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Abstract− This paper presents a reconfigurable frequency-selective
surface (FSS) featuring switchable reflection and transmission char-
acteristics based on a complementary-inspired four-arm star ge-
ometry. The design process begins with the independent analysis
of a slot element and its complementary patch counterpart, which
are subsequently integrated on a single-layer substrate. To enable
electrical reconfigurability, the patch element is modified by adding
a switching point to integrate a PIN diode along with bias lines
for feeding. The electromagnetic response is evaluated across three
diode operational states: off (reverse bias), on (forward bias), and
threshold bias. For TE polarization, the structure exhibits a single-
passband response near 3.75 GHz in the reverse-biased state and a
dual-passband response near 2.1 GHz and 6.9 GHz in the forward-
biased state, with a stopband between the two passbands. At the
threshold voltage, the reconfigurable complementary FSS provides
an attenuated-transmission state, enabling control of the transmit-
ted signal level. These operating modes allow the same surface to
switch between transmission, rejection, and attenuation, which is
useful for adaptive filtering, interference mitigation, and signal-
level control in intelligent 5G-Advanced communication network
applications.

Index Terms− Frequency-selective surfaces, reconfigurable FSS, multi-band
operation, duality theorem.

I. INTRODUCTION

Frequency-selective surfaces (FSSs) are two-dimensional arrays of periodic structures, typically
formed by patch (conductive) or slot (aperture) elements etched on a dielectric substrate, which provide
filtering properties for incident electromagnetic (EM) waves [1], [2]. The scattering behavior of FSSs
is influenced by the geometry and periodicity of the elements, the thickness and electromagnetic
characteristics of the dielectric substrate, as well as the polarization and angle of the incoming waves.
These structures have found widespread applications, including as sub-reflectors of multiband antennas
[3], [4], reconfigurable antennas [5], [6], polarization converters [7], [8], intelligent walls [9], [10],
radar cross-section reduction [11], [12], and absorbers [13], [14].

In principle, FSSs are passive structures, meaning their electromagnetic characteristics remain un-
changed after fabrication [15]. However, modern wireless communication systems demand adaptive
performance to address challenges such as dynamic frequency allocation, interference mitigation, beam
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control, and signal-level management in environments like 5G and 5G-Advanced networks. To meet
these needs, reconfigurable FSSs (RFSSs) have been developed, allowing for dynamic modification
of their frequency response of reflection and transmission spectra, even after fabrication. The two
main methods of reconfiguring FSSs are electrical and mechanical. Electrical approaches incorporate
active components, such as PIN diodes [16], [17], [18] or varactors [19], [20], [21], to manipulate the
magnitudes and phases of the reflection and transmission coefficients by altering the element’s geometry
and effective size. Mechanical methods, in contrast, involve movable parts and physical modifications
are applied to the panel like stretching [22], folding [23], [24] or rotating [25], [26] the FSS elements
to tune the frequency response.

Despite these advances, existing RFSS designs often suffer from complexity, including multi-layer
configurations, numerous active components per unit cell, intricate biasing networks requiring vias or
additional lumped elements, and limited operational modes. For instance, electrically reconfigurable
designs frequently employ multiple diodes or varactors with separate bias networks for each layer
or frequency band, leading to higher fabrication costs and power requirements [16], [18], [21], [27].
Mechanical designs, while avoiding active electronics, necessitate driving apparatuses and may com-
promise angular stability or tuning range [23], [26].

To address these limitations, this work proposes a simple and easy-to-design FSS that achieves
reconfigurable properties with reduced complexity. The structure uses a single dielectric substrate with
metallizations on both sides, designed based on the duality theorem, and incorporates only one PIN
diode per unit cell. The bias network is integrated within the array, connecting unit cells in parallel rows
without vias or additional layers. The design starts from the independent analysis of a slot-type element
and its complementary patch-type counterpart, which are then combined into a complementary-inspired
structure. The patch element is modified by introducing a switching gap, a PIN diode, and bias lines,
enabling electrical control of the frequency response.

A key innovation is the exploitation of three diode states—forward biased, reverse biased, and
threshold voltage. In the forward-biased state, the reconfigurable complementary FSS (RCFSS) exhibits
a dual-passband response, with transmission bands around 2 and 6.9 GHz and a stopband between
them. In the reverse-biased state, the structure exhibits a single-passband response around 3.75 GHz.
Thus, the same frequency region near 3.75 GHz can be switched between passband and stopband
operation by changing the diode bias. The frequency bands selected in this work are intended for 5G
NR Frequency Range 1 (FR1) applications rather than being limited only to conventional “sub-6 GHz”
operation, including lower FR1 bands, C-band operation, and the upper FR1 range. The ability to
switch among these bands is useful in adaptive scenarios, where a surface may be required to transmit
selected channels, reject interfering signals, or attenuate strong incident fields. In the threshold region,
the diode introduces an intermediate resistive state, producing an attenuated-passband response. This
controlled attenuation can be useful in 5G applications to reduce excessive received power, avoid front-
end saturation, mitigate interference, or provide an automatic-gain-control-like spatial filtering function.

