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Abstract—Radiofrequency Identification (RFID) technology is
entering its third generation, extending beyond identification and
sensing toward the control of electromagnetic (EM) functions.
Recent studies have demonstrated the feasibility of RFID-
controlled antennas, metasurfaces, and intelligent surfaces, where
standard RFID Integrated Circuits (ICs) act as wireless, battery-
free controllers. Within this family, Frequency Selective Surfaces
(FSSs) represent a particularly demanding case, since their nar-
rowband resonant response must be precisely engineered under
the discrete bias conditions imposed by RFID hardware. This
paper presents a modeling and synthesis framework for binary-
reconfigurable FSSs driven by RFID ICs. By exploiting the two
programmable output voltages of commercial chips, the proposed
FSS toggles between reflective and transparent states at a fixed
frequency, enabling wirelessly programmable interfaces without
any external supply. A semi-analytical Equivalent Circuit Model
(ECM) links the target specifications—operating frequency and
fractional bandwidth—to the lumped circuit parameters and, in
turn, to the unit-cell geometry. The model provides a rapid and
physically interpretable design tool, validated through full-wave
simulations of multiple layouts showing agreement within 5% of
numerical results.

Index Terms—Frequency selective surfaces, RFID controller,
equivalent circuit model, electromagnetic shielding, reconfig-
urable FSS.

I. INTRODUCTION
ADIOFREQUENCY Identification (RFID) technology is
entering its third generation. After powering a revolution

in identification and enabling a new class of sensing devices,
RFID systems are now evolving into platforms for controlling
the electromagnetic (EM) environment itself—driving recon-
figurable, battery-free components and intelligent surfaces.
By leveraging the capability of commercial RFID Integrated
Circuits (ICs) to harvest energy from the reader’s field and
to generate programmable DC voltages, passive components
such as PIN diodes, varactors, and switches can be wirelessly
reconfigured without batteries or wired bias networks [1].
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Within the family of standard RFID ICs, a few devices
natively support programmable output voltages. Representative
examples include the EM Microelectronic EM4152 [2] and
EM4325 [3] families, which provide ultra-low-power DC
outputs (up to 1.8-3.3 V in battery-assisted operation) with
current levels on the order of a few microamperes. When the
harvested RF power exceeds the operation threshold (typically
between —17 and —15 dBm [4]), the chip delivers a stable
bias voltage at its output port that can directly tune reactive
components without additional circuitry. Recent studies have
also shown that RFID ICs can respond to external interrogation
signals not specifically addressed to them, further extending
the range of possible powering sources [5].

Early demonstrations for RFID-controlled devices include
reconfigurable intelligent surfaces, antennas, beam forming
networks and cooperative primary—secondary tag networks,
in which commercial RFID ICs are repurposed as passive,
uniquely addressable controllers [4], [6], [7], [8], [9], [10],
[11]. Among RFID-driven reconfigurable devices, Frequency
Selective Surfaces (FSSs) represent a particularly effective
platform. RFID-enabled FSSs have been demonstrated as
suitable solutions for cyber-physical security [12] and wireless
power transfer [13], owing to their passive operation, mechan-
ical robustness, and capability to be seamlessly embedded
within materials and objects, where wired control is impracti-
cal.

FSSs are two-dimensional periodic arrays of metallic or
dielectric elements designed to filter EM waves within spe-
cific frequency bands [14]. Traditionally employed in radar
radomes, reflectors, absorbers, and lenses [15], [16], [17], [18],
[19], [20], [21], [22], FSSs have recently been explored as
reconfigurable structures for adaptive reflection, electromag-
netic shielding, and secure communication [23], [24]. In these
contexts, the surface operates as a binary EM switch that
alternates between a reflective and a transparent state at a
fixed frequency fy, selectively controlling the propagation of
incident waves (Fig. 1). Conventional reconfigurable FSSs rely
on active components, such as PIN diodes or varactors, biased
through wired DC networks, FPGAs, or microcontrollers
[25], [26], [27]. Although these architectures provide precise
control, their dependence on external power, multiple intercon-
nections, and complex routing strongly limit scalability and
long-term autonomy. In contrast, RFID-based driving offers a
fully passive alternative: the controller is wirelessly powered
through its Over-The-Air (OTA) interface, typically by the
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Fig. 1. Conceptual illustration of an RFID-controlled reconfigurable FSS
acting as a binary electromagnetic switch. In State 1, the surface reflects the
incoming wave at frequency fy. In State 2, it becomes transparent at the same
frequency. Switching between states is driven by the output voltages generated
by RFID ICs, which are programmed by an external RFID reader. The ICs
can be integrated directly into the FSS layout or connected to a standard UHF
tag placed in close proximity to the structure, as shown in this example.

same RF field that illuminates the FSS. However, owing to the
stringent constraints of this technology, i.e., the sub-milliwatt
power available from passive RFID ICs and the footprint and
cost limitations imposed by densely packed FSS unit cells,
RFID-driven reconfigurable FSSs must rely only on varactor
diodes, which are the only switching elements compatible with
both requirements [4].

