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ABSTRACT In this work we propose a system of two frequency-selective surfaces (FSSs) with an ultra-
wide band-stop response for 5G millimeter-wave applications. The analyses are based on the equivalent
circuit method, which predicts the transmission characteristics for a plane wave with normal and oblique
incidence, and the scattering matrix technique, which provides the result of the cascaded structure. The
geometries used in the single-layer FSSs are simple to design, and a series of basic equations are described
in order to calculate the inductance and capacitance of conducting strips. FSSs prototypes were fabricated
and measured in an anechoic chamber. The first FSS is shaped with the four-arms star geometry, which
has a resonant frequency at 27.92 GHz for both measured and simulated results. The second FSS is based
on the quasi-square geometry, whose resonant frequency for the experimental and numerical results are
35.68 GHz and 35.76 GHz, respectively, for the transverse electric polarization. These two single-layer
FSSs present theoretical resonant frequency at 28 GHz (FSS #1) and 35.8 GHz (FSS #2). Cascading of
the two FSSs was realized by using an air gap whose effect was analyzed. A gap space in the order
of about λ/4 matched with the predicted resonant frequency of the individual structures. Numerical and
measured results show excellent agreement with a maximum error of 1.03%. All measured results closely
follow those of simulated ones, thus validating the design approach and applications.

INDEX TERMS Equivalent circuit, frequency-selective surfaces, cascaded FSSs, ultra-wideband.

I. INTRODUCTION

FREQUENCY-SELECTIVE surfaces (FSSs) have been
intensely studied in the last five decades for their wide

applications from microwave to terahertz frequencies [1], [2],
[3], [4]. FSSs have been applied in antenna radomes [5],
[6], reconfigurable antennas [7], [8], polarization convert-
ers [9], [10], intelligent walls [11], [12], radar cross-
section reduction [13], [14] and flat lenses [15], [16].
Essentially, FSSs are two-dimensional arrays of periodic
structures, formed by patch or aperture elements etched
on a dielectric substrate, providing filtering properties of
the incident electromagnetic waves [1], [17]. For 5G appli-
cations, FSSs are used to improve signal transmission,
e.g., by blocking an unwanted signal, or as a reflector to
improve an antenna’s performance. Other potential usage

include dual-band operation, the provision of electromagnetic
shielding, and potential near-field applications [18]. The FSS
frequency response depends on the thickness and electromag-
netic characteristics of the dielectric material, periodicity and
geometry of the elements, and the polarization and angle of
the incident wave, as shown, as an example, in Fig. 1.
Single-layer FSS structures behave as a first-order filter

with narrow band-pass or band-stop response [19]. Although
this type of FSS is easy to design and synthesize, it is very
difficult to improve the bandwidth. With the new generation,
wideband antennas have experienced a boost to meet their
requirements, and the need for FSSs to operate over a wide
range of frequencies to enhance the performance of wide-
band antenna systems has increased [20], [21]. In order to
address this limitation, researchers have proposed the design
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FIGURE 1. Parameters that affect the FSS frequency response.

of FSS with multiple layers as an alternative to achieve
higher order filter performance, which provides a multiband
or broadband response [22]. The single-layer structures are
cascaded with dielectric slabs, with or without air gap in
between, spacing them at approximately one quarter of the
guided wavelength [23], [24].
A second-order band-pass FSS with wide out-of-band

rejection from 1 to 40 GHz is presented in [25] where an
equivalent circuit model was established. The FSS provides a
band-pass response operating at 10 GHz with 12% fractional
bandwidth.
A new technique with a low-profile FSS with third-order

band-pass responses was proposed in [22]. The structure is
composed by cascading three metal layers, separated by two
thin dielectric substrates. The prototype FSS shows good
results, operating at C band frequencies.
A three-layer FSS is described in [26] with an ultra-

wideband band-stop response. The structure is formed by
cascaded layers of rectangular patches and rectangular
patches with notches printed on dielectric substrates. The
results show that the prototype covers the band from 4 to
14 GHz for vertical polarization and from 5 to 15 GHz for
horizontal polarization.
The equivalent circuit model (ECM) is a method that pro-