Compared to prior works, such as the three-mode design in [18] which requires eight diodes and
multi-layer biasing for single/dual/no-passband operation, or the miniaturized varactor-based design in
[27] with 12 varactors and superior angular stability (60◦) but higher complexity, the proposed RFSS
offers advantages in simplicity, low power (2 V DC), miniaturization (unit cell size of 0.11λ × 0.11λ),
and angular stability up to 50◦ (detailed comparisons are provided in Table I in Section IV-C). These
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features make it particularly suitable for 5G applications as a reconfigurable intelligent surface, where its
frequency bands align with sub-6 GHz allocations, and its mode-switching capability supports adaptive
beam steering, interference control, and energy-efficient operation in dynamic environments.

The primary objective of this paper is to introduce a novel RFSS design that advances the state of
the art by offering multi-mode reconfigurability with minimal complexity. This design demonstrates
superior performance in terms of fabrication simplicity, low-voltage operation, and applicability to 5G
systems. The remainder of the paper is organized as follows: Section II presents the design and analysis
of the single-layer FSS, including simulated results; Section III describes the design of the proposed
reconfigurable complementary FSS; Section IV provides performance validation through comparisons
of simulated and measured results, along with an assessment against other published works; and Section
V concludes the paper.

II. SINGLE-LAYER FSS ANALYSIS AND DESIGN

This section presents the design and analysis of a unit-cell FSS based on the four-arm star geometry
with a slot-type element and its complementary one (patch type), individually, on single-layer substrate.
The patch-type element is modified by inserting a gap in the center of the unit cell (to act as a
switching point) to provide reconfiguration functionality. Initially, the single-metallic layer structure
is analyzed considering the passive configuration, i.e., the ideal structure. Then, a PIN diode is used
as an active component to reconfigure the FSS transmission characteristic, named practical FSS. The
numerical characterizations of all structures are obtained through the commercial software package
CST Microwave Studio. The dielectric substrate considered in the simulation has ϵr = 4.4, thickness
of 1.0 mm, and loss tangent of 0.025.

A. Four-arm star slot-type FSS

The first structure is the slot type. In this case the outside of the element has metallic filling, which
provides transmission of the incident EM waves at the desired frequency. Fig. 1a illustrates the unit
cell with this element, including its parameters. The following steps are performed to achieve this
configuration; the unit cell dimension is defined as ps, and then a rectangular patch is designed as as,
where the arms are shaped. From the edges, lines cross the rectangular patch with bs are drawn, and
the star geometry is achieved with pointed arms. A small square slot of width ss is etched out at the
center to connect all the slotted arms which completes the slotted four-arm star unit cell.

The design process to estimate the first resonant frequency of the four-arm star slot-type FSS can
be carried out using the following steps:

fslot =
c

2as
√
ϵreff

(1)

where as is the size of the four-arm star.
Reference [28] presents an interpolating formula that fits the variation of the effective permittivity

ϵreff = ϵr + (ϵr − 1)

[
−1

e
10h

ps
N

]
(2)

which considers the dielectric permittivity and thickness of the substrate h, periodicity ps, and the
exponential factor, N, of the unit cell filling. For the geometry proposed, the value of N is 3.8.

Brazilian Microwave and Optoelectronics Society-SBMO received 10 Jan 2026; for review 31 Mar 2026; accepted 19 Jun 2026
Brazilian Society of Electromagnetism-SBMag Editor: Carlos E. Capovilla Associate Editor: Rafael A. Penchel

© 2026 SBMO/SBMag ISSN 2179-1074



Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 25, No. 3, e2026304414 Aug 2026
DOI: http://doi.org/10.1590/2179-10742026v25i3304414 4

p

a

s

b

ss
s

s

s

Metallic

Dielectric

(a)

p

a

s

b

p

p

p

p

(b)

g

ws

TM

TE

(c)

w
b

(d)

Fig. 1. Geometry and parameters of single-layer (a) slot-type, (b) ideal symmetric patch-type, (c) ideal asymmetric
patch-type, and (d) practical patch-type, with bias lines and diode, FSSs.

Based on the equations above, the dimensions are ps = 16 mm, as = 15 mm, bs = 3 mm and ss

= 3 mm. The frequency response of this structure is shown in Fig. 2a,b (blue curves), with resonant
frequency at 4.8 GHz. Note that this structure is symmetrical, leading to the same frequency response
for the TE and TM polarizations at normal incidence.