The FSS state is determined by the discrete control voltages
generated at the RFID IC output ports [1]. Since commercial
chips provide only two programmable voltage levels, the
attainable tuning is inherently binary, corresponding to two
distinct capacitance states of the varactor. This constraint
enables switching between reflection and transmission at a
fixed frequency fy, but it also imposes a fundamental shift
in the design paradigm: unlike conventional biasing schemes,
where the control voltage can be continuously adjusted to
reach the desired response, RFID-based tuning is intrinsically
blind—the two states must be pre-engineered so that the target
electromagnetic behavior emerges a priori from fabrication.

To overcome these limitations, this work introduces an
analytical synthesis framework based on an Equivalent Circuit
Model (ECM) that directly links the discrete capacitance
states imposed by the RFID controller to the electromagnetic
response of the surface. The proposed methodology enables
rapid prediction of reflection and transmission characteristics
of binary FSSs from high-level specifications—target fre-
quency fy and desired fractional bandwidth (FBW)—and their
direct translation into geometric parameters, avoiding time-
consuming full-wave iterations.
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Fig. 2. Generalized unit-cell layout with an inductive outer loop and an
arbitrary inner resonator, connected via varactor diodes for binary reconfig-
urability.

The remainder of this paper is organized as follows. Sec-
tion II introduces the RFID-driven FSS architecture and its
ECM formulation. Section III validates the model through full-
wave analysis of three representative geometries—concentric
loops, Jerusalem cross, and folded cross—demonstrating its
capability to predict the binary response with high accuracy.
The Appendix provides additional analytical insights into the
achievable periodicity, bandwidth, and selection of suitable
varactors for RFID-controlled reconfigurability.

II. FSS LAYOUT AND EQUIVALENT CIRCUIT MODEL

The proposed model applies to FSSs whose unit cells
comprise a subwavelength element enclosed by an external
inductive loop (Fig. 2). The inner layout may adopt a variety
of geometries composed of conductive traces oriented parallel
and orthogonal to the surrounding frame. To ensure stable elec-
tromagnetic performance regardless of the wave polarization
and angle of incidence (an essential requirement in practical
implementations), a circular geometrical symmetry is assumed
for the internal path. Traces are connected to the frames
through varactors, circularly symmetric as well, and in turn
controlled by RFID IC (included in Fig. 2 in the external tag
placed close to the cell). These layouts are particularly suited
for reconfigurable implementations, as the varactors can be
placed between the central layout and the outer loop to allow
parallel biasing, thus simplifying the DC routing and requiring
only a single RF choke for RF/DC isolation [26]. Moreover,
this configuration also enables distinct frequency-selective
responses based on the varactor’s tuning state, with discrete
capacitance values allowing reliable switching between band-
stop and bandpass behaviors. The model will hence derive
conditions among the ECM lumped parameters to achieve the
desired two-state behaviour at a specified frequency fy within
the desired FBW in the transparent state.

By considering a set of simplifying assumptions, the unit
cell geometry shown in Fig. 2 can be described by the lumped-
element circuit model in Fig. 3. First, the analysis considers
a linearly polarized Transverse Electromagnetic (TEM) plane
wave normally impinging on the FSS, which is assumed to
operate in free space. Moreover, varactor diodes are considered
as variable capacitors, switching between two different states
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Fig. 3. Equivalent circuit model of the binary reconfigurable FSS. The

dielectric substrate is modeled through a transmission line with length /g,
and characteristic impedance Zg,.

{C1, C,}, which is a standard assumption in equivalent circuit
formulations [26], [28], [29], [30]. Finally, the periodicity P
of the unit cell is assumed to satisfy the sub-1 approximation,
i.e., it must smaller than the operational wavelength (P < A),
and significantly larger than the width of the conductive traces
(P > wy,wy), to guarantee the validity and reliability of the
ECM. It is worth noting that the model remains predictive up
to P/A ~ 0.2 —0.3, as confirmed in Section III.

