as follows:[
A B
C D

]
=

 1 0
1
ZR

1

cosβh jZ0 sinβh

j
sinβh
Z0

cosβh

 1 0
1
ZF

1


(8)

where β = 2π f0/c, and c is the speed of light in vacuum.
The reflection coefficient and the transmission coefficient

can be written by the ABCD matrix as follows:

|S11| =

∣∣∣∣∣−
Z0P
tanβh + jZ0(ZR − ZF − Z0)

2Q+Z0P
tanβh + j(Z0

2
+ Z0P+ 2Q)

∣∣∣∣∣ (9)

|S21| =

∣∣∣∣∣∣ 2(
Z0P
Q +2

)
cosβh+j

(
Z0(Z0+P)

Q +2
)
sinβh

∣∣∣∣∣∣ (10)

in which, P = ZR + ZF , and Q = ZRZF .
The FSR we designed is simulated in CSTMicrowave Stu-

dio. Fig. 4 compares the ECM results obtained by (9) and (10)
with our simulation results under normal incidence. It can
be seen that the simulation results are similar to the ECM
results. Some small differences may be attributed to the effect
of the dielectric plates. The simulated TE polarization and
TM polarization results are basically coincident. Therefore,
in the following part, we only present the performance of

FIGURE 5. The S parameter of the FSR with different ws1, ls3, and ls4
under normal incidence.

the FSR under TM-polarized oblique incidence. However,
at approximately 6.7 GHz, the reflection coefficients of the
two polarizations differ by 0.5 dB because the influence of the
parasitic effect of the via under TE-polarized incidence is not
completely eliminated. The result shows that the passband is
located at 5.63 GHz, and its insertion loss is only 0.03 dB.
The 3 dB bandwidth of the passband ranges from 5.02 to
6.27 GHz. The operation band (|S11| < −10dB) ranges
from 1.9 to 9.16 GHz, corresponding to a relative bandwidth
of 131.3%. The frequency range with absorbing coefficient
greater than 80% can be calculated by (3), which is from
1.81 to 4.2 GHz and from 7.03 to 9.25 GHz. It means that
EM waves are greatly absorbed outside the passband, and the
reflected waves are effectively reduced.

Different passband bandwidths are required in different
applications. The bandwidth can be simply changed by L2 and
C3 of the parallel resonance. It can be seen from Fig 3(e) that
reducing the width of the SRR ring or increasing the length
of the folded arm will increase L2. Increasing the length of
the end loadings of the SRR will increase C3. To keep the
center frequency of the passband unchanged, L2 and C3 need
to satisfy (5). As seen from Fig. 5, the bandwidth is varied
by adjusting ws1, ls3, and ls4. Increasing ls4 and ws1 while
decreasing ls3, will reduce the 3 dB passband bandwidth from
32.9% to 14.6%, and the reflected waves in f1 and f3 are
greatly reduced. At the same time, the operational bandwidth
of the reflection band has hardly changed. Thus, we can
change the passband bandwidth of the FSR by simply adjust-
ing the value of the SRR.

Compared to the model in Fig. 1 (d), the model in Fig. 1 (e)
not only adds the folding arms of the SRR but also adds
the vertical arms near the resistors. Fig. 6 shows the perfor-
mance of the FSR with different arm lengths lj3. When lj3 is
increased, the reflection coefficient changes more obviously
than the transmission coefficient, and the impedance match-
ing of the lower absorbing band is slightly better. In contrast,
the impedance matching within the higher absorbing band is
worse. When lj3 = 3.7 mm, the highest reflection coefficient
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FIGURE 6. The S parameter of the FSR with different lj3 under normal
incidence.

FIGURE 7. Surface current distribution of the resistive layer and FSS layer
at f1 = 2.55 GHz, f0 = 5.63 GHz, and f2 = 8.24 GHz, respectively.

in the higher absorption band is almost −10 dB. However,
the high frequency absorbing point f2 moves to the higher
frequency, resulting in a wider operating bandwidth.

To better understand the mechanisms of transmission,
reflection and absorption, the surface current distributions of
FSR at f0, f1 and f2 are investigated. It can be seen from
Fig. 7 (b) that there is a strong current flow in the outer
and inner arms of the SRR at f0, resulting from the parallel
resonance of the SRR. Similarly, in Fig. 7 (e), the current
flowing on the grid and square rings of the FSS is due to
the parallel resonance of the FSS layer. Since both FSS and
SRR parallel resonances occur at f0, a passband is obtained.
It is worth noting that in Fig. 7 (b), the current is trapped
in the SRR. There is almost no current flowing near the
lumped resistors, meaning that the passband has only a very

low insertion loss. Fig. 7 (a) and (c) are the surface current
distributions of the resistive layer at the two absorbing points
f1 and f2, respectively. In both Fig. 7 (a) and (c), current
flows through the resistors, indicating that energy is being
consumed and the absorbing bands are obtained. The differ-
ence is the current paths in the SRR. In Fig. 7 (a), current
flows through the outer ring, while in Fig. 7 (b), current flows
through the inner arms. This is because the outer and inner
arm distributions of the SRR and the Jerusalem cross occur in
series resonance, forming two different frequency absorption
bands.