B. Four-arm star patch-type FSS

The design procedure of the symmetrical four-arm star patch type is similar to the slot one, except that
in this case the outside of the element is detached from the metallic surface. Fig. 1b shows the symmetric
patch unit cell with its parameters. The patch-type structure is designed as the complement of the slot
one, i.e., they have the same dimensions (pp = ps, ap = as, bp = bs and sp = ss). This structure behaves
as a stop-band filter with resonant frequency at 5.35 GHz (Fig. 2, red curves). Although the duality
theorem states that the designs of complementary elements provide opposite passband and stopband
in the same frequency, from Fig. 2a,b we can see that the resonant frequency for the symmetric slot
and patch elements are not the same with a difference of 10%. This is due to the fact that the element
arrays are built on a substrate slab, i.e., they are not free-standing, shifting their resonant frequency. As
expected for the symmetrical structure, the TE and TM polarizations present the same characteristics.

To form different reconfiguration states, a gap g is added to the original geometry as a switching
point. The unit cell of the patch-type FSS with the new parameter added is illustrated in Fig. 1c. The
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gap provides an asymmetric element, where the upper and lower arms are physically disconnected.
In this scenario, the horizontal electric field sees that the arms are electrically connected for the TM
polarization. For the TE polarization, as shown in Fig. 1c, the vertical electric field is maximum in the
center of the unit cell, seeing the perturbation. In this case, the arms are physically and electrically
disconnected, and the gap is seen now as an additional capacitance to the circuit, leading to different
transmission coefficients for each polarization. The asymmetry of the element is provided by a gap of
0.8 mm, characterized as patch-type in the off-state. The gap width is designed based on the available
diode size. Fig. 2 shows the results of the asymmetric geometry. As predicted, the resonant frequency
is moved in the TE polarization to 10.98 GHz (Fig. 2a, black curve), while for the TM polarization it
is unaltered, presenting the same response as for the symmetric element (Fig. 2b, black curve).
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Fig. 2. Numerical results for (a) TE and (b) TM polarization of slot-type and patch-type, in the on- and off-state without
bias lines, ideal elements FSSs.

Analyses of the proposed structure in the ideal state conditions are performed to estimate the
frequency response of the practical FSS. The first ideal case consists of the unit cell with all the
arms connected by a strip line with width ws (Fig. 1c), providing a similar characteristic as if the PIN
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diode were forward biased. In the second condition, the upper and lower arms are physically separated
by the gap g, acting as if the PIN diode was not biased. The connection of the arms can be restored
by the width ws with different sizes. To achieve the perfect complementary (or symmetric) structure,
ws must be equal to sp, which is the patch-type in the on-state.

As mentioned above, the ideal structures emulate the characteristic of the practical one. In order
to more accurate predict the frequency response of the practical patch-type FSS when in on-state, an
evaluation of the strip line’s size is performed, considering ws = 0.1 mm, 1.0 mm and 3.0 mm. The
electrical model of the PIN diode when forward biased is an inductor in series with a resistor. The
conducting strip provides an inductance characteristic to the FSS when the electric field is parallel to it.
As ws decreases, the transmission minimum is moved to lower frequency, getting closer to the actual
response if a PIN diode was used. Fig. 3a presents the simulated results for this analysis. The resonant
frequencies for ws = 0.1 mm, 1.0 mm and 3.0 mm are 4.42 GHz (blue curve), 4.9 GHz (red curve)
and 5.35 GHz (black curve), respectively, for TE polarization. When the electric field is perpendicular
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Fig. 3. Numerical results for (a) TE and (b) TM polarization of patch-type in the on-state, without bias lines, ideal elements
FSSs as a function of strip size ws.
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to the FSS, it is practically null in the center of the unit cell, which makes it not being affected by the
different ws sizes, with resonant frequency at 5.34 GHz for all cases (Fig. 3b). Due to limitation in
the manufacture process, the width chosen for ws for the ideal on-state condition is set to 1.0 mm.

The passive model provides a good understanding of the reconfigurability of the element, but in
practice the electronic model uses an active component (e.g. PIN diode). The biasing circuit is another
key element in the design of the RFSS, and it is difficult to incorporate the active component along
with the FSS’ element. It is found in the literature that the feeding plane can be performed using
an extra layer [29], and vias can be used to connect the element’s layer to the biasing network [30].
Furthermore, some of these biasing systems have the diodes connected in series [31], [32], requiring
high voltage level power supplies. However, in this work, the entire diode bias network is placed in the
same plane as the FSS’ element by adding bias lines horizontally with width wb in the edges of each
arm as shown in Fig. 1d. The size of wb almost has no effect on the frequency response of the FSS in
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Fig. 4. Numerical results for (a) TE and (b) TM polarization of patch-type in the on- and off-state ideal elements FSSs as a
function of bias lines size wb.
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both states for the TE polarization, where the resonant frequency is determined by the size of the arms
(Fig. 4a). However, in the TM polarization, the FSS frequency response changes completely, showing to
be dependent on wb, creating a transmission maximum that gradually inclines and then declines steeply
to the transmission minimum that is up-shifted (Fig. 4b). By incorporating a PIN diode with the bias
lines into the unit cell, the four-arm star patch-type is split, which shifts the resonant frequency in one
polarization, because the structure becomes polarization dependent, due to its asymmetry in the x- and
y-directions. Switching the PIN diode on or off changes the effective inductance and capacitance of
the element.