In this model, the internal inductive layout in Fig. 2 is repre-
sented by the L,C series branch, while the loop surrounding it
is captured by an additional inductance L, placed in parallel.
Specifically, L; corresponds to the equivalent inductance of
the internal arms, and C accounts for the capacitance formed
between those arms and the nearby loop. Varactor diodes (C1,
C,) are considered in parallel with C since the physical gap
between the two conductive structures can be regarded as
a two-node interface where two displacement-current paths
coexist: (i) the geometrical capacitance C due to the facing
metallic edges, and (ii) the varactor junction capacitance
C;(V) bridging the same nodes. Since both elements are
connected across the same potential difference, they form
parallel branches in the equivalent circuit.

Free space is modeled through a transmission line with char-
acteristic impedance Zy = 377 Q, while the dielectric substrate
on which the FSS is printed, is here modeled through a trans-
mission line with length Ay, and characteristic impedances
Zup = Zo/ /e, where g, is the relative permittivity of the
dielectric.

It is worth noticing that the proposed ECM intentionally
adopts a simplified and compact form to enable rapid synthesis
and analytical insight. Effects such as manufacturing toler-
ances, varactor spread, dielectric losses (tand), and temperature
variations are therefore not explicitly included in the analytical
formulation but can be interpreted as small perturbations of the
lumped parameters L;, L, and Cj.

A. Formulation
The LC-resonant circuit shown in Fig. 3 is described by an

equivalent input impedance Z., given by:
ij2 (1 — w2C||,,-L1)

1= w? (LaCyi + JLiCya)

Zeq,i = (1
where C; = C + C; (i = 1,2) is the effective capacitance
in the i-th programmable state. The structure behaves as a
second-order bandpass filter, whose frequency response is

STATE 1 STATE 2

Frequency Frequency

fo

Transmission
Transmission

Resonance Anti-Resonance

Fig. 4. Transmission behavior of the reconfigurable FSS in the two pro-
grammable states. At fp, the structure exhibits a resonance in State 1
(reflection) and an anti-resonance in State 2 (transmission).

characterized by two critical points that depend on the varactor
state:
e A resonant frequency f,, at which the input impedance
vanishes (short-circuit), producing a strong reflection:

7 1

NS T ——
2n ‘/L1CHJ

e An anti-resonant frequency f,, at which the input
admittance is null (open-circuit, namely no interaction),
corresponding to a highly transmissive state:

far,i = : .
2 /(L1 4+ Ly)Cy i

To achieve the dual-mode behaviour of the FSS, the equiv-
alent electric parameters of the periodic cell must be selected
so that the resonance frequency of State 1 (reflection) and the
anti-resonance frequency of State 2 (transmission) are coinci-
dent with the working frequency fy (Fig. 4). Accordingly, the
condition is achieved by enforcing:

fO = fr,l = far,Z 4)

In addition to the operational frequency fy, the desired FBW,
which characterizes the filter’s spectral selectivity around its
center frequency, can be imposed as well. Due to the proposed
circuit topology (second-order bandpass), the filter’s center
frequency is naturally identified as the frequency at which
the admittance vanishes, i.e., the anti-resonance [31], [32].
Moreover, since the desired switching behavior specifically
imposes the anti-resonance condition at the operating fre-
quency fy in State 2, the FBW must therefore be evaluated
at f,-». To compute the FBW, the ECM can be approximated
by a simplified LC tank circuit [31]. This simplified model is
determined by ensuring the equality of the susceptance slopes
of the original circuit and the simplified LC scheme at the
center frequency f,,». Thus, the FBW in the transparent state
is expressed as:

2

3)

1 1
FBW= —= ——, 5)
0 ﬂfar,2Ceq,ZZO

where C,, is given by [26] and [31]:

Li+ Ly’
Con=(Cen(HLR) ©)

Thus, knowing the filter specification (fy, FBW) and after
selecting the varactor (Cy, C,), combination of equations (4)
and (5) provides a unique, fully determined solution for the
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lumped circuit parameters Li, L,, C, enabling the straightfor-
ward synthesis of the binary reconfigurable FSS.