vides characteristics of transmission from the structure to
a plane wave incidence and requires less computing effort
compared with field solvers. Here, capacitive and inductive
components are modeled from segments of strips placed in
a periodic array [27], [28]. Therefore, this paper proposes
a double-layer FSS with ultra-wideband rejection response.
The proposed FSS combines two single-layer FSSs with
different geometry with interesting characteristics such as
simple design and miniaturization, and it is analyzed and
designed through ECM by simply adapting Marcuvitz’s

equations [29] for conductive strips. The cascaded struc-
ture covers the K (18 GHz to 26.5 GHz) and Ka band
(26.5 GHz to 40 GHz), with a bandwidth of approximately
24.4 GHz, operating from 18.3 GHz to 42.7 GHz in simu-
lated results. The proposed structure has transmission zeroes
at 28 GHz and 36 GHz applicable for 5G technology, which
is designed to reflect signals in the range of frequency from
K to Ka band. It is important to mention that distinguished
bands have been allocated in each region [30], and the
proposed FSS is suitable in different bands and frequencies,
while offering high bandwidth. The resonant frequencies and
bandwidth can be adjusted by optimizing the dimensions of
the proposed FSS. A prototype was fabricated and mea-
sured, and experimental results show excellent agreement
with simulations.

II. EQUIVALENT CIRCUIT MODEL
A. REVIEW
Studies of fundamental equations have been published to
determine the transmission and reflection coefficients of
FSSs. In 1946, MacFarlane [31] demonstrated that the scat-
tering problem of a parallel wire grid could be solved using a
transmission line model (TLM). Marcuvitz [29] showed that
FSS structures can be represented by an equivalent circuit
(EC), considering the transverse electric, TE, and transverse
magnetic, TM, incidence on conductive strips. Chen [32]
and Ulrich et al. [33] improved the EC to consider resonant
effects of the structures. Reference [34] presented a refined
version of Chen’s and Ulrich’s formulas. Furthermore, the
formula was extended to approximate solutions for cascad-
ing screens and dielectric slabs. In the 80s, derivate formulas
have been reported for more complex FSS geometries and
achieved accurate results, as demonstrated by Langley [35],
[36], [37], [38].
A complementary FSS (CFSS) is proposed in [28], which

is defined as patch and slot elements of same size and shape
arranged on either side of a substrate, based on Babinet’s
principle. An ECM compounded with TLM was employed
to analyze the CFSS response. The method presented a good
accuracy of the scattering parameters, for normal and oblique
incidence, allowing to estimate the frequency response with
less error. The efficacy of the ECM results was verified with
commercial software.
A wideband FSS operating in Ka-band is presented in [39].

A multi-layer structure was adopted to enhance the passband,
and the coupling between the capacitive and inductive sur-
faces was employed to miniaturize the structure to 0.26 λ.
The ECM was applied to give a better understanding of the
structure’s behavior and its frequency response.
The ECM is introduced in [40] to explain the effect of a

convoluted geometry structure on the frequency response of
an FSS. Measured and simulated results showed that the FSS
proposed has a good stability under different polarizations
and incidence angles.
An accurate analytical procedure is described in [41]

for wideband nonmagnetic absorbers operating at lower
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FIGURE 2. Incidence parameters considering strip arrangement and angle, and
equivalent circuit for TE polarization.

FIGURE 3. Incidence parameters considering strip arrangement and angle, and
equivalent circuit for TM polarization.

microwave frequencies. An ECM was designed, based on
the simulated data and synthetic asymptotes for single and
double-layer FSSs. Several designs of broadband absorbers
were demonstrated by employing the ECM and genetic
algorithm-based optimization. Those results were compared
to full-wave methods, showing more than 95% accuracy.