To further understand the physical mechanism responsible for the polarization-dependent response,
Fig. 5 shows the electric-field and surface-current distributions on the patch-type FSS at their respective
resonance frequencies. For TE polarization in the on-state, the electric field is mainly confined along
the edges of the arms, whereas the surface current is strongly concentrated around the switching point,
where the PIN diode is located, as shown in Fig. 5a. Therefore, the diode directly affects the main
current path and changes the effective electrical connection between the upper and lower arms. In the
off-state under TE polarization, the upper and lower arms are disconnected. As a result, a strong electric
field is established across the switching gap, while the surface current is restricted to the arm sections
between the arm edges and the switching point, as illustrated in Fig. 5b. This disconnected configuration
introduces a different effective capacitance and inductance in the unit cell, which shifts the resonance
frequency to a higher value. Consequently, the TE-polarized transmission response changes significantly
between the on- and off-states. For TM polarization, the on-state and off-state distributions, shown in
Figs. 5c and 5d, are very similar. In this case, the electric field is nearly null at the switching point and
is mainly concentrated along the arm segments, while the surface current flows predominantly through
the bias-line region. Therefore, the PIN diode is weakly excited for TM incidence, and changing its bias
state from forward to reverse bias produces only a negligible modification of the effective capacitance
and inductance of the unit cell. This explains why the TM-polarized transmission response remains

(a) (b)

(c) (d)

Fig. 5. Distributions of electric field (left) and surface current (right) on the patch-type FSS under normal incidence for TE
polarization in the (a) on-state and (b) off-state, and for TM polarization in the (c) on-state and (d) off-state.
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almost unchanged between the on- and off-states, whereas the TE-polarized response exhibits a clear
frequency shift.

The ideal and practical structures with the patch-type element in its final configuration were charac-
terized numerically and the computed magnitude of transmission coefficients is shown in Fig. 6. The
bias lines have wb = 1 mm. The Skyworks SMP1340-079LF PIN diode was selected because its RF
switching characteristics are suitable for the operating frequency range of the proposed structure; in
the simulations, the manufacturer-provided Touchstone files were used to accurately model the diode in
both on- and off-state [33]. When in the on-state, all arms are connected and the resonant frequencies
for the ideal and practical structures are 4.99 GHz and 4.79 GHz (Fig. 6a), respectively, for the TE
polarization, with maximum difference of 4%. It can be seen in Fig. 6a that by loading the off-state,
the stopband of the ideal with reference to practical FSSs is up-shifted significantly due to the added
capacitance between the gap in the center of the unit cell. The off-state FSS resonates at 10.85 GHz
and 8.36 GHz for the ideal and practical cases, respectively. When the PIN diode is reversed biased,
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Fig. 6. Comparison of frequency response of the ideal and practical patch-type elements FSSs with bias lines in the on- and
off-state for (a) TE and (b) TM polarization.
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its circuit comprises of a capacitor with a large shunt resistor. Reference [33] suggests that the PIN
diode in this condition (at V = 0 V) offers a capacitance of 0.24 pF. Note that the resonance difference
of the ideal and practical FSS is associated with the fact that the gap g does not emulate the same
capacitance as the PIN diode. Although this difference could be compensated by reducing the gap size,
g = 0.8 mm was maintained because it was the smallest gap that could be reliably implemented with
the available fabrication process. Fig. 6b shows the results in the TM polarization; it is observed that
the bias lines affect the transmission responses due to its inductance when compared to those in Fig.
3b. As explained above, for the TM polarization, the on/off state present the same resonant frequency
at 10.9 GHz, because the electric field vanishes in the diode area.

III. RECONFIGURABLE COMPLEMENTARY FSS DESIGN

This section describes the design procedure of a complementary-based FSS with reconfigurability
features based on Babinet’s principle for electromagnetic fields [34], [35], [36], [37]. The reconfigurable
complementary FSS (RCFSS) proposed in this paper combines the slot-type element and asymmetric
patch-type element with bias lines, both topologies presented in the previous section. The slot-type
FSS behaves primarily as a bandpass spatial filter, allowing transmission near its resonant frequency,
whereas the patch-type FSS behaves primarily as a bandstop spatial filter, reflecting the incident wave
near resonance. Therefore, the two structures provide complementary filtering responses. In an ideal
free-standing complementary pair, Babinet’s principle predicts opposite transmission and reflection
characteristics at the same frequency.

