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Reconfigurable Frequency Selective Surfaces for X Band Applications
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Abstract—The paper presents a new technique for designing a reconfigurable frequency selective
surface (RFSS) by mechanical means. The combination of triangular loop element and three-legged
element has been used to design the proposed single substrate two sided frequency selective surface
(FSS) structure which offers variable transmission coefficient characteristics over the X-band frequencies
under TE polarization for different angles of incidence. Thus, the band stop characteristics can be
reconfigured by changing incident angle which describes the structure as ‘reconfigurable reflector’. The
proposed FSS geometry is polarization insensitive under both TE and TM polarizations. The simulated
results are further cross verified by conducting measurement of the fabricated structure. The equivalent
circuit model (ECM) of the proposed FSS geometry has been provided, and the equivalent circuit
parameters of the proposed FSS geometry have also been extracted using the curve fitting techniques.
The proposed FSS structure can be used as a frequency reconfigurable reflector surface/reconfigurable
intelligent surface (RIS) for advanced wireless communication.

1. INTRODUCTION

Periodic structures are widely used over a very wide electromagnetic spectrum starting from microwave
and millimetre-wave to THz and optical bands. Frequency selective surface (FSS) is a periodic structure
arranged on a dielectric and has the frequency discrimination property to control the propagation of
an electromagnetic (EM) wave, like transmission or reflection, depending on the characteristics of the
periodic structure. The concept of FSS originates long time back, but the research on FSS has created
a new era in the field of applied electromagnetics since last few decades for designing filter, reflector,
polariser, absorber, etc. [1]. With the ever growing demand of wireless technology, multifunctional
devices, the demand for reconfigurable/tunable FSS (RFSS) is increasing day by day for designing
intelligent walls, tunable radomes, reflector for reconfigurable antennas and for adaptive screening of
unwanted transmissions [2–5]. Mechanical tuning and insertion of discrete electronic components are
two main approaches for designing RFSS [2–5]. The electronic tuning by the insertion of PIN/Varactor
diodes, solid state or micro-electro-mechanical system (MEMS) switches is a common approach, but it
involves design complexity and also requires additional suitable biasing network [6–8], whereas FSS can
be mechanically tuned by employing mechanical modifications such as stretching, folding, shifting, or
rotating FSS elements [2–5]. Abadi et al. presented techniques for designing large-scale, mechanically
tunable periodic structures (PSs) by adopting three techniques, like overlapping combined with relative
movement, stretching/compression, and flexure which ultimately tuned the capacitance and inductance
of elementary periodic structures with capacitive and inductive surface impedances over wide ranges of
values [2]. Ferreira et al. reported a mechanically tunable 3D FSS by rotating an inner element, and
the structure was inspired by the classical square slot design [3]. Azemi et al. designed a 3-D spring
FSS structure which can be tuned mechanically by altering the height of a spring-shaped unit-cell
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resonator [4]. Silva et al. presented a work on reconfigurable FSS where the angular instability of the
FSS was used in the development of reconfigurable structures through its rotation [5].

Some of the past research works on RFSS are summarized in Table 1 [2, 3, 5–10]. The proposed work
presents a very simple technique for designing RFSS which provides frequency hopping/reconfigurability
by changing the angle of incidence. No active element and additional biasing network are used in the
proposed designing. A new type of single substrate two sided FSS geometry is presented which is
realised by taking the combination of a loop type and a center connected type element. The proposed
structure offers variable frequency band (stopband) over the X band under TE polarization. Further,
the transmission line equivalent circuit model of the proposed geometry has been obtained from the
frequency response characteristic, and the corresponding circuit parameters have been extracted using
curve fitting techniques [11–14]. The development of the structure and its performance analysis have
been carried out by using EM simulator CST [15]. The unit cell FSS geometry is presented under
Section 2. Section 3 presents the chronological development of proposed FSS geometry and its equivalent
transmission line circuit model. Section 4 presents the measured results. Finally, Section 5 concludes
the paper.