B. METHOD
FSS design and analysis can be done by modelling its
EC, which uses less computational effort compared to full-
wave methods. Also, it provides a better electromagnetic
understanding of the structure considered. Marcuvitz [29]
demonstrated that an FSS is modelled as an infinite array
of parallel conducting strips, and it can be represented by
capacitive and inductive elements. Fig. 2 shows the EC for a
TE incidence when the conducting strips are parallel to the
electric field; in this configuration, the FSS is represented
by an inductance. In the other case, Fig. 3, the conducting
strips are parallel to the magnetic field, and the FSS is asso-
ciated with a capacitance. The strip parameters are width w,
periodicity p, spaced distance g, and incidence angles of θ

and φ for incident plane waves, TE and TM, respectively.
To determine the EC, the general formulas for the

inductive reactance, XL, and capacitive susceptibility, BC,
are [36]:

XL
Z0

= F(p,w, λ, θ)

= p cos θ

λ

{
ln

[
csc

(
πw

2p

)]
+ G(p,w, λ, θ)

}
(1)

BC
Y0

= 4F(p, g, λ, φ)

= 4p cos θ

λ

{
ln

[
csc

(
πg

2p

)]
+ G(p, g, λ, φ)

}
(2)

where λ is the wavelength, and G is a correction factor that
allows incidence of the plane waves at arbitrary angles by
varying θ and φ.

G(p,w, λ, θ)

=
0.5(1 − A2)2

[(
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4

)
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]
(
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4

)
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(
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8

)
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(3)

Note that when calculating the capacitive susceptibility,
the function G can be solved by replacing φ with θ and w
with g.

A = sin

(
πw

2p

)
(4)

B± =
[

1 ± 2p sin θ

λ
−

(
p cos θ

λ

)2
]− 1

2

− 1 (5)

Equations (1) and (2) have limitations and must meet
the following conditions w/p � 1, p/λ � 1, and p(1 +
sin θ)/λ < 1. They are not suitable for modelling of cross
polarization [35].
The elements are printed on a dielectric substrate which

modifies the capacitance of the FSS as a function of the
dielectric permittivity εr, and thickness of the substrate h.
For thin substrates involving higher-order Floquet modes, a
closed formula based on Green’s functions cannot be pur-
sued. Reference [42] presents an interpolating formula that
fits the variation of the effective permittivity εreff , according
to the dielectric thickness by manipulating an exponential
function. The effective electrical permittivity is given by:

εreff = εr + (εr − 1)

[
−1

eM
10h
p

]
(6)

where M is an exponential factor, which takes into account
the slope of the curve that depends on the unit cell filling.

III. SINGLE-LAYER FSS ANALYSIS AND DESIGN
This section presents the design of two simple geometries
with simplified formulation. The equations for their equiva-
lent circuit are straightforwardly implemented in MATLAB.

A. FOUR-ARMS STAR GEOMETRY
The first FSS designed (FSS #1) is based on the four-arms
star geometry, which has demonstrated very interesting char-
acteristics such as miniaturization and switching, applicable
to reconfigurable antennas [7], [43] and FSS [44], and as
polarization converter [45]. Initially, the unit cell dimension
is defined as p, and then a rectangular patch is designed as
a, where the arms are shaped. From the edges, lines cross
the rectangular patch with b and the four-arms star geometry
is achieved. A small square patch of width s is etched at

950 VOLUME 3, 2022



FIGURE 4. Geometry and parameters of FSS #1.

the center to connect all the arms. Finally, the outside of
the four arms are detached from the metallic surface and the
four-arms star is completed (Fig. 4).
The normalized inductive reactance Xf and the normalized

capacitive susceptance Bf of the structure based on the four-
arms star geometry are defined as

XLf
Z0

= 1.5
a

p
F(p, b, λ, θ) (7)

BCgf
Y0

= 4b

1.5p
F(p, gf1 , λ, φ) (8)

BCa1f

Y0
= 4(p− b)

1.5p
F(p, gf2 , λ, φ) (9)

BCa2f

Y0
= 4

(p− s)

p
F(p, gf3 , λ, φ) (10)

The presence of dielectric support is taken into account
in the ECM by including its dielectric effective permittivity
value in the capacitive elements of the circuit.