The complementary structure is achieved by designing the patch and slot elements using identical
geometry shape and dimensions, and these elements are spaced by a substrate. We do not truly follow
this approach because the shape of the patch element is disturbed by the gap inserted in the center
of the unit cell and bias lines in the edges of the arms. For this reason, the proposed structure can
be understood as a quasi-complementary or complementary-inspired FSS. Fig. 7 illustrates the three-
dimensional unit-cell topology of the proposed RCFSS. The medium used to separate the elements is a
dielectric substrate with thickness h and dielectric constant ϵr. The top layer of the substrate is formed

𝜀𝑟 , ℎ
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Fig. 7. RCFSS structuring.
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by the patch element, while the bottom layer carries the slot one.
The combination of the slot and patch layers introduces electromagnetic coupling between the

bandpass and bandstop responses. This coupling miniaturizes the overall frequency response when
compared with the isolated single-layer elements. Therefore, although the isolated off-state patch-type
FSS presents a resonance above 10 GHz, as shown in the single-layer analysis, the coupled RCFSS
shifts the useful operating responses to lower frequencies. This explains why the single-layer structures
were analyzed over a wider frequency range, while the final RCFSS operates in the frequency range
of interest for 5G NR FR1 applications.

The reconfigurability of the proposed RCFSS is controlled by the PIN diode inserted in the patch-type
element. When the diode is forward biased, the upper and lower patch arms are electrically connected,
increasing the coupling between the patch and slot layers. Under this condition, the RCFSS is expected
to provide a dual-passband response, with a stopband located between the two transmission bands.
When the diode is reverse biased, the patch arms are effectively separated by the diode capacitance,
and the coupling between the two layers is modified. In this state, the structure exhibits a single-passband
response, mainly associated with the slot-type element and the coupled complementary configuration. At
the diode threshold region, the equivalent diode resistance is neither sufficiently low to fully connect the
patch arms nor sufficiently high to fully isolate them. As a result, the structure provides an intermediate
attenuated-transmission state instead of a conventional fully transmissive or reflective response.

The polarization behavior is also determined by the position of the switching gap and by the
orientation of the bias lines. For TE polarization, the electric field is strong across the central gap
of the patch element. Consequently, the diode state significantly changes the effective capacitance
and inductance of the unit cell, producing a clear reconfiguration of the transmission response. For TM
polarization, the electric field is nearly null at the switching point, as discussed in Section II. Therefore,
the diode state has a weaker influence on the frequency response. Nevertheless, the horizontal bias lines
still perturb the current path and contribute to the higher-frequency transmission features observed
for this polarization. This explains why the TE response exhibits stronger switching between single-
passband, dual-passband, and attenuated-passband states, while the TM response is less sensitive to the
diode bias condition.

In this work, the RCFSS was designed with the same dimensions used for the individual FSSs
presented in Section II. Fig. 8 illustrates the equivalent circuit for the proposed RFSS, which combines
the equivalent circuits of the patch element (series LC) with a PIN diode and slot element (parallel
LC). Note that an impedance Zd is added to account for the mutual coupling between the metallic
layers.

IV. PERFORMANCE VALIDATION

Experimental characterizations of the proposed reconfigurable CFSS-based configuration were per-
formed to validate the numerical results. All prototypes were manufactured on a single-layer low-cost
FR-4 fiber-glass dielectric substrate and metallization are on both sides, with ϵr = 4.4, thickness of
1.0 mm, and tanδ = 0.025. Three FSSs were fabricated to examine the scattering properties, being
two passive CFSSs and one active CFSS. The fabricated prototypes are presented in Fig. 9 with the
close-up view of the unit cells. The fabricated CFSSs have 12 × 12 elements and overall dimensions
of 19.2 cm × 19.2 cm. Fig. 9a shows the array formed by slot elements found in the bottom layer of
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Fig. 8. RFSS equivalent circuit.

all structures. Fig. 9b and Fig. 9c show the top view of the passive CFSS in the on- and off-states,
respectively. The diode-mounted RCFSS is shown in Fig. 9d with a total of 144 diodes soldered on
it. The surface-mountable Skyworks SMP1340-079LF PIN diodes in plastic package, with parasitic
inductance of 0.7 nH, are used. The package length and width are 1.1 mm and 0.7 mm, respectively.
When forward biased, these diodes offer low resistance with typical value of 0.85 Ω at 10 mA and
0.85 V. When reverse biased, they can reach a capacitance as low as 0.21 pF at 5 V [33].

(a) (b)

(c) (d)

Fig. 9. Fabricated complementary structures: (a) slot elements present in all structures (bottom view), (b) ideal CFSS
on-state (top view), (c) ideal CFSS off-state (top view), and (d) RCFSS with diodes (top view).
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The bias lines connect the diodes in parallel, allowing each FSS row to be independently controlled,
while applying low voltage levels. A resistor of 230 Ω is added in series to each FSS’ row to limit
the current flowing through the diodes, as illustrated in Fig. 10. The biasing circuitry is formed by
using single-core wires as shown in Fig. 9d, connected to auxiliary strip lines of 8 mm. The biasing
network indicates that there are 12 diodes connected in parallel per row, and a total of 12 rows. Under
the forward-bias condition, the complete RCFSS prototype draws a total current of 53 mA at 2 V DC,
corresponding to a total power consumption of only 106 mW.