Table 1. Comparison of the proposed FSS structure with some other existing works.

Ref., Year Shape of FSS
Targeted Frequency

band (in GHz)
Method adopted

Size of FSS

unit cell

(in mm)

2021, [6] Rectangular strips 3.62–4.25 Varactor diode 10× 10× 0.6

2021, [7] Square-slot 4.84–5.90 Varactor diode 9× 9× 0.508

2020, [8]

Rectangular loop

like with plus

shaped structure

3.5–5.7 Varactor diode 6× 6× 0.12

2020, [9]
Cross dumbbell

shaped
3.2–5.5

rotating the

horizontal grid

orientation

manually

18× 18× 0.1

2019, [10]

Jerusalem crosses

on top and bottom

layer comprises an

aperture-based geometry

3.7–4.27
Varactor and

pin diode
10× 10× 1

2017, [3]

Inspired by the

classical flat

square slot FSS

2.4–4

rotation of

a movable

inner element

34.5× 34.5× 2

2017, [5] Triangular patches Around 8–10

Changing the

incident angle

by rotating

the structure

20× 20× 1.5

2016, [2] Long Metallic strips About 5–9

relative movement,

stretching/compression,

and flexure

Metallic strips

of width 2mm

with gap of 3mm

Proposed

work

Both sides

triangular loop with

three-legged element

8–12
Changing the

incident angle
14× 14× 1.5
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2. THE FSS GEOMETRY

Different versions of FSS structures, realised using triangular loop type and center connected element
type geometries are investigated, as shown in Figs. 1(a), (b), and (c), respectively. The substrate used
here is an inexpensive, both side copper coated single layer of FR-4 material with dielectric constant
εr = 4.4, height (tsub) = 1.5mm, metal thickness (tFSS) = 0.035mm, and dimension l × w along the
X-axis and Y -axis, respectively. Structure 1 is made up of two triangular loops (TLs) in both the top
and bottom sides of the substrate and is shown in Fig. 1(a). Structure 2 consists of a three-legged
element loaded triangular loop (TL-3L) in the top side and a triangular loop (TL) in the bottom side as
shown in Fig. 1(b). Structure 3 is made up of TL-3L in both the top and bottom sides of the substrate
and is shown in Fig. 1(c). The dimensions of proposed geometry after parametric optimization are given
in the caption of Fig. 1.

(a) (b) (c)

Figure 1. FSS structures: (a) structure 1 (triangular loop (TL) in top and TL in bottom layer),
(b) structure 2 (three-legged loaded triangular loop (TL-3L) in top and TL in bottom layer), and (c)
structure 3/proposed structure (TL-3L in top and bottom layer). (The dimension of the parameters (in
mm) is given as w = 14, l = 14, a = d = 1, b = 6.5, c = 6.5, e = 2).

3. CHRONOLOGICAL DEVELOPMENT OF THE FSS STRUCTURE

A TL geometry has been initially selected to develop unit cell FSS geometry. Further, a 3L element has
been introduced. In order to achieve wide stopband transmission characteristics, three different versions
of two-layered FSS structures have been characterized which are reported in detail in the subsequent
paragraphs. When an FSS behaves as a reflector, its reflection parameter S11 should be near 0 dB, and
the transmission parameter S21 should be less than or equal to −10 dB over the required band [16].