B. Derivation of the ECM Lumped Elements
From (2) and (3) L; and C can be expressed as:
1

Li=———, 7
! Wi (C + Cy) @
1
C=——"—-0C,. 3)
Wi(Ly + Ly)
Thus, by inserting (8) in (7):
1

L= ; , . 9)

o (i ~ G+ €1)

After some algebraic manipulation, eq. (9) can be written in
the form of a second-order equation in the unknown L;:

WEACLE 4+ wiACLL Ly — Wily = 0, (10)

where AC = C; — C,. For admitting a real solution, the
following condition on the discriminant must be respected:

A = WLLAC - (4 + Wi L, AC) > 0. (11)

This condition is always satisfied if AC > 0.! Thus, the FSS

must be in the reflecting state for the higher value of the

varactor’s capacitance, i.e., when the varactor is not biased

or, more generally, when it is biased at the lower voltage.
The solution of equation (10) reads:

~woLaAC + \J12AC - (4 + WBL2AC)
2(4)()AC ’
while the capacitance C can be expressed as in (8). Moreover,

the inductance L, can be related to the FBW from (5) as
follows:

L =

13)

2(,()0L%

(Li + Ly)Zy
By combining this expression with equations (8) and (13), a
nonlinear system of three equations in the unknowns L, L,
and C, that can be efficiently solved through any standard
numerical method, is obtained. Finally, given that C must
assume a positive value to maintain physical relevance, the
following limitations apply:

FBW = (14)

AC
Ly <[ = ————. (15)
U.)OC1C2
Ly < L7 = Llpoppor . (16)
2 [max 2
FBW < FBW,,, = — ~20(E2™) (17)

ZO(Lrlnax + LanaX)

C. Derivation of Geometrical Parameters

Under the hypothesis of 2 > P > wj,w,, and normal
incident and linearly polarized wave the lumped elements

'If AC < 0, the condition (11) is satisfied only when:

Cy>C + (12)

5>— -
wyLa

However, under these conditions, equation (10) presents ambiguous solutions.
Consequently, a positive capacitance variation (AC > 0) is required.
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Fig. 5. Illustration of the effective inductive path /; and capacitive interface
length I, under (a) vertical and (b) horizontal linear polarization. The path
identifies the total conductive length supporting current flow aligned with the
electric field, while /, denotes the effective segment orthogonal to the field
and coupled to the outer loop.

provided by the ECM can be analytically related to the unit
cell geometrical parameters through formulas available in the
literatures [33], [34], [35], [36], [37], and [38], depending on
the unit cell layout. Specifically, the per-unit length inductance
of conductor traces can be expressed as [35]:

HoMeff Wi

o % [CSC( 2P )] ’
where pgu.yr is the permeability of the medium. For complex
geometries, it is essential to identify the portion of the layout
that actually supports current flow induced by the incoming
electric field to compute the total inductance L;. For instance,
if the incident electric field is vertically polarized, the effective
inductive path is given by the vertical branch of the layout
that is electrically connected between the top and bottom
varactor terminals. This path, denoted as /|, is defined as the
total physical length of all conductor segments that form a
continuous conductive route between the two opposite sides
of the external loop (Fig. 5a). The same considerations apply
for horizontally polarized fields, where the relevant current
path spans between the lateral varactor terminals (see Fig. 5b).
Therefore:

Lipic =

(18)

L1 = l” . Lunit . (19)

In a similar fashion, the inductance associated with the external
loop is given by:

erfP
L = o ogese ()]

Finally, the per-unit length capacitance between the inner and
outer layouts is:

Cunir = % = —28056” log [csc (%)] .
where gpg.57 is the permittivity of the medium, and /, is the
length of the internal layout trace that is orthogonal to the
incident electric field E and faces the outer loop (Fig. 5). It
corresponds to the conductor segment where the varactor is
connected. Finally, the effective permittivity &.¢7 is calculated
through a generalized fitting model as in [39].

(20)

2y

D. Use of the Equivalent Circuit Model

The proposed ECM supports both the analysis and synthesis
of FSS unit cells by linking design specifications to circuit
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Fig. 7. Examples of unit cells whose geometry consists of an inductive layout
surrounded by an external loop. P is the periodicity of the unit cell, and wy,w;
are the trace widths of the outer loop and the inner conductor, respectively.

parameters and physical geometry. The model enables para-
metric analyses to explore how geometric features affect the
lumped elements L;, L,, and C, and allows direct computation
of these parameters from target values of center frequency fo,
FBW, and varactor capacitances C; and C,. It also assists in
evaluating the impact of varactor selection on the achievable
tuning range, guiding component choices during the design
process.
A possible design workflow (Fig. 6) is reported next:

1) Circuit Synthesis: Given f;, FBW, and the two fixed
capacitances C;, C, of the varactor, the model provides
the required lumped values (L;, L, C) that enable
switching between reflective and transparent states at the
same frequency by solving equations (8), (13), and (14).
It is worth noticing that the selection of the varactor
is of critical importance, since it directly influences
achievable periodicity and FBW, imposing critical trade-
offs between miniaturization, spectral agility, and the
operational frequency limits of the ECM. Thus, an
application-driven selection framework is reported in the
Appendix.