R+
_ V

Fig. 10. Biasing schematic per RFSS’ row.

Measurements were carried out using an Agilent E5071C ENA two-port vector network analyzer
(frequency range from 300 kHz to 20 GHz), two SAS-571 double ridge horn antennas (frequency range
from 700 MHz to 18 GHz, and linearly polarized), an Agilent E3631A DC power supply (triple output:
0 – ±25 V, 0 – 1A; 0 – 6 V, 0 – 5A; 80 W) and a measurement window. The two horn antennas were
placed facing each other at a fixed position, with a distance of 150 cm to ensure that the transmitter and
receiver antennas are in the far-field regions (Fig. 11). The measured transmission coefficients shown
in Figs. 12 – 16 are computed by subtracting the transmission spectra of each polarization without the
devices under test. The incidence of the wave to the FSSs is considered to be at normal (θ = 0◦) and
oblique (θ = up to 50◦). The characterizations were performed sweeping θ in steps of 10◦, but we will
only exhibit the results for θ = 0◦, 20◦ and 50◦, because the measured and simulated results agreed
for all angles.

FSS

Tx

Rx

Fig. 11. Measurement setup.

A. Passive CFSS Results

When the elements of the proposed FSS are assembled in quasi-complement of one another, i.e., the
patch element is in on-state, a dual-band response is expected due to their coupling. The numerical
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and measured results of the transmission coefficient for the ideal CFSS when it is in the on-state are
presented in Fig. 12. The ideal CFSS in the on-state has a strip line of ws = 1.0 mm to emulate the
forward-biased PIN diode. The numerical characterization shows two transmission maxima (fp1 and
fp2) at 2.29 GHz and 6.48 GHz, and a transmission minimum (fz) at 3.97 GHz for the TE polarization
at normal incidence (Fig. 12a). The experimental characterization confirmed the result from simulation
with fp1 = 2.14 GHz, fp2 = 6.53 GHz and fz = 3.83 GHz. It is observed that for oblique incidence,
the first transmission maximum and transmission minimum remain almost the same, but the second
transmission maximum down-shifts as θ increases. As explained in Section II-B, the bias lines create
a transmission maximum at a higher frequency for the patch element in the TM polarization. When
this element is combined with the slot one, two transmission maxima appear to be closely spaced
as illustrated in Fig. 12b. The first transmission maximum is found at 5.68 GHz (simulated) and
5.84 GHz (measured), while the second transmission maximum is at 7.81 GHz (simulated) and 8.06
GHz (measured), with a transmission minimum between them at 6.89 GHz (simulated) and 7.02 GHz
(measured) at normal incidence, with frequency separation ratio of 1.37. For oblique incidence, the first
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Fig. 12. Simulated and measured results for (a) TE and (b) TM polarization of ideal RCFSS in the on-state.
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transmission maximum remains the same, while the transmission minimum and second transmission
maximum move closer to the first one when θ increases, with frequency separation ratio of 1.19 for
θ = 50◦.

The ideal case for the CFSS when the patch element is in the off-state was analyzed numerically
and experimentally, and its transmission spectra is shown in Fig. 13. In this condition, the gap g

emulates the reverse-biased PIN diode, and the capacitance offered by the gap shifts the resonant
frequency of the patch element, as shown in Section II-B, for the TE polarization. The elements are
decoupled for this state and only one passband is seen for this frequency range, which correspond
to the response characteristic provided by the slot element. At θ = 0◦, the simulated and measured
transmission maximum (fp) is at 4.31 GHz and 3.62 GHz, respectively (Fig. 13a). The angular incidence
was analyzed, and the results showed that the structure is stable up to θ = 50◦. The numerical and
measured results for the TM polarization over different incident angles are presented in Fig. 13b. In this
case, the response is very similar to that obtained for the TM polarization of the on-state passive CFSS
shown in Fig. 12b, since the electric field is almost null at the center of the unit cell and, therefore,
the gap has little influence on the transmission characteristics.
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Fig. 13. Simulated and measured results for (a) TE and (b) TM polarization of ideal RCFSS in the off-state.
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B. RCFSS Results

The passive CFSSs provided an understanding of the response that the proposed structure can offer.
The next step in the design was to insert the PIN diodes to characterize the real response. Different
levels of voltage were applied across the shunt diodes, from 0.0 V to 2.0 V with steps of 0.2 V, and the
frequency response of the proposed structure was observed. The PIN diodes allow current flows from
0.8 V on. We display the results of three cases when the PIN diodes are biased with 2.0 V (forward
region, Fig. 14), 0.6 V (threshold region, Fig. 15) and 0.0 V (reverse region, Fig. 16).