BC1f

Y0
=

(
BCa1f

+ BCgf

)
εrefff

(11)

BC2f

Y0
= 0.25

(
BCa2f

+ BCgf

)
εrefff

(12)

The admittance of the EC of the four-arms star is given by

Yf = 1

XLf − 1
BC1f

− 1
1

BC2f

(13)

The transmission coefficient is found by

σf = 1

1 + 0.25Y2
s

(14)

The reflection coefficient is given by

�f =
√

1 − σ 2
s (15)

Reference [45] presents the equations to determine the
resonant frequency for the FSS using the four-arms star
geometry from initial dimensions. Based on this design pro-
cedure the FSS was designed to operate at 28 GHz and

FIGURE 5. Theoretical result for FSS #1.

FIGURE 6. Influence of FSS #1 frequency response, with dimensions p = 4.1 mm
and s = 1.0 mm, and substrate permittivity εr = 2.94 and 0.508 mm thickness.

adapted to the ECM. The dimension of the structure are
p = 4.1 mm, a = 3.25 mm, s = 1.0 mm and b = 0.6
mm, and considering a dielectric substrate with εr = 2.94
and thickness of 0.508 mm. The value of M is 2.4 for the
four-arms star geometry. Fig. 5 illustrates the theoretical
result, with resonant frequencies at 28 GHz (−55.01 dB)
and bandwidth of 7 GHz (from 24.5 GHz to 31.5 GHz).
A comparison between the resonant frequency of FSS

#1 in terms of the arms’ size obtained by ECM and CST
Microwave Studio is illustrated in Fig. 6. Change in the
arms’ size changes the gap between copper and the unit
cell, which increase the inductance and capacitance, leading
to lower resonant frequencies. The dimensions of the unit
cell and square in the center are fixed with p = 4.1 mm and
s = 1.0 mm. The increase in the parameters a (from 3 to
3.75 mm) and b (from 0.4 to 0.6 mm) leads to the reduction
of the resonant frequency.
The proposed FSS is analyzed by the ECM and CST,

considering different dielectric permittivities of commercial
substrates. Fig. 7 shows the resonant frequencies versus sub-
strate thickness. All curves follow the same profile, proving
that the model can be used for any substrate. The increase
in the thickness translates to the reduction in resonant
frequency.

B. QUASI-SQUARE GEOMETRY
The second geometry proposed is shown in Fig. 8 (FSS #2).
To design it, initially a square patch p is dimensioned. Slot
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FIGURE 7. Comparison of resonant frequencies as a function of dielectric
permittivity while variating the substrate thickness of FSS #1.

FIGURE 8. Geometry and parameters of FSS #2.

sections are inserted, crossing it in the middle, both vertically
and horizontally, of width g1. In this part, the FSS behaves
as a capacitor with a wideband response. The final step to
achieve the geometry is to add a square slot of size g2, in
the center of the patch, and the metallic surface has a width
of w. Depending on the size of this square, the FSS starts
increasing its inductance and hence, its resonant frequency
and bandwidth decrease.
The inductive reactance Xs and the capacitive susceptance

Bs normalized to the intrinsic impedance of free space (Z0 =
1/Y0), of the quasi-square FSS are

XLs
Z0

= 0.5
(p− w)

p
F(p,w, λ, θ) (16)

BCsg1

Y0
= 4

w

p
F(p, g1, λ, φ) (17)

BCsg2

Y0
= 4

(p− w)

p
F(p, g2, λ, φ) (18)

BC1s

Y0
= 0.5BCsg1

εreffs (19)

BC2s

Y0
= 0.25

(
BCsg2

+ BCsg1

)
εreffs (20)

FIGURE 9. Theoretical result for FSS #2.

FIGURE 10. Influence of FSS #2 frequency response, with dimensions p = 4.1 mm
and g1 = 0.2 mm, and substrate permittivity εr = 2.94 and 0.508 mm thickness.

