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Analysis of frequency selective surface absorbers via a novel
equivalent circuit method∗
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An equivalent circuit (EC) method for absorbers design is proposed in this paper. Without using full-wave analysis,
the EC method can predict the performance of the absorbers. This method is employed to synthesize broadband absorbers
by inserting the resistors respectively into the single- and double-square loops structures, then two different prototypes with
broadband absorbing frequency bands are manufactured and measured. By comparisons with the results both by using the
full-wave analysis and by the measurements, the correctness of the new EC method is verified. Some factors which affect
the absorbing bandwidth are also investigated. Due to its fast and accurate characteristics, the EC method which can be
theoretically applied to arbitrary FSS is a good candidate for broadband design of the absorbers.
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1. Introduction

During the last decades, intensive attention[1–4] was
turned to the research on the frequency selective surfaces
(FSS) which serve as a filter for the plane wave. Its appli-
cations include frequency separation[5] in quasi-optical beam
splitters, the provision of windows in metallic radomes,[6] and
so on. In recent years, electromagnetic band gap materials[7,8]

and metamaterial absorbers[9–12] have been suggested to con-
struct an ultra-thin absorber. The researchers employed them
to improve the performance of classic electromagnetic ab-
sorbers. By inserting chip resistors into the structures of
single- and double-square loops,[13] this kind of structure can
perform great wideband absorption due to Ohmic loss intro-
duced by lumped resistors. They can be used as radar ab-
sorbers for their thin and low-cost characteristics.

The design of these structures is usually achieved by full-
wave analysis such as MoM and FDTD codes. The advantage
of this method is its universality and accurateness for arbitrary
FSS configuration. However, this method is time-consuming.
A quasi-equivalent circuit approach[14] was proposed in which
the full-wave analysis was applied to compute the impedance
of the FSS. Furthermore, an analysis of absorbers comprising
resistively loaded high impedance surfaces was executed.[15]

In order to get the characteristics of the configurations more
quickly, a thorough equivalent circuit (EC) method without
using full-wave analysis is presented. In theory, our method
can be expanded for arbitrary FSS absorbers.[16] In this paper,
absorbers of single- and double-square loops are analyzed via

this method. By comparisons with the results obtained both
by full-wave analysis and by the measurements, the correct-
ness of our method is validated. Due to its fast and accurate
characteristics, the EC method can be a good candidate for
designing the absorbers.

2. Equivalent circuit model
2.1. Impedance calculation of metallic FSS

Marcuvitz[17] first developed the analytic expressions for
periodic grating. Anderson[18] was the first man to apply
this technology to FSS. Langley et al.[19–21] applied it to the
Jerusalem cross FSS as well as both single- and double-square
loops FSS. An improved model[22] was developed at oblique
angles for both TE- and TM-incidences. These efforts are de-
voted to designing the FSS. However, by inserting the lumped
resistors, the periodic structure shown in Fig. 1(a) and Fig. 1(b)
can be used not only as a filter but also as the absorbers.
The equivalent circuit models of the single- and double-square
loops are proposed, shown in Fig. 2(a) and Fig. 2(b) respec-
tively.

The absorbers consist of metallic FSS loaded with lumped
resistors over the grounded dielectric slab, shown in Fig. 3(a).
The parallel circuit is applied to extract the characteristics of
each unit of the absorbers. The metallic FSS loaded with
lumped resistors can be approximated by a series RLC cir-
cuit with the total impedance ZFSS. The transmission line’s
impedance can be expressed by Zm. The equivalent circuit of
the absorbers is given in Fig. 3(b).
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Fig. 1. (color online) The sketch of the absorbers. (a) Arms parallel to
the electric field, and (b) arms perpendicular to the electric field.
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Fig. 2. (a) Equivalent circuit of the single-loop, and (b) equivalent cir-
cuit of the double-loop.
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Fig. 3. (a) A three-dimensional (3D) view of the absorber, and (b)
equivalent circuit of the absorbers’ configuration.

The array of thin and conducting narrow strips has either
capacitive or inductive impedance. If the tangential compo-
nent of the incident electric field is parallel to the conductors,
the reactance is inductive as depicted in Fig. 1(a) and vice
versa as depicted in Fig. 1(b). The immittance expressions
of the strip grating were given for both TE incidence and TM
incidence[23]
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where θ/φ is the angle of incidence, λ is the wavelength in
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and β = sin(πw/2p). The susceptance can be obtained as fol-
lows:
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According to the expressions presented above, the admittances
of the single-square loops (SSL) and double-square loops
(DSL) are given respectively as follows:

YSSL =
1

R1 + jwL1 +
1

jwC1
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where B1 = wC1 = 4F(p,g,λ ) · (d/p) and X1 = wL1 =

F(p,2w,λ ) · (d/p). The value of R1 is half of the inserted
resistors.
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where
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,
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,

B1p = 4F(p,g1,λ ), and B2p = 4F(p,g2,λ ). The values of R1

and R2 are, respectively, the half of the outer inserted resistors
and inner inserted resistors.