2) Geometry synthesis: The retrieved electrical parameters
are translated into the physical layout of the unit cell 3D-
model by inverting (19)-(21). Thus, no initial guess for
the geometric parameters is required.

This structured approach reduces reliance on time-consuming
full-wave iterations and enables fast prototyping of reconfig-
urable FSSs, even when limited to just two control states.

III. MODEL VALIDATION

The validity of the proposed ECM-based design tool for
binary reconfigurable FSSs is numerically verified through
the analysis of three representative examples, each addressing
different application constraints. Since the controlling tag
(not included in this analysis) can be electrically decoupled
from the FSS, the selected unit-cell configurations (Fig. 7)

0 \
-20
5 40 -
w
—60l — ECM-C;
—— ECM-C»
______ FW-C; fo =09 GHz
—80 . FW-C;
0.4 0.6 0.8 1.0 1.2 1.4

Frequency [GHz]

Fig. 8. Comparison between ECM and full-wave (FW) S; for the concentric
loops layout.

span a broad range of design scenarios in terms of oper-
ating frequency, fractional bandwidth (FBW), and physical
size. Following the workflow summarized in Fig. 6, the
lumped-element values are first derived using (8)—-(13) and
then mapped into geometric dimensions through (19)-(21),
depending on the specific unit-cell layout. Full-wave simu-
lations, performed in CST Microwave Studio 2025 under the
assumption of an infinite periodic structure [14], are used to
corroborate the model predictions.

In all examples, the unit cells are printed on a 1.6 mm-thick
FR-4 substrate (g, = 4.3, tané = 0.025), with a fixed 0.6 mm
spacing between the inner conductor and the outer loop to
accommodate the varactor diodes. Varactor models are chosen
as detailed in the Appendix (all examples assume varactors
whose capacitance can be switched by a control voltage
consistent with the output levels of commercial RFID ICs),
and all periodicities are expressed in terms of the effective
wavelength 4 = Ag/e.q, where Ay denotes the free-space
wavelength.

A. Double Concentric Loops

The first design example addresses a reconfigurable FSS
based on the double concentric loops configuration (Fig. 7a).
The design specifications include an operational frequency of
fo = 0.9 GHz and a narrow-band transparency (FBW =2 %).
To satisfy these constraints, the SMV 1413 varactor diode by
Skyworks [40] was selected. This device operates between
Ci=C00V)=924pF and C, = C(2V) = 5.22 pF, offering
a favorable trade-off between high capacitance C;, limited
variation AC ~ 0.4 - C;, and compatibility with the targeted
frequency (see Appendix). The lumped parameters computed
through the proposed ECM are L, = 3nH, L, = 2nH,
and C = 0.95 pF. The corresponding geometrical parameters
are derived by inverting (19) —(21) with [, = [, = a,
resulting in a = 10mm, w; = 2mm, wy = 0.7mm, and
P=16.6mm =~ 0.14.

Fig. 8 and Table I highlight the excellent agreement between
the transmission coefficient S,; predicted by the ECM and
that obtained via full-wave simulation of the 3D unit cell. The
shift in the resonant frequency is only 0.2 %, while the FBW
extracted from the full-wave model is 3%, differing by merely
1% from the analytical result.
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TABLE 1

SUMMARY OF ECM VALIDATION RESULTS FOR THE THREE FSS UNIT
CELL GEOMETRIES

l [ Concentric Loops | Jerusalem Cross | Folded Cross

Design Specifications
fo [GHz] 0.90 2.45 0.40
FBW [%] 2 35 7
P/ - - <0.1
ECM-Synthesized Parameters
Ly [nH] 3.0 35 49
Lo [nH] 2.0 6.8 6.0
C [pF] 0.95 0.11 29
Full-Wave Results
Afo [%] 0.2 2.0 5.0
AFBW [%] 1 4 1
P/X 0.10 0.30 0.04
0

20

-40

S21 [dB]

-60

fo =245 GHz
—-80

1.0 1.5 2.0 2.5 3.0 3.5 4.0
Frequency [GHz]

Fig. 9. Comparison between ECM and full-wave (FW) S,; for the Jerusalem
Cross layout.