As predicted from the passive CFSS in the on-state, the practical RCFSS presents similar results
for both polarizations. When the PIN diodes are forward biased with V = 2.0 V, the elements are
coupled and two transmission maxima are observed at fp1 = 2.28 GHz and fp2 = 6.53 GHz from
the simulated results, and fp1 = 2.1 GHz and fp2 = 6.9 GHz from the measured results for the TE
polarization at normal incidence (Fig. 14a). The transmission minimum is found at 3.86 GHz and 3.64
GHz from the numerical and measured results, respectively. The maximum difference between the
simulated and measured results for the first transmission maximum, the transmission minimum and the
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Fig. 14. Simulated and measured results for (a) TE and (b) TM polarization of practical RCFSS in the on-state, biasing
diodes with V = 2.0 V.
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second transmission maximum are 10.96%, 5.69% and 5.66%, respectively. Note that the results agree
with the ones predicted by the on-state passive CFSS for all incidence angles, and, again, it is observed
that as θ increases, the second transmission maximum reduces while the first transmission maximum
and transmission minimum remain the same. Fig. 14b shows the results for the TM polarization, the
response is less sensitive to the diode state because the electric field is nearly null at the switching point,
as discussed in Section II. Nevertheless, the bias lines perturb the current path and contribute to the
higher-frequency transmission features. In this case, two transmission maxima at 5.7 GHz and 7.83 GHz
with a transmission minimum at 6.87 GHz are observed numerically. The experimental characterization
obtained these resonant frequencies at fp1 = 5.92 GHz, fp2 = 8.57 GHz and fz = 6.99 GHz. Again,
the results from the on-state RCFSS are observed to follow the ones obtained by the on-state passive
CFSS, including the results by varying θ.

The transmission spectra of the proposed structure when the PIN diodes are biased with the threshold
voltage, V = 0.6 V, is shown in Fig. 15. In this condition, the equivalent circuit of the PIN diode consists
of a capacitor with a shunt resistor. The resistance of this resistor is not low enough to let the current
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Fig. 15. Simulated and measured results for (a) TE and (b) TM polarization of practical RCFSS with diodes in the threshold
region, biased with V = 0.6 V.
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flow freely. This resistance results in an attenuation of the passband with an average value of -7-
dB (simulated) and -8-dB (measured) over the frequency range from 2 GHz to 8 GHz for the TE
polarization, as shown in Fig. 15a. This intermediate state is useful because it enables control of the
transmitted signal level, which may be applied in 5G and reconfigurable intelligent-surface scenarios to
reduce excessive incident power, avoid receiver front-end saturation, mitigate interference, or provide
an AGC-like spatial attenuation function. As mentioned above, in the TM polarization the biased PIN
diode has no effect on the frequency response of the structure, thus the two transmission maxima with
a transmission minimum are seen as illustrated in Fig. 15b. The simulated and measured results agree
for both polarizations.

Fig. 16 illustrates the transmission spectra of the RCFSS when the PIN diodes are reverse biased,
V = 0.0 V, disconnecting the upper and lower patch arms, which show to have similar response to the
ones for the off-state passive CFSS. For the TE polarization, one transmission maximum is observed
at 3.89 GHz (simulated) and 3.75 GHz (measured) at θ = 0◦ (Fig. 16a) with maximum difference
of 3.6%. The structure shows to be stable at different angles of incidence with maximum resonant
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Fig. 16. Simulated and measured results for (a) TE and (b) TM polarization of practical RCFSS in the off-state, biasing
diodes with V = 0.0 V.
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frequency deviation of 0.26% and 5.33% for the numerical and experimental results, respectively, from
θ = 0◦ to 50◦. The reverse-biased state is particularly important because it demonstrates that the same
frequency region that behaves as a stopband in the forward-biased state can be switched to a passband
when the diodes are reverse biased. Therefore, the proposed RCFSS can switch between transmission
and rejection by changing the diode bias. Fig. 16b shows the simulated and measured transmission
coefficient in the TM polarization, which present the same response as the ones from the previous
biasing conditions.

Overall, the practical RCFSS demonstrates three distinct electromagnetic states using only one PIN
diode per unit cell. In the forward-biased state, it provides a dual-passband response with an intermediate
stopband. In the reverse-biased state, it provides a single-passband response. In the threshold-voltage
state, it provides an attenuated-transmission response. These operating modes provide flexible control of
transmission, rejection, and signal attenuation, which is attractive for adaptive filtering and transmission-
control functions in 5G-oriented reconfigurable surfaces.