In the following discussion, results brought into compar-
ison will be given for the validations. In Table 1, resonant fre-
quencies predicted by EC-FDTD[24,25] codes and by our EC
method are compared for the single-square loops with zero re-
sistance.

Table 1. The simulated results for single-square loops by EC-FDTD
and by the EC methods.

Dimensions/mm Results/GHz
p w d g EC-FDTD EC

5.25 0.47 5.0 0.25 16.05 15.8
4.35 0.3 4.07 0.28 19.5 18.9
5.0 0.28 4.6 0.4 17.5 16.5

In Table 2, resonant frequencies predicted in Ref. [21] and
by the EC method are compared for the double-square loops
with zero resistance. In the table, f1 and f2 are reflection fre-
quencies, while fT represents transmission frequency. These
two results are slightly different because of the presence of
0.027-mm polyester substrate in the calculation of Ref. [21].

Table 2. The results of Ref. [21] and the EC-based calculations for double-square loops.

Dimensions/mm Results/GHz
p w1 d1 g1 w2 d2 g2 f1(20) f1(EC) fT(20) fT(EC) f2(20) f2(EC)

5.0 0.17 4.83 0.17 0.17 3.50 0.50 11.5 12.1 17.5 18.1 24.5 24.7
5.0 0.17 4.83 0.17 0.17 3.00 0.75 11.5 12.1 20.0 20.5 29.8 29.4
5.0 0.17 4.83 0.17 0.17 2.50 1.00 11.5 12.1 24.0 23.6 35.7 28.9
5.0 0.17 4.57 0.43 0.17 3.35 0.44 14.6 15.2 20.2 20.7 26.8 15.8
5.5 0.20 5.00 0.40 0.34 2.63 1.04 13.4 14.0 25.0 24.8 38.5 35.4

2.2. Calculation and comparison

Figure 3 reports the configuration of the absorbers. Once
the impedances of the FSS loaded with the resistors are de-
rived, the reflection coefficients Γ and the transmission coeffi-
cients τ can be calculated according to the classical transmis-
sion line approach[26,27]

Γ =
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2−DZ0
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,
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2Z0

AZ0 +B+CZ0
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,

where A, B, C, D represent the terms of the ABCD matrix of
the absorbers:(
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In the above equations, Yfss/g is the admittance. Other parame-
ters can be obtained as follows: ZTE

m =wµ/βm, ZTM
m = βm/wε ,

βm =
√

k2
m− k2

t , kt = k0 sin(θ), and km = k0
√

εrµr.
The present approach can be employed to predict the per-

formance of the absorbers. Three different FSSs are printed on

a grounded slab with the same thickness (5.3 mm) and permit-
tivity (2.25). In Fig. 4, the reflection coefficients computed by
our EC method, by EC-FDTD, and by the commercial soft-
ware HFSS are compared. In this example, the HFSS takes
104 s to finish the simulation while our EC method only takes
2 s. This structure can absorb 5-dB electromagnetic energy in
the band from 5 GHz to 15 GHz. The three simulated results
agree well. The same kind of structure depicted in Fig. 5 with
different dimensions from the previous ones in Fig. 4 is simu-
lated by the same methods. In this verification, 123 s and 2 s
are respectively cost by HFSS and our EC method. From the
comparison shown in Fig. 5, the EC method can approximately
predict the performance of the absorbers with the absorbing
band from 5 GHz to 14 GHz. In Fig. 6, we show the reflection
coefficients for double-square loops. The absorbers obtain a
good performance (−10 dB in the frequency range 5 GHz–
12.5 GHz) from the EC method, which is much faster than the
HFSS method (more than 20 times faster). The results based
on the EC method are approximately consistent with those by
EC-FDTD codes and by HFSS. We present the results here in
order to verify the performance of the EC method, which are
not the optimal ones to absorb the incoming power. From these
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three examples, the three simulated results have discrepancy at
higher frequency in the band. One reason is that the equivalent
circuit model is valid for wavelengths and angles of incidence
θ in the range p(1+ sin(θ))/λ < 1. In this condition, the
incoming power cannot be redirected in other directions, but
dissipated by the lumped resistors. The frequency range for
utilizing the EC method is limited by this condition for a fixed
unit cell. Other reasons will be discussed in the next section.
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Fig. 4. (color online) The simulated reflection coefficients for SSL by
three different methods.
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Fig. 5. (color online) The simulated reflection coefficients for SSL by
the equivalent circuit model, HFSS, and EC-FDTD codes.
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Fig. 6. (color online) The simulated reflection coefficients for DSL by
three different methods.