B. Jerusalem Cross

As a second design example, a reconfigurable FSS based
on the Jerusalem Cross topology is considered (Fig. 7b).
The design requirements are the target center frequency
fo = 245GHz and a wideband transparency (FBW =
35%). A suitable varactor diode for this application is the
MAVR-000120-1411 by Macom [41], which offers a nominal
capacitance range of C; = C(OV) = 1.1 pFand C, = CQ2V) =
0.4 pF. This choice is advantageous due to its relatively low
nominal capacitance and high tunability, with a capacitance
swing of AC =~ 0.6 - C; (see Appendix). Using the proposed
ECM, the synthesized lumped parameters are L; = 3.5nH,
L, =6.8nH,and C = 0.11 pF. To limit the degrees of freedom
in the geometry synthesis process, a symmetry constraint
w; = wy = w was enforced, thereby ensuring only three
independent geometrical variables. Thus, by imposing /| = a
and [, = b in (19) —(21), the physical dimensions were
hence derived as a = 109mm, w = 1.7mm, b = 5mm, and
P =18.4mm =~ 0.34.

Again, good agreement is observed between the transmis-
sion coefficient S,; analytically computed through the circuit
model and that obtained from full-wave simulations, as shown
in Fig. 9 and in Table I. The resonant frequency derived from
the full-wave analysis exhibits a shift of approximately 2 %
with respect to the ECM prediction, while the resulting frac-
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Fig. 11. Comparison between ECM predictions and measured S, for the

spiralized folded-cross FSS in [12]. The prototyped layout has the following
dimensions: a = 0.9 mm, b = 485 mm, ¢ = 41 mm, d = 6.4 mm, w =
0.3 mm, L‘,‘l’;iml =10.7 mm, P = 12.4 mm.

]

tional bandwidth is 31 %, slightly lower than that analytically
computed.

C. Folded Cross

The final example focuses on the design of a unit cell based
on a folded-cross geometry, as shown in Fig. 7c. In this case,
the target resonance frequency is set to fy = 400, MHz and a
desired fractional bandwidth of FBW = 7% is specified. In
addition, a miniaturization constraint is imposed by requiring
the unit-cell periodicity to remain below 0.14. This case
is intended to demonstrate the synthesis capability of the
proposed method under stringent spatial limitations. To meet
these goals, the SMV 1213 varactor diode by Skyworks [42]
was selected, providing a high capacitance C; = 28.9 pF and a
moderate capacitance swing AC = C(0V)—-CQ2 V) = 18.2 pF,
according to the recommendations provided in the Appendix.
The ECM-based synthesis returned the following equivalent
circuit parameters: L) =4.9nH, L, = 6.0nH, and C = 2.9 pF.
The geometry was constrained to three degrees of freedom
(a, ¢, t) by imposing w; = wp, = w, b = a+ ¢ —w/2, and
P = 2a + 2c¢ 4 3w + 2s. Then, the layout was derived using
(19) —(21) with [} = 2(a + b + ¢) and [, = c, resulting in
a =22mm, b = 6.1mm, ¢ = 42mm, w = 0.6mm, and
P = 16.6 mm, which corresponds to a very compact unit cell
with periodicity approximately equal to 0.044.

Fig. 10 shows the transmission coefficient obtained from
the ECM with full-wave simulations. While the overall agree-
ment remains satisfactory, a more pronounced frequency shift
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Fig. 12. Maximum admissible periodicity Pmax as a function of the oper-
ating frequency fp, evaluated for different combinations of nominal varactor
capacitance C; and tuning range AC. Each subplot corresponds to a fixed C
value, while curves represent increasing AC. Here wy = 0.5 mm.

is observed compared to previous cases, as summarized in
Table I. Specifically, the full-wave resonance appears shifted
by approximately S %, which can be attributed to the complex
and folded current paths of the geometry, leading to deviations
from the simplified assumptions of the analytical model.
However, despite this shift, the resulting structure achieves the
desired miniaturization with a simulated FBW of 6 %, close
to the arbitrarily chosen target.