The size of the resistive layer unit and that of the FSS
unit are both less than one-half of the passband wavelength
of 26.6 mm. The small period is convenient for loading on the
radomes with complex shapes, and it can attenuate the effect
of the grating lobes. The performances of the FSR under
oblique incidences are shown in Fig. 8. In Fig. 8 (a), the FSR
is illuminated by the TE-polarized wave. As the incident
angle increases, the transmission coefficient on both sides of
the passband decreases. The reflection coefficient increases
in the lower absorbing band, and the operating bandwidth
is reduced at the high frequency. When the incident angle
is within 30 degrees, the operating band is continuous.
In Fig. 8 (b), we can see that the lower absorption band is
insensitive to the incident angle, but the higher absorption
bandwidth decreases with the angle, and the bandwidth with
the absorption rate greater than 80% is reduced. In Fig. 8 (c),
the FSR is illuminated by the TM-polarized wave. With the
increase in the incident angle from 0 to 35 degrees, the
transmission coefficient and the reflection coefficient on
the left side of the passband both increase. On the right side,
a transmission zero point moves from the high frequency
to 9.43 GHz and the reflection coefficient exhibits a steep
drop-off, which may be caused by the change in the elec-
trical length. It can be seen from Fig. 8 (d) that the lower
absorption bandwidth decreases slightly with the increasing
angle. In contrast, the higher absorption bandwidth increases.
In general, the proposed FSR is insensitive to the incident
angle, which is contributed by the miniaturized unit of the
resistive layer and the FSS layer.

Fig. 9 compares the bistatic RCS performances of the
FSS and FSR at f0, f1 and f2. Both the FSS and the FSR
are with an array of 300 mm × 300 mm, and the incident
angle of the EM wave is 0 degree. In Fig.9 (b), because
energy is transmitted in the passband, both FSS’s and FSR’s
bistatic RCSs are very low at f0. Fig. 9 (a) indicates that
the maximum RCS in the main lobe is reduced by 22 dB
compared to the RCS of FSS at f1. The maxima of the first
side lobes are reduced by 16.9 dB and 17 dB compared to
the RCS of FSS in the E and H planes, respectively. Fig. 9 (c)
demonstrates that the maximum RCS in the main lobe is
reduced by 17.1 dB compared to the RCS of FSS at f2. Both
in the E and H planes, the RCS reduction is higher than 10 dB
within the first three side lobes. Fig. 9 demonstrates that our
FSR has excellent absorbing performance and has better RCS
reduction than FSS.
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FIGURE 8. Simulated performances under oblique incidence. (a)(b) TE
polarization. (c)(d) TM polarization.

III. EXPERIMENTAL RESULTS
To verify the design of our FSR, a FSR prototype is fabricated
and measured as shown in Fig 10. The prototype contains a
total of 15 × 15 resistive layer units and 20 × 20 FSS units,
which means that the number of FSR units is 5 × 5. A total
of 900 chip resistors with a resistance of 130 � are mounted
on the resistor layer by surface mounting technology (SMT).
The FSS layer and the resistive layer are isolated by bolts
and nuts. Due to the large size of the FSR prototype, a foam
plate with a relative permittivity of 1 is also used to support
the PCB to reduce deformation. The measurement is carried
out in an anechoic chamber. When measuring |S21|, the FSR

FIGURE 9. Comparison of FSS and FSR bistatic RCS performances under
normal incidence at (a) f1 = 2.55 GHz, (b) f0 = 5.63 GHz, and
(c) f2 = 8.24 GHz, respectively.

FIGURE 10. (a) Measurements in an anechoic chamber. (b) Photos of the
fabricated FSR. (c) Front side of the resistive layer unit. (d) Back side of
the resistive layer unit. (e) FSS layer unit.

prototype is placed between two standard gain horns. The
resistive layer faces transmitting (Tx) antenna and the FSS
layer faces receiving (Rx) antenna. |S21| is obtained by a
vector network analyzer connected to the antennas. When
measuring |S11|, the resistive layer faces both the Tx and
Rx antennas. First, a metal plate of the same size as that of
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FIGURE 11. (a) Simulated and measured S-parameters under normal
incidence. (b) Simulated and measured absorption coefficient.

the FSR is used to replace the FSR prototype for calibra-
tion. Then the metal plate is replaced with the prototype to
measure |S11|.

The comparisons of S parameter between the simulations
and measurements are shown in Fig 11 (a). The center
frequency of the measured passband shifts to the higher
frequency of 5.74 GHz with an insertion loss of 0.25 dB.
We attribute it to the manufacturing tolerances of the PCB.
The operating bandwidth is from 1.96 to 9.32 GHz which
means it has a relative bandwidth of 130.5%. The measured
|S11| becomes higher with respect to the simulated value,
Moreover, the |S11| between the absorbing bands and the
passband are almost equal to−10 dB. This may be due to the
coupling of the two antennas in the |S11| measurement and the
multipath interference from the measurement environment.
Additionally, the incident angle is too large to represent the
normal incident wave. A comparison of the simulated and
measured absorbing coefficients is shown in Fig 11 (b), The
measured absorbing coefficients greater than 80% range from
1.92 to 3.73 GHz and from 7.41 to 9.34 GHz. It has a nar-
rower bandwidth than the simulated one. The high-frequency
absorption band moves to the higher frequency, and the
absorption coefficient of the passband increases by 0.15.
To illustrate the advantages of our FSR, the proposed FSR
and the FSR from other literatures are compared in Table 1.
It can be seen that our FSR has the advantages of a wider

TABLE 1. Performance comparison with previous FSR.

FBW, a lower insertion loss and a lower profile. Especially,
the position and bandwidth of the transmission band can be
easier to adjust by changing the dimensions of SRR.

IV. CONCLUSION
The paper introduces a new type of FSR. Through ECM and
surface current distribution, we know that the passband of this
FSR is determined by SRR and FSS. When in the passband,
the current is trapped in the SRR, resulting in low insertion
loss. The results show that the FSR has a wide operating
band, performs well within 35 degrees of oblique incidence
and exhibits excellent bistatic RCS reduction performance
over FSSs. Finally, a prototype is fabricated and measured
in an anechoic chamber to verify our design. Our proposed
FSR can be applied to the radomes to improve the stealth
performance of the platform.
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