3. Designs and measurements
In order to verify the proposed equivalent circuit method,

two experimental prototypes are designed by the EC method
combined with the genetic algorithm in this paper. Further-
more, these two designs are manufactured and measured. We
tested these two absorbers’ performance in a microwave ane-
choic chamber as shown in Fig. 7. An agilent vector an-
alyzer E8363A with the frequency band between 45 MHz
and 40 GHz is adopted. Two broadband horn antennas
(ETS·LINDGREN) with the band from 1 GHz to 18 GHz are
utilized. Due to the grounded plane, the reflection coefficients
of the absorbers represent the absorbtion and are normalized
with respect to the grounded plane without lumped elements
and substrate. Each design was fabricated on an F4B substrate,
and FSSs were fabricated using standard optical lithography.

Fig. 7. (color online) Schematic plot of reflection measurement.

3.1. Single-square loop

A part of the first sample with 24 by 35 single-squares
loops printed on an F4B substrate (εr = 2.25, δ = 0.001,
and h = 5.3 mm) is shown in Fig. 8. The parameters are
p = 10 mm, d = 9.6 mm, w = 0.5 mm as defined in the
paper.[19] The inserted resistors have the value of 390 Ω.
Three results including simulated ones by EC-FDTD codes,
computed ones by EC method, and the experimental ones are
depicted in Fig. 8. It can be seen that the experimental results
(dashed line with green circle) match well with simulated ones
by both EC-FDTD codes (dashed line with red rectangle) and
the EC method (dashed line), and we can conclude that this
configuration has an absorbing band from 6 GHz to 14 GHz.
The effective absorbing range exists in a wide frequency range.
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Fig. 8. (color online) The reflection coefficients for SSL.
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The slight discrepancy of the results can be ascribed to the
fabrication error, such as fake soldering between metal FSS
and the lumped resistors. The results indicate that inserted
resistors lead to the enhancement of the bandwidth of the ab-
sorbers.

3.2. Double-square loop

The second sample is 24 by 35 double-squares loops
printed on an F4B substrate (εr = 2.25, δ = 0.001, and h =

5.3 mm). The parameters are p = 10 mm, d1 = 9.6 mm,
d2 = 5.5 mm, w1 = 0.5 mm, and w2 = 0.5 mm. The in-
serted resistors have the value of 390 Ω for both outer and
inner loops. The three results defined in Subsection 3.1 are
depicted in Fig. 9. From 4.5 GHz to 14 GHz, the simulated
absorption by EC-FDTD is more than 10 dB, and the simu-
lated one by the EC method and the measured one are around
8 dB. Apparent discrepancy can be seen from these results in
high frequencies. One reason except for fabrication error, an-
other reason might be the mutual coupling between cells of
the absorbers, which is ignored in the simulated analysis. In
addition, in both full-wave analysis and EC calculations, we
only set resistance, while a parallel RLC circuit should be
taken into account for a lumped resistor especially in higher
frequency ranges. As highlighted in the previous subsection,
the results indicate that lumped resistors have a great influence
on the absorbing properties. Compared with single-square
loops, adding inner loops can broaden the absorbing frequen-
cies range in lower frequency. However, the outer loop of each
cell makes the main contribution.

4 6 8 10 12 14
-26

-22

-18

-14

-10

-6

-2

R
ef
le
c
ti
o
n
/
d
B

Freqency/GHz

EC
ECFDTD
measurement

Fig. 9. (color online) The reflection coefficients for DSL.

4. Conclusion and expectation
A novel design named equivalent circuit method (EC) for

absorbers has been presented in this paper. It can give a fast
and accurate prediction for the configuration. By using the
method, two different structures are designed. One has the ab-
sorbing frequency band from 6 GHz to 14 GHz and the other
one has the band from 4.5 GHz to 14 GHz. The feasibility
of the EC method for the absorbers is demonstrated by these
experimental prototypes. As highlighted in Subsection 2.2,
choosing a suitable FSS unit cell, which resonates well before

the grating lobes when FSS period is larger than one wave-
length, is important in order to apply the EC method.

A frequency selective radome with the absorbers attracts
us, which acts like a passband filter to improve the appear-
ance of the antenna in the operating frequency range, while
behaving as absorbers to reduce the radar cross section at other
bands. Its design is of importance in both reducing the radar
cross section for antennas and improving the appearance of an-
tenna. The equivalent circuit method can give a great and fast
help to design this radome. This work will be reported later.
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