The admittance is calculated as

Ys = 1

XLs − 1
BC1s

− 1
1

BC2s

(21)

The transmission coefficient (σs) can be calculated from
Eq. (14) by replacing the admittance Yf with the admittance
of the second FSS (Ys). Hence, the reflection coefficient (�s)
for the quasi-square FSS is found from Eq. (15), by using
the calculated value of σs.
This second FSS was designed for 35.8 GHz, and the prop-

erties of the dielectric substrate are the same used for FSS
#1. The unit cell has the same size as that of FSS #1, p = 4.1
mm. The design is numerically optimized until the desired
characteristics are achieved with dimensions w = 0.85 mm,
g1 = 0.2 mm and g2 = 2.4 mm. For the geometry proposed,
the value of M is 1.5. Fig. 9 shows the numerical result of
the transmission coefficient, with the resonant frequency at
35.8 GHz (−70.52 dB) and −10-dB bandwidth of 18.2 GHz
(from 23 GHz to 41.2 GHz).
The effect in the resonant frequency as a function of the

size of g2 as analyzed by ECM is presented in Fig. 10. The
other parameters are fixed, except for w that is inversely
proportional to g2. The capacitance and inductance is pro-
portional to an increase of g2, thus leading to a gradual
reduction of the resonant frequency.
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FIGURE 11. Comparison of resonant frequencies as a function of dielectric
permittivity while variating the substrate thickness of FSS #2.

FIGURE 12. Cascading N FSS structures.

The applicability of ECM for FSS #2 considering differ-
ent dielectric permittivities of substrates is compared to a
full-wave method. The dimensions of the structure are the
ones used to obtain the result in Fig. 9. Fig. 11 shows the
resonant frequencies versus substrate thickness. As expected,
the results prove that the model can be used for any sub-
strate. To provide a comparison of CPU times between the
two methods, for the example with εr = 3.6 and h = 0.762
mm, the ECM was approximately 390 times faster than CST.

IV. CASCADED FSS
The cascading of FSSs is used to obtain an ultra-wide
band-stop response by exploiting multiple resonances. Each
single-layer structure provides a different transmission zero
as shown in Section III. In order to compute the performance
of N cascaded structures separated by a distance dn−1
(Fig. 12), the scattering matrix can be applied using
single-mode interaction.
In this section, the two single-layer structures presented in

the previous section are cascaded, and the 2 × 2 scattering
matrix [S] is determined as

Sn =
⎡
⎣ σn

(
1 − �2

n
σ 2
n

) (
�n
σn

)
ej2kln

−
(

�n
σn

)
e−j2kln 1

σn

⎤
⎦ (22)

where

ln = d1 + d2 + · · · + dn−1, (23)

n = 1, 2, . . . ,N

FIGURE 13. Simulated results for cascaded FSS, considering different spacing.

The matrix with C, D, E, F elements is given as[
C D
E F

]
= SnSn−1 · · · S3S2S1 (24)

Applying the single-mode iteration, the total transmission
and reflection coefficients are [28]

σ = C − DE

F
(25)

� = −E

F
(26)

The coupling between the two structures is determined
by their spatial separation d. The influence of the coupling,
considering an air gap with different spacing (d = 1.0 mm,
2.5 mm and 4.0 mm) is presented in Fig. 13. In the first
analysis with spacing d = 1.0 mm, the resonant frequencies
are 27.96 GHz and 38.6 GHz, with a −10-dB bandwidth of
24.82 GHz. In the second case, d = 2.5 mm, the resonant
frequencies are 27.96 GHz and 35.84 GHz, with 23.02 GHz
of bandwidth. It can be seen in the third case (d = 4 mm)
that the numerical result is about the same as for the individ-
ual structures, presenting two stop-bands, the first resonant
frequency fz1 is at 27.96 GHz with 13.8 GHz of bandwidth
and the second resonant frequency fz2 is at 35.76 GHz with
11.04 GHz of bandwidth. This last case also presents a res-
onant frequency at 31.6 GHz (−4.07 dB) with a band-pass
behavior. With the increase of coupling (increasing the spac-
ing d), the anti-parallel currents are induced in the resonators,
causing the destructive interference of scattering fields. The
transparency window becomes stronger for d = 4 mm, and
this behavior is known as the Electromagnetically Induced
Transparency (EIT) effect, which is a physical phenomenon
that eliminates the effect of a medium in an electromagnetic
radiation [46], [47], [48].
These results are summarized in Table 1, showing the

difference when compared to the individual FSSs.
Fig. 14 compares the theoretical results of the individual

structure and cascaded one by applying ECM. These results
indicate that the prediction in terms of frequency response
of the cascaded FSS follows the ones from the single-layer
FSSs, with larger bandwidth and multiple resonances. It can
be noticed that the two transmission zeroes in the cascaded
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TABLE 1. Comparison of resonant frequencies between individual and cascaded
FSSs.