C. Performance Assessment

The elements of the proposed RCFSS were designed based on the duality theorem. The results
presented in Sections IV-A and IV-B confirm that a single PIN diode per unit cell can reconfigure
the structure’s frequency response, achieving a switchable reflection and transmission with a -10-
dB bandwidth of approximately 2.3 GHz. At the off-state resonant frequency, the structure achieves
isolations of -40.7 dB (simulated) and -22 dB (measured) between on and off states. In the on-state
for the passive and active structures, a dual-passband response is obtained. Switching to the off-state
(practical case with PIN diode or ideal case with a gap g) yields a single-passband at 3.75 GHz.
Furthermore, biasing the diodes at the threshold voltage produces an attenuated-passband response
across the band, with an average transmission coefficient of -8 dB and no distinct transmission maxima
or minima.

A comparison of the proposed RCFSS with related works is provided in Table I, evaluating param-
eters such as configuration type, tuning method, reconfigurable properties, biasing network, operating
frequencies and number of bands, unit cell dimensions, angular stability, and additional requirements.
Compared to prior designs, the proposed structure advances the state of the art through its simplicity
and versatility. For instance, while the design in [18] also supports three operational modes (single-
passband, dual-passband, and no-passband), it requires a complex multi-layer setup with three metal
layers, two dielectrics, eight PIN diodes per unit cell, and separate bias networks with vias, resulting in
higher fabrication complexity and a larger unit cell size (0.66λ × 0.66λ). In contrast, our design uses
only two metal layers on a single dielectric, one PIN diode per unit cell, and a simple parallel-row
biasing network without vias or additional lumped elements, enabling three modes—including a unique
attenuated-passband mode via the diode’s threshold state—while maintaining a compact unit cell (0.11λ
× 0.11λ) and low power consumption (2 V DC).

Similarly, the varactor-tuned design in [27] offers superior miniaturization (0.05λ× 0.05λ) and
angular stability (up to 60◦), but it employs 12 varactors per unit cell and two independent DC
bias networks with vias and AC-blocks, limiting it to dual-passband tuning without the ability to
switch to single- or attenuated-passband modes at fixed frequencies or exploit diode threshold behavior.
Our approach, with fewer active components and a streamlined configuration, achieves comparable
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miniaturization relative to the lower operating band while providing broader reconfigurability, including
passband/stopband switching at 3.75 GHz.

The proposed RCFSS extends the authors’ previous passive coupled-complementary FSS in [38],
where fixed dual- and triple-passband responses were achieved using stacked four-arm-star patch/slot
elements and offset configurations, and also differs from the reconfigurable V-shaped FSS in [39],
which uses a simpler single-metal-layer structure to switch stopband responses and generate a Fano
resonance. In contrast, the present design introduces one PIN diode per unit cell and an integrated bias
network in a complementary patch-slot configuration, enabling the same surface to switch between
dual-passband, single-passband, and attenuated-passband responses. Its main novelty is the exploitation
of the PIN-diode threshold region to obtain a controlled attenuation state, in addition to the on/off
switching between transmission states.

Overall, these comparisons demonstrate that the proposed RCFSS excels in fabrication ease, compact-
ness, reduced component count, and multi-mode operation. The proposed design is particularly attractive
for adaptive filtering and reconfigurable transmission-control applications, where low-complexity imple-
mentation, low-voltage operation, and the ability to switch among passband, stopband, and controlled-
attenuation responses are required. Although the referenced active FSS designs require external DC
biasing, their current and total power consumption are not reported, preventing a direct quantitative
comparison.

V. CONCLUSION

This paper introduces a novel reconfigurable complementary-inspired FSS that achieves single-, dual-
and attenuated-passband responses through the use of a single PIN diode per unit cell, leveraging its
forward-biased, reverse-biased, and threshold states. The structure features a single dielectric substrate
with dual metallizations—one slot-type array and its complementary patch array—integrated with an
immersed biasing network designed for parallel-row control without vias or additional layers. Key
results demonstrate robust performance: the on-state yields dual passbands with operating frequencies
at 2 and 6.9 GHz; the off-state provides a single passband at 3.75 GHz; and the threshold state results
in an attenuated passband with an average transmission coefficient of -8 dB across the band. Isolations
between on and off states reach -40.7 dB (simulated) and -22 dB (measured) at the off-state resonant
frequency.

Compared to existing works, this design advances simplicity and functionality, using fewer active
components (one PIN diode versus up to 12 varactors or 8 PIN diodes in prior designs) and a less
complex configuration (single substrate without multi-layer biasing or mechanical actuators), while en-
abling unique mode switching—including passband-to-stopband transitions at the same frequency—for
enhanced versatility. These characteristics are practically relevant for 5G applications, such as recon-
figurable intelligent surfaces that facilitate adaptive signal control, beam steering in smart antennas,
and interference mitigation in dynamic environments by toggling between transmissive and reflective
behaviors.

Despite these strengths, limitations include a moderate angular stability (50◦ versus 60◦ in some
designs) and reliance on PIN diode characteristics, which may introduce minor losses in practical
deployments. Future work could explore integration with tunable varactors for continuous frequency
adjustment, multi-diode configurations for polarization insensitivity, or hybrid electrical-mechanical
approaches to extend angular stability beyond 60◦.
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