D. Miniaturized FSS on a Stratified Medium

To further assess the robustness of the proposed ECM under
more realistic electromagnetic conditions, it was applied to a
miniaturized folded cross FSS operating on a stratified bio-
logical medium, previously reported for epidermal shielding
in the MICS band (401-406 MHz) [12]. Unlike the free-
space cases, this scenario involves strong miniaturization and
multilayer dielectric loading, providing a significantly more
demanding benchmark. In this configuration, the FSS is placed
over a layered tissue phantom (skin—fat-muscle). Accordingly,
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Fig. 13. Maximum fractional bandwidth FBWy,,x as a function of the

operating frequency fy, evaluated for different combinations of nominal
varactor capacitance C; and capacitance swing AC. Here wy = 0.5 mm.

the single transmission line section of Fig. 3 is replaced by
a cascade of transmission line segments, each characterized
by its characteristic impedance Z; = Zy/ /€., and electrical
length h,, where €., and h, denote the relative permittivity
and thickness of the ¢-th layer [13].

The unit cell considered in [12] derives from the folded-
cross layout previously described but incorporates rectangular
spiral arms to achieve the required miniaturization (layout in
the inset of Fig. 11). The spiral is generated through K = 2N
contraction steps, where N is the number of turns. Each step
consists of one horizontal and one vertical segment whose
lengths decrease monotonically as the spiral approaches the
center. If [; = ¢ — 2t and I, = d — 2t denote the lengths of
the outermost turn, the geometry evolves according to [j; =
li=A(k—1) and I = [,—A(k—1), with A = 2¢. The constraints
lix < Aand I, < A prevent self-intersections. The total spiral
length is L%, = S i+ by).

The same target specifications (fy, FBW), geometric con-
straints, and varactor pair (C;, C,) of Section III-C were used,
yielding analogous lumped parameters (L;, L, C). Using the
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inversion relations (19) —(21), adapted to the spiralized geom-
etry, the inductive and capacitive paths become L; = 2(a +
b+c+d+ L;‘;‘iml) and /, = ¢, with the additional geometric
constraint d = P/2 — s + a — 2¢t. Solving this system yields
the synthesized dimensions @ = 1.3 mm, b = 4.6 mm, ¢ =
4.1 mm, d = 6.4 mm, w = 0.95 mm, L;(;))tiral =45 mm, P =
15 mm.

Fig. 11 compares the ECM-predicted transmission coef-
ficient with the measured S,; of the fabricated prototype
reported in [12], after a slight optimization of the geometric
parameters required to account for finite-size effects and
non-ideal lumped elements. Despite the increased geometric
complexity and the strong loading introduced by the multilayer
phantom, the ECM preserves good predictive accuracy: the
resonance and anti-resonance frequencies, the spectral contrast
between the two varactor states, and the transparent-state
bandwidth are all reproduced within approximately 4-5%.

IV. CONCLUSION

This work introduces a compact and generalizable synthesis
methodology for designing binary-reconfigurable Frequency
Selective Surfaces (FSSs) based on an Equivalent Circuit
Model (ECM). The proposed approach enables a semi-
analytical synthesis from high-level specifications (target
frequency, fractional bandwidth, and varactor capacitances)
directly to the physical layout of the unit cell. Beyond drasti-
cally reducing the design time, the ECM enables the correct
selection of the varactor for miniaturization or bandwidth con-
trol under the fixed two-state biasing imposed by RFID chips
(see Appendix). This key step, unnecessary in actively biased
or FPGA-based systems where the tuning voltage is freely
adjustable [26], cannot be obtained from full-wave simulations
alone and is essential to guarantee feasibility before any elec-
tromagnetic refinement. The methodology has been validated
across three representative unit-cell geometries, demonstrating
accurate prediction of the FSS response with deviations from
full-wave simulations below 5%. In addition, the ECM was
extended to handle multilayer dielectric environments and was
applied to a miniaturized spiralized FSS placed on a stratified
biological phantom. This additional study confirms that the
model remains predictive even under strong miniaturization
and non-uniform loading conditions, with results consistent
with both full-wave simulations and experimentally measured
data from the literature.

A key aspect of this study is the assumption that the
RFID control tag is electrically decoupled from the FSS.
This simplification allows the ECM to remain general-purpose
and independent of a specific tag’s antenna or placement.
While this provides a reliable baseline for the preliminary FSS
design, it is acknowledged that further discrepancies may arise
from non-ideal component behavior, such as those captured by
SPICE models. The practical integration of the RFID front-
end, including its positioning and electromagnetic interaction
with the surface, is therefore identified as a distinct design
challenge. Furthermore, as with traditional periodic structures,
the final layout of a finite-sized FSS must also account for
truncation effects at its edges and potential coupling between
adjacent control tags.
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Owing to its low computational burden, analytical trans-
parency, and compatibility with battery-free control, the
proposed framework is particularly suitable for emerging
applications in embedded, wearable, and secure electromag-
netic surfaces. Future work will focus on extending the model
to include oblique incidence, polarization reconfigurability,
and multilayer implementations, paving the way for the
large-scale deployment of battery-free, addressable intelligent
surfaces in next-generation RFID infrastructures.