FIGURE 14. Comparison of numerical results of individual FSSs and cascaded one.

FIGURE 15. Fabricated FSSs with quasi-square (left) and four-arms star (right)
geometries, and their individual cells.

FSS are created by the resonators in each layer and the ultra-
wide band-stop by the EIT effect. The cascading was done
considering an air gap of d = 2.5 mm between the two
FSSs as shown in Fig. 13. The two resonant frequencies
are 27.96 GHz (−85.96 dB) and 35.84 GHz (−74.91 dB)
and the mutual coupling resulted in a −10-dB bandwidth of
23.02 GHz.

V. RESULTS
Two FSSs with the proposed geometries were manufactured
to validate the numerical results by experiments. The pro-
totypes were fabricated on single-layer Rogers Duroid/RT
6002 dielectric substrate with εr = 2.94, thickness of 0.508
mm, and loss tangent of 0.0012, with 26 × 26 elements and
overall dimensions of 10.7 cm × 10.7 cm (Fig. 15).

FIGURE 16. Measurement setup.

FIGURE 17. Simulated and measured results for prototype FSS #1.

Measurements were carried out in an anechoic chamber,
the prototype is placed in the stand between the transmit-
ting (Tx) and receiving (Rx) antennas (Fig. 16). Two horn
antennas were used with a distance of 80 cm, the Tx one is
LB-28-25-C-KF (26.5-40 GHz) and the Rx is LB-180400H-
KF (18-40 GHz), connected to a Vector Network Analyzer
model Anritsu 37397c, a normal wave incidence is con-
sidered to the FSS. The calibration procedure to test the
manufactured structures consisted of two steps. The first
one is to calibrate the cables using short-open-load-through
(SOLT) terminations. Secondly, the Tx and Rx antennas are
aligned, and its transmission coefficient is measured, as the
reference of transmissivity. Then, the results of the FSSs
under test are normalized to the reference.
Note that in both FSSs the geometries are symmetric in

the x- and y-direction, i.e., the frequency response is inde-
pendent of the electric field polarization, therefore the results
for both polarization are similar. The measured transmission
coefficients of the fabricated structures, considering single-
and double-layers, under normal incidence along with the
numerical characterizations obtained by ECM and CST are
presented for TE and TM polarizations.
Fig. 17 presents the simulated and measured transmission

coefficients for the first structure. For the TE polarization,
the measured resonant frequency is 27.92 GHz compared to
simulated ones of 27.92 GHz from CST and 28 GHz for
ECM, thus showing excellent agreement with a maximum
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FIGURE 18. Simulated and measured results for prototype FSS #2.

FIGURE 19. Simulated and measured results for cascaded FSS at normal incidence.

difference of only 0.28%. The −10-dB bandwidth obtained
for the measured and simulated results are 6.88 GHz (exper-
imental), 7.08 GHz (CST) and 7 GHz (ECM). A CPU
time comparison reveals that using the theoretical equa-
tions presented in Section III is at least 280 times faster
than CST. In the TM polarization, the results are very sim-
ilar with resonant frequencies at 27.92 GHz (CST) and
28.16 GHz (measured), with maximum difference of 0.57%,
and bandwidth of 7.08 GHz and 7.02 GHz for numerical
and experimental results.
The FSS #2 was designed for 35.8 GHz. Fig. 18 shows the

comparison between numerical (CST and ECM) and experi-
mental results, with resonances at 35.76 GHz, 35.8 GHz and
35.68 GHz, respectively – a maximum difference of 0.33%,
for the TE polarization. The bandwidth in this polarization
in the simulation is 17.68 GHz (CST) and 18.2 GHz (ECM).
The measurement goes up to 40 GHz (antenna’s maximum
frequency), thus we were unable to measure the entire band-
width. However, it is obvious that the measured result shows
the same behavior as the simulation. A comparison of CPU
times between the two methods shows that our ECM was
250 times faster than CST. In the TM polarization, the
resonant frequency is 35.8 GHz (CST) and 35.56 GHz (mea-
sured), with a maximum difference of 0.67%, and −10-dB
bandwidth of 17.64 GHz.
Fig. 19 shows the measured transmission coefficient along

with numerical results for the cascaded FSS. The air gap

FIGURE 20. Simulated and measured results for cascaded FSS off-normal
incidence.

between the structures is 2.5 mm based on Fig. 13, provided
by using Teflon spacers, nuts and screws to complete the
cascade. The measured transmission zeros in the TE polar-
ization are 28.08 GHz (−74,73 dB) and 36 GHz (−57.19
dB), and show excellent agreement with those obtained by
CST (fz1 = 27.92 GHz and fz2 = 36.04 GHz) and our ECM
(fz1 = 27.96 GHz and fz2 = 35.84 GHz), with a maxi-
mum difference of 0.28% and 0.67%, respectively. From
numerical results, the cascaded FSS has a bandwidth of
24.38 GHz (CST) and 23.02 GHz (ECM), going from 18.34
to 42.72 GHz and 18.68 to 41.70 GHz, respectively. Due
to limitations in the frequency range of the horn antennas
used, the measured results are shown from 21.5 GHz to just
40 GHz, although it can be observed that the experimen-
tal curve closely follows the numerical one. The theoretical
method also showed to be faster than CST for the cascaded
FSS in order of 345 times. The characterization of the TM
polarization was also performed, and due to the symmetry
of the structure, the results obtained are very similar to the
TE polarization. The two occurring transmission zeros are
28.02 GHz and 36.17 GHz for the measured results, and the
numerical ones are 27.96 GHz and 36.04 GHz (CST), with a
maximum difference of 0.14% and 1.03%, respectively. The
numerical bandwidth is 24.36 GHz with a band-stop range
from 18.34 GHz to 42.70 GHz.
The transmission coefficients of simulated and measured

results for TE and TM polarization off-normal incidence
with θ = 15◦ is shown in Fig. 20. The results obtained
numerically show that the proposed FSS presents a wide
bandwidth of approximately 22.6 GHz (ECM), and 20.5 GHz
(CST—TE pol.) and 21.48 GHz (CST—TM pol.).
A detailed comparison between the proposed FSS and

other previously reported ones, including their type of config-
uration, 10-dB fractional bandwidth, number of transmission
zeros and unit cell dimensions, is shown in Table 2. It
can be seen that the resonances depend mainly on the
number of layers as it is for the bandwidth response,
besides the complexity of the structure’s geometry. The
proposed FSS demonstrates to have wider bandwidth when
compared to others, only using two layers with simple
geometries.
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TABLE 2. Comparison of proposed FSS with other reported ones.

VI. CONCLUSION
An ultra-wide band-stop double-layer FSS is proposed in
this paper, operating at K (18 GHz to 26.5 GHz) and Ka
band (26.5 GHz to 40 GHz), with resonant frequencies com-
patible to 5G mm-wave applications. It is demonstrated that
combining FSSs with simple geometries can obtain a wide-
band response. A simple modeling of the resonant frequency
behavior of the FSSs is proposed and validated, both through
computer simulations and measurement of prototypes. The
procedure used for computing the inductance and capacitance
of the FSSs is described by modeling segments of strips by
basic equations. The analyzes of the single-layer structures
and cascaded one are also performed by full-wave simula-
tions using CST. The air gap spacing parameter is analyzed,
the gap with the distance of about λ/4, considering the cen-
ter frequency at 30 GHz, shows to have a better match to
the resonant frequencies of the individual FSSs, with less
discrepancy as shown in Table 1. The air gap between the
structures also allows to control the bandwidth. Numerical
and measured results show excellent agreement, with a max-
imum difference of 1.03%. Although it was not possible to
measure the entire bandwidth of FSS #2 and the cascaded
structure due to limitation in the frequency range of the horn
antennas used, it can be seen that the experimental curves
in both cases closely follow the ones obtained from the
simulations. In all investigated cases, the theoretical method
was several hundred times faster than CST, just establishing
itself as an excellent option for a first and fast analysis of
single-layer and cascaded FSSs.
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