Single layer FSS: The first step is to study the transmission coefficient characteristics of a unit
cell element made up of a TL and 3L elements respectively on an FR4 dielectric substrate of height
1.5mm of dimension l × w. The simulated transmission characteristics offer a stopband from 9GHz to
10.68GHz for TL structure and 10.74GHz to 11.3GHz for 3L structure, as shown in Fig. 2(a). In the
next stage, a 3L structure was introduced along with TL, improving the stopband which varies from
10.69GHz to 12.5GHz, as shown in Fig. 2(a). So, it is observed that TL-3L structure provides slightly
better bandwidth than the TL structure, and also the bandwidth gets shifted to the higher side of the
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(a) (b)

Figure 2. (a) Transmission coefficient (S21) and reflection coefficient (S11) characteristics for the
isolated shapes: triangular loop (TL) structure, three legged (3L) structure and three legged with
triangular shaped (TL-3L) structure for TE polarization and (b) transmission coefficient characteristics
for structure 1, structure 2, and proposed FSS.

frequency spectrum than that of the TL structure. The reflection coefficient characteristics have also
been shown along with the transmission coefficient characteristics in Fig. 2(a) to show the non-absorbing
characteristics of the FSS structure.

Two layered FSS: In order to improve the bandwidth [17, 18] (i.e., S21 ≤ −10 dB), three
combinations of the two layered FSS structure have been investigated, namely (a) structure 1: both
sides TL, (b) structure 2: TL-3L and TL, and (c) proposed structure: both sides TL-3L. Although
the single layer triangle-shaped FSS geometry is asymmetrical, in single substrate two layered FSS
structure, both the TL-3Ls at the top and bottom sides are placed in such an orientation that their
combination is like a ‘Star’ which is symmetrical. Structure 1 provides wide transmission bandwidth
over 9.23–12.14GHz as shown in Fig. 2(b). Structure 2 provides a wide transmission bandwidth over
9.89–12.29GHz. The proposed FSS, which is structure 3, provides better bandwidth than the other
two structures, i.e., 8.44GHz to 12.28GHz, so was chosen as the final proposed structure. The effect of
rotation angles up to 45 degrees has been investigated for both TE and TM polarizations by varying
the angle of incidence, i.e., theta (θ) in each structure. The frequency hopping characteristics over the
X-band under TE polarization when the angle of incidence varies from 0◦ to 45◦ are shown in Figs. 3(a),
(b), and (c) for structures 1, 2, and the proposed structure, respectively. However, the transmission
coefficient characteristics for oblique incidence under TM polarization are almost the same as normal
incidence for all the structures, and the characteristics for the proposed structure are shown in Fig. 3(d).
For the proposed structure the lowest frequency point remains unchanged while the highest frequency
point shifts towards the lower side of spectrum as the angle of incidence increases from 0◦ to 45◦.

For the proposed geometry the reflection characteristics are near 0 dB (non-absorbing), and the
reflection phases are approximately linear over the whole working band at different incidence angles,
and the same is shown in Figs. 3(e) and (f), respectively. The polarization stability is checked by
varying the angle phi (Φ). The proposed FSS geometry is polarization insensitive under both TE and
TM polarizations, which can be due to the overall symmetricity of the proposed structure as shown in
Fig. 4.

Equivalent Circuit Model (ECM): The ECM of the proposed FSS structure is shown in Fig. 5(a).
The transmission coefficient (S21) can be analysed using the relationship between the S parameters and
ABCD parameters of the cascaded circuit as given below [11].[

A B

C D

]
=

[
1 0

jY FSS1 1

]
·

 cosφ jZ1 sinφ

j
sinφ

Z1
cosφ

 ·
[

1 0

jY FSS2 1

]
(1)
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(a) (b)

(c) (d)

(e) (f)

Figure 3. Transmission coefficient characteristics under oblique incidence for (a) structure 1, (b)
structure 2 for TE polarization, Transmission coefficient characteristics for the proposed structure
for (c) TE and (d) TM polarization respectively for oblique incidence, (e) reflection coefficient
characteristics and (f) reflection phase characteristics for oblique incidence for the proposed structure
for TE polarization.
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(a)

(b)

(c)

Figure 4. Transmission coefficient characteristics under different polarization angles for TE and TM
polarizations for (a) structure 1, (b) structure 2, and (c) proposed FSS.