APPENDIX
SELECTION OF THE VARACTOR DIODE

The selection of an appropriate varactor diode is a critical
step in the design of reconfigurable FSS unit cells, as it directly
affects both the electrical performance and the physical real-
izability of the structure. This appendix presents a parametric
analysis aimed at guiding the designer in choosing the varactor
(i.e. the capacitance C; and the capacitance swing AC) based
on application-specific requirements, such as target center
frequency, desired miniaturization level, bandwidth and above
all RFID ICs driving voltage, tipically comprised between
0-25V.

A. Maximum Periodicity P,y

The maximum allowable periodicity Py, i.e., the geometri-
cal upper bound of the unit cell directly related to the overall
FSS footprint, is a function of f;, varactor capacitance Cj,
capacitance variation AC, and the outer loop trace width wy:

Pmax = f(fO’ CI»AC’ Wl)'

Fig.12 illustrates the variation of the maximum allowed
periodicity Pn.x as a function of fy for a discrete set of
representative values of C; = {1, 10, 50} pF and various AC.
For consistency, the trace width is fixed at w; = 0.5mm,
and the periodicity values are constrained by the condition
P max = 10 wi.

An increase in C; leads to a systematic reduction in the
allowed periodicity. This trend arises from the inverse depen-
dence of the resonant frequency on the equivalent inductance:
larger capacitance values reduce the inductance necessary to
maintain resonance at a fixed fy. Since inductance is primarily
governed by the length and geometry of the conductive paths,
a lower L¢q permits a more compact unit cell. Consequently,
higher C; values support stronger miniaturization, which is
advantageous when physical footprint is a limiting constraint.
However, as C; increases and Pp,x decreases, the validity
of the circuit model is progressively undermined at higher
frequencies, where the assumption Py,,x > w no longer holds.
This establishes a fundamental trade-off: increasing C; enables
more compact designs, but restricts the upper frequency limit
for which the ECM remains accurate and predictive.

The capacitance swing AC = C; — C,, which defines the
varactor’s tuning range, plays a key role in shaping the unit-
cell geometry required to support both resonant states at a
fixed operating frequency fy. Numerical results indicate that
increasing AC leads to a monotonic increase in the maximum
periodicity Pp.. This is because a larger AC widens the

(22)
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separation between the two resonance frequencies, enhancing
the electromagnetic contrast but also demanding a broader
inductance span to preserve resonance in both states. As
inductance in planar layouts is governed by trace length and
current path complexity, this requirement inherently calls for
a larger unit cell.

B. Maximum Fractional Bandwidth FBW p.x

The achievable FBW of the synthesized unit cell is bounded
between two limits. The upper bound, defined in (17), depends
on the resonance condition for the two capacitance states:

FBWoax = f(fo, C1, AC). (23)

The lower bound is determined by enforcing the minimum
admissible periodicity in (20) and evaluating (17) accordingly:

FBWmln = f(f07 Cl’ AC9 Wl)' (24)

Fig.13 presents the parametric trends of FBW,,x for C; =
{1, 10, 50} pF, with fixed trace width w; = 0.5 mm. The lower
bound FBW i, is shown as a constraint.

For a fixed capacitance swing AC, increasing C; compresses
the FBW. This occurs because the relative difference between
C; and C, decreases, reducing the separation between the
corresponding resonant frequencies. At high C;, even large
AC values yield limited spectral contrast, further narrowing
the bandwidth. In contrast, increasing AC has a strong,
monotonic effect on FBW. Larger swings produce greater
shifts in the resonance condition, widening the spectral gap
between states and enhancing reconfigurability. This effect
is especially pronounced at low C;, where AC constitutes a
larger relative change.

In summary, while higher C; supports geometric miniatur-
ization, it limits spectral agility; conversely, increasing AC
improves bandwidth but requires larger unit-cell periodicities.
Additionally, the maximum frequency for which the ECM
remains valid is jointly constrained by C;, AC, and fy. As
such, varactor selection must balance layout constraints, target
frequency, and the desired FBW within the model’s validity
range.
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