where YFSS1 and YFSS2 are the admittance of the top and bottom metallic FSS layers respectively and

are expressed as YFSSi =
ωCi

1−ω2CiLi
(i = 1, 2). φ is given as φ = 2Πftsub

c ·
√

εr − sin2 θ, and Z1 for both

TE and TM polarizations is given as,

Z1 =


Z0√

εr − sin2 θ
forTEpolarization [12]

Z0

√
εr − sin2 θ

εr
forTMpolarization [12]

(2)
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5. (a) Transmission line equivalent model, (b) comparison between circuit simulation and
EM solver results, surface current distribution of (c) bottom and (d) top layers of the proposed FSS
structure, (e) fabricated prototype and (f) measurement set up, (g) simulated and measured transmission
coefficient characteristics, and (h) simulated and measured transmission bands at different incidence
angles.
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where Z0 = 377Ω, which is the free-space impedance, f is the frequency, ω the angular frequency, c
the speed of light in free space, and θ the angle of incidence. The transmission coefficient (S21) can be
represented in terms of ABCD parameters [11] as,

S21 =
2Z0

AZ0 +B + CZ2
0 +DZ0

(3)

Here the calculation has been done for TE polarization under normal incidence (i.e., θ = 0◦). The
frequencies corresponding to transmission coefficient minima (transmission zeros) can be represented
by fZi and given as,

fZi =
1

2π
√
LiCi

(4)

Based on Equations (1)–(4), the values of lumped inductors and lumped capacitors are calculated. The
inductance and capacitance values obtained are L1 = 13.47 nH, C1 = 0.0256 pF, L2 = 25.44 nH, and
C2 = 0.0075 pF.

The comparison between the results obtained using CST [15] and ECM is shown in Fig. 5(b).
There is a good agreement between the results in terms of the cutoff frequencies and the frequencies
corresponding to S21 minima. The deviation in S21 characteristics is due to the coupling effects between
two FSS layers [12] which is not considered in the ECM.

The current distributions of both the bottom and top layers of the FSS structure are shown in
Figs. 5(c) and (d), respectively. The surface current distributions between the two sides of adjacent
triangular elements are same in direction which shows the even mode coupling [19]. The structural
asymmetry of the unit cell geometry in a plane leads to the frequency hopping scattering parameter
characteristics under TE polarization as it changes the inductance and capacitance values due to varying
angle of incidence.

4. MEASURED RESULTS

A prototype of the proposed RFSS geometry of dimension 150mm× 98mm containing 10× 7 unit cell
elements has been fabricated using the ‘thermal toner transfer method’, as shown in Fig. 5(e). The
measurement setup for the S parameter characteristics under normal and oblique incidence consists
a Vector Network Analyzer (VNA) [Make: Anritsu, Model no: MS2028C], turn table, and X band
pyramidal horn antennas, as shown in Fig. 5(f). The measured transmission coefficient characteristics [as
shown in Fig. 5(g)] are slightly deviated from the simulated one due to fabrication tolerance, alignment
issue, and background noise in free space measurement. However, the frequency shift is clearly visible
under TE polarization for different incidence angles, as tabulated in Fig. 5(h).

5. CONCLUSION

The TL element and 3L element have been investigated to design a wideband RFSS unit cell. The
proposed single substrate two sided RFSS geometry offers better stopband performance than single
layer geometries. The proposed structure provides stopband over the complete X-band for both TE and
TM polarizations under normal incidence. For all the two layered models, the stopband frequencies can
be reconfigured by varying the angle of incidence of the incident plane wave under TE polarization over
the X band. The angle of incidence can be changed manually or automatically with the help of a stepper
motor along with a microcontroller interface. The proposed geometry is polarization insensitive under
both TE and TM polarizations. Table 1 provides the comparison with some existing works (including
both electronically and mechanically tunable structures). The proposed work presents a simple, low
cost RFSS solution with better bandwidth which can be used as a reconfigurable reflector for various
applications like intelligent walls/RIS based multiplexing system in wireless communication systems